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SUMMARY

In the absence of adequate visual stimulation accommodation adopts an intermediate
resting position, appropriately termed tonic accommodation (TA). A period of sustained
fixation can modify the tonic resting position, and indicate the adaptation properties of
TA. This thesis investigates various factors contributing to the accommodative response
during sustained visual tasks, in particular the adapiation of TA.

Objective infra-red optometry was chosen as the most effective method of measurement
of accommodation. This technique was compared with other methods of measuring TA
and the results found to be well correlated.

The inhibitory sympathetic input to the ciliary muscle provides the facility to attenuate the
magnitude and duration of adaptive changes in TA. This facility is, however, restricted
to those individuals having relatively high levels of pre-task TA. Furthermore, the
facility is augmented by substantial levels of concurrent parasympathetic activity.

The imposition of mental effort can induce concurrent changes in TA which are
predominantly positive and largely the result of an increase in parasympathetic
innervation of the ciliary muscle although there is some evidence for sympathetic
attenuation at higher levels of TA. In emmetropes sympatlietic inhibition can modify the
effect of mental effort on the steady-state accommodative response at near.

Late-onset myopes (onset after the age of 15 years) have significantly lower values of
TA than emmetropes. Similarly, late-onset myopes show lower values of steady-state
accommodative response for near stimuli. The imposition of mental effort, induces
concurrent increases in TA and steady-state accommodative reponse in the myopic group
which are significantly greater than those for emmetropes.

Estimates of TA made under bright empty-field conditions are well correlated with those
made under darkroom conditions. The method by which the accommodative loop is
opened has no significant effect on the magnitude and duration of post-task shifts in TA
induced by a near vision task.

Significant differences in the post-task shifts in TA induced by a near vision task exist
between emmetropes and late-onset myopes, the post-task shifts being more sustained
for the myopic group.

Key Words: )
Adaptation of tonic accommodation, sustained near-vision, myopia, ciliary muscle
innervation, infra-red optometry.



To Mum and Dad, thanks.

"I'm not trying to prove anything, by the way. I'm a scientist and I know what
constitutes proof. But the reason I call myself by my childhood name is to remind myself
that a scientist must also be absolutely like a child. If he sces a thing, he must say that he
sees it, whether it was what he thought he was going to see or not. See first, think later,
then test. But always see first. Otherwise you will only see what you were expecting.
Most scientists forget that................. You can't possibly be a scientist if you mind

people thinking that you're a fool.”
from 'So Long and Thanks for all the Fish' by Douglas Adams.
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GENERAL INTRODUCTION

The young human eye possesses the facility to alter its refractive state. This is achieved
by contraction and relaxation of ciliary smooth muscle which results in a change in the
shape and hence the refractive power of the crystalline lens. The process is under
volitional control and is termed accommodation. When the ciliary muscle is relaxed the
lens assumes its least convex form and the point in space conjugate with the retina is
referred to as the far-point. When the ciliary muscle is contracted fully the lens takes on
its most convex state and the refractive power of the eye is increased by up to +14
dioptres. The point conjugate with the retina in the fully accommodating eye is known as
the near-point. The dioptric distance between the far- and near-points is termed the
amplitude of accommodation. A subject's amplitude of accommodation shows a slow
but steady decline from birth, decreasing from 14 dioptres at year to less than one dioptre

at 55 years.

The accuracy of the accommodative response is dependent on a number of subject and
target characteristics (see section 1.4 and Charman (1986) for review). In the absence of
an adequate visual stimulus, however, accommodation adopts an intermediate resting
position. It is appropriate to term this myopic shift, which may occur in darkness, in a
bright empty-field (ganzfeld) or in the presence of small pupils, tonic accommodation
(TA) although the terms 'dark focus' and 'resting focus of accommodation' may also be
employed. The mean value of TA in a young population is typically around 1 to 1.5
dioptres with a standard deviation of approximately 0.70 D (Leibowitz and Owens,

1975a; 1975b; 1978).

Recent research has demonstrated that a period of sustained vision at a given distance can
induce a shift in the tonic resting position in the direction of the task location. This
phenomenon has been termed the 'adaptation of TA' (Schor et al., 1984) and

'accommodative hysteresis’' (Ebenholtz, 1983; 1985). The former is, perhaps, more

18



appropriate since it parallels the term adaptation of the vergence system. In spite of much
recent research, speculation remains as to the underlying mechanisms of the adaptation
of TA, its possible role in accommodative asthenopia and the possible long-term effects
of excessive tonic adaptation. This research programme will attempt to examine further

certain factors pertaining to the accommodative response to sustained visual tasks.

Methodological considerations

The techniques by which accommodation can be measured are reviewed in section 1.6.
Infra-red optometry will be adopted for the experimental programme since it has the
advantage of being objective and requires very little judgement or manipulation on the
part of the subject. Furthermore, the technique is able to produce a large number of
estimates of an eye's refractive state within a short period of time. A commercially
available instrument, viz. the Canon Autoref R-1, will be employed (see section 2.1).
The subject is allowed a wide binocular field-of-view and the alignment of the instrument
with the subject's eye can be monitored and easily maintained by means of an infra-red

video monitor.

An early methodological consideration will be to compare estimates of TA obtained with
infra-red optometry with those made by laser optometry and near retinoscopy (see
section 2.2). The dioptric correction factors appropriate to each technique will also be
considered. Under darkroom conditions a subject positioned on the Canon R-1 perceives
two dim infra-red sources imaged 20 degrees either side of fixation. The possible
contamination of measurements of TA due to these sources will be evaluated by
investigating the relationship between retinal target eccentricity and the accommodative

response (see section 2.3).

A further consideration for the experimental programme will be the conditions under
which the adaptation of TA will be measured. Recently Schor ez al. (1986) demonstrated

the magnitude and time-course of the adaptation of TA induced by a sustained
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near-vision task is dependent on the method by which the accommodative loop is
opened. They found that the TA after-effects following 1 minute fixation at -2 D took
several minutes to dissipate under bright empty-field and Maxwellian view conditions.
Under darkroom conditions, however, TA regressed to baseline levels within a few
seconds. Wolfe and O'Connell (1987) found that in 16 of their 21 subjects there was no
significant difference in the adaptation of TA for bright empty-field and darkroom
conditions. In around 25% of subjects, however, they found that TA after-effects were
significantly greater for the empty-field condition. A comparison will be made, therefore,

of the adaptation of TA under empty-field and darkroom conditions (in section 7.1).

The role of sympathetic innervation of the ciliary muscle in the adaptation
of the TA

Previous studies have produced various estimates of the duration of TA after-effects
(Ebenholtz, 1983; Tan and O'Leary, 1986; Wolf et al., 1987). These range from 3
minutes for a 45 minute task at -5 D (Wolf ez al., 1987) to 10 hours following 8 minutes
of near-point fixation (Ebenholtz, 1983). A study will be undertaken in Chapter 3 to
examine the rate of decay of TA towards baseline values following a ten minute visual

counting task at far and near.

There is evidence for the presence of an inhibitory sympathetic input to the ciliary muscle
(see Gilmartin (1986) for review) although its role in the control of accommodation
remains the subject of some dispute. Gilmartin and Hogan (1985a) postulated that the
sympathetic input serves to attenuate myopic shifts in TA induced by sustained
near-vision tasks. The influence of the sympathetic input to the ciliary muscle on the
magnitude and time-course of post-task shifts in TA will, therefore, be examined in
Chapter 3. This is facilitated by employing a double blind protocol between the topical
ophthalmic drugs timolol maleate, a non-selective beta-adrenergic antagonist, and normal

saline.
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The contribution of cognitive demand to the adaptation of TA

It seems reasonable to assume that the predominant influence on post-task changes in TA
will be the task location. It is intersesting to note, however, that Pigion and Miller (1985)
found that an hour spent in darkness listening to a tape recording induced a significant
increase in mean TA of 0.47 D in 20 subjects. Furthermore, workers have demonstrated
that the imposition of mental effort may induce significant changes in accommodation
(Kruger, 1980; Malmstrom er al., 1980; Post er al., 1985). It is feasible, therefore, that
the cognitive demand of a sustained visual task may contribute to the post-task shift in

TA.

The influence of mental effort on accommodation will be examined extensively ih this
thesis. The study described in Chapter 4 will seek to determine whether the shifts in TA
induced by the imposition of mental effort are the result of changes in sympathetic
innervation to the ciliary muscle or due to alterations in parasympathetic activity. This
will be facilitated by the use of the beta-adrenergic antagonist timolol maleate. This study
will be followed by a comparison of the influence of mental effort on TA in emmetropes
and late-onset myopes (in Chapter 5). These studies will be paralleled by an appraisal of

the influence of mental effort on the steady-state accommodative response in Chapter 6.

The adaptation of TA in emmetropia and late-onset myopia

A large number of workers have sought to determine the role of accommodation in the
development of myopia (see section 1.7) and recently interest in this research area has
héightened. McBrien and Millodot (1986a) postulated that, if accommodation is a factor
in the development of refractive errors, then one would expect fundamental differences
in accommodative responses between various refractive groups. A significant portion of
this thesis will be devoted, therefore, to a comparison of the accommodative
characteristics of emmetropes and late-onset myopes (those subjects whose myopia has
developed after the age of 15 years). The rationale for investigating this group of myopes
is that Goldschmidt (1968) has proposed that myopia that develops after puberty has a
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different aetiology to myopia of earlier onset. Goldschmidt postulates that myopia which

is late in onset is associated with environmental factors such as excessive near-work. It
would seem pertinent, therefore, to compare aspects of the accommodative response in

these individuals with emmetropes.

Various workers have investigated the relationship between TA and refractive error
although the majority of results have proved inconclusive (see section 1.7C). Maddock
et al. (1981) found, however, that emmetropes have values of TA which are significantly
lower than those of hyperopes but significantly higher than those of myopes. McBrien
and Millodot (1987) divided their myopes into two groups depending on their age of
onset. They found that early-onset myopes (onset prior to 13 years) had similar values of
TA to emmetropes whilst late-onset myopes have significantly lower values than both
groups. The distribution of TA values in emmetropia and late-onset myopia will,
therefore, be compared (in Chapter 5). A further comparison will be made of the

influence of mental effort on TA in these two refractive groups.

It would seem a logical extension of the work in Chapter 5 to compare the steady-state
accommodative response in late-onset myopia and emmetropia. A recent report suggests
that myopes have significantly lower values of steady-state accommodative response for
near stimuli than emmetropes (McBrien and Millodot, 1986a). An investigation (in
Chapter 6) will, therefore, compare the steady-state accommodative response for targets
at three stimulus vergences (-1, -3 and -5 D) in the two refractive groups. The influence
of mental effort on the steady-state accommodative response of the groups will also be

examined.

Ebenholtz (1983) demonstrated that an 8 minute period of fixation at the near-point could
induce significant and sustained increases in TA. He suggested that this was a precursor
to induced myopia, wherby short-term task-induced changes in TA accumulate such that

the manifest refractive state of the eye is altered. If excessive tonic adaptation is a
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precursor to myopia one might predict significant differences in the adaptational facility

of late-onset myopes and emmetropes. Indeed, it might be anticipated that late-onset
myopes are more susceptible to TA after-effects than emmetropes. The experimental
programme will be concluded, therefore, with a comparison of the adaptation of TA in

these two refractive groups (in Chapter 7).
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CHAPTER 1

THE ACCOMMODATIVE RESPONSE

1.1 - ANATOMY OF THE ACCOMMODATIVE MECHANISM

1.1A - The Ciliary Muscle

The ciliary muscle is triangular in shape, in antero-posterior section (see Fig. 1.1) and
has some 70 processes to which the zonule is attached (see section 1.1B). The ciliary
muscle is thought to contain three types of unstriped smooth muscle fibres (Salzmann,

1912) although Fincham (1937) considered such a classification to be too rigid:

1. Meridional fibres arising from the epichoroid and attaching to the scleral
spur.

2. Radial fibres, situated more internally and anteriorly, arranged in the
manner of a fan.

3. Circular fibres, continuous with and inseparable from the radial fibres,
running round the free edge of the ciliary body just behind the root of

the iris.

Smooth muscle is present in the walls of the gastrointestinal and urinogenital systems, in
the walls of vascular structures and the bronchi, in the exocrine glands, the skin and, of
course, the eye. Variations exist in the properties of smooth muscle and its
characteristics depend on the organ in which they occur. It is likely that the diversity of

properties reflects their adaptation to their particular functions (Bowman and Rand,

1980).
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FIG. 1.1 - The accommodative mechanism.
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Bundles and layers of smooth muscle cells contain numerous elastic fibres which are

continuous with those in surrdunding connective tissue. This aids uniform transmission
of tension throughout the tissue. The speed of contraction of smooth muscle is slow
compared with that of striated muscle and the persistence of the contraction is long. The
tone of smooth muscle is an expression of the amount of background activity exhibited.
Tone may neurogenic, being due to a steady autonomic neural input or it may be

myogenic and be due to an intrinsic activity (Bowman and Rand, 1980).

Ciliary smooth muscle is different in several respects from smooth muscle in other
structures of the body. First, ciliary muscle is susceptible to volitional control. In
addition, the post-ganglionic fibres which innervate the ciliary muscle are myelinated and
larger than those elsewhere in the body (Ruskell and Griffiths, 1979). It has been shown
that the speed of conduction increases with increasing fibre diameter and myelinated
| fibres conduct much faster than non-myelinated fibres (Bowman and Rand, 1980). It is
likely, therefore, that such features of ciliary muscle innervation are associated with the
substantial voluntary control of accommodation, unique in parasympathetically
controlled tissues (Warwick, 1956). In contrast, the post-ganglionic sympathetic fibres
to the ciliary muscle are non myelinated (Wolffe, 1976). Ciliary muscle shows no
spontaneous activity suggesting any physiological tone is neurogenic in origin (Suzuki,

1983; Lograno and Reibaldi, 1986).

1.1B - The zonule

The zonule consists of a series of tranparent fibres passing from thé ciliary body to the
lens (see Fig. 1.1). Rohen and Rentsch (1969) proposed the existence of two classes of
fibres. The main system of holding fibres run forward towards the pars orbicularis and
insert into the lens capsule. Branching off from the holding fibres is the second system
of tension fibres inserting into the ciliary epithelium. The role of the zonule is to transmit
the force produced by contraction of the ciliary muscle to the lens capsule (see section

1.2 pps. 28-29).
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1.1C - The crystalline lens

The crystalline lens is a transparent, biconvex, elastic structure located between the iris
and the vitreous and held in place by the zonules (see Fig. 1.1). The diameter of the lens
is 9-10 mm and its thickness varies from 4 to 5 mm depending on whether the eye is
focused for distance or near. The ability of the lens to alter its refractive power is termed
‘accommodation’ a facility which decreases from ~14 D in a 10 year old to less than 1 D
in a 52 year old (Hamasaki et al., 1956). The lens is divided into the following

structures:

1. The capsule; an elastic basement membrane which is attached to the
zonule. The capsule possesses a Young's modulus of around 2,000
times greater than that of the underlying lens substance.

2. The epithelium; extending as a single layer of cells under the anterior
portion of the capsule.

3. The lens substance; made up of fibres and interstitial material.

The lens substance possesses a layered structure, a consequence of the growth process,
with new fibres being laid down on fhe surface throughout life. The fibres taper as they
pass from the equator to their termination in the lens sutures at the centre or apex of the
lens. A further consequence of the layered structure is a variation in refractive index with
the highest (~1.41) in the nucleus and the lowest (~1.38) in the outer cortical layers
(Nakoa et al., 1969a; 1969b). It thus forms a gradient-index optical element (Marchand,
1978) which together with the asphericity of its external and iso-index surfaces (Parker,
1972; Brown, 1973; Howcroft and Parker, 1977) may reduce aberration, particularly
spherical aberration (Charman, 1983). Furthermore there are differences in elasticity

between the nucleus and cortex (Fisher, 1971).
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1.2 - THE MECHANISM OF ACCOMMODATION

The mechanism of accommodation has provided a source of great controversy in the past
and, indeed, some aspects of the process are still disputed. The current understanding of
the accommodative process is, however, as follows. In the unaccommodated state the
ciliary muscle is relaxed and the holding fibres are stretched, maintaining the tension on
the capsule which flattens the lens, thus decreasing its refractive power. The meridional
ciliary fibres contract thereby pulling on the epichoroid tissue and drag the ciliary body
forward by around 0.5 mm. The circular fibres of the ciliary muscle shorten hence
producing a decrease in the diameter of the ciliary ring. Contraction of the ciliary muscle
and changes in the shape of the ciliary body cause the tension fibres to be stretched,

permitting the holding fibres to be relaxed.

Relaxation of the holding zonular fibres allows the elastic capsule to exert tension on the
lens substance, in proportion to the variation in its capsular thickness (Fincham, 1937,
Fisher, 1969a). The capsule is thickest and strongest at the equator and exerts its
maximum force here to reduce the transverse diameter of the lens. In the central anterior
region, where the capsule is relatively thin, the lens bulges forward resulting in an
decrease in radius of curvature (Fincham, 1937; Fisher, 1969b). Fincham (1937)
considered that this change in anterior surface curvature resulted in a conoidal surface.
Fisher (1969b) proposed, however, that the anterior surface took up an elipsoidal shape.
There is little change in the posterior surface of the lens where the capsule is thinner and

of more constant thickness.

The role of the vitreous in accommodation is a subject of some debate. Coleman (1970)
proposed that the the lack of change in posterior lens curvature was due to vitreous
pressure on the posterior lens surface. He used ultrasonography to demonstrate that the
posterior lens surface moved backwards by 0.20 mm when subjects accommodated in a

normal seated position. There was no displacement, however, when the eye was looking
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up. He concluded, therefore, that the vitreous played a supporting role in

accommodation. Fisher (1982), however, is of the opinion that the vitreous plays a
negligible role in the modification of lens shape or position and that the lack of posterior

pole movement is due to elastic anisometry. -
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1.3 - NEURAL CONTROL OF ACCOMMODATION

The accommodative response is activated by the image of the stimulus on the ;c_tina. The
afferent pathway transmits the information to the calcarine cortex (area 17) .and,
thereafter a relay is made to areas 19 and 22. From the peristriate cortex (area 19) the
efferent pathway travels down the internal corticotectal tract to the hypothalamus, a
co-ordinating area in the tectal or diencephalic region, and continues to the
Edinger-Westphal nuclei. From here the signal passes along the parasympathetic fibres
of the oculomotor (3rd cranial) nerve. These fibres are thought to synapse in the ciliary
ganglion with the post-ganglionic fibres of the short ciliary nerve (Behr, 1924; Kuntz,
1929; Warwick, 1954; Ruskell and Griffiths, 1979). Westheimer and Blair (1973a)
proposed, however, that the fibres pass through the ganglion without synapsing.
Thereafter the fibres enter the globe via the short ciliary nerves and the nerve impulse
stimulates the release of acetylcholine which acts on muscarinic receptors in the ciliary

muscle (Alpern, 1969; Duke-Elder, 1971).

The sympathetic supply to the ciliary muscle passes from the hypothalamus to the lower
cervical and upper thoracic segments of the spinal cord. It leaves the spinal cord by the
first, second and third thoracic nerves and travels up the cervical sympathetic chain
where the majority of fibres synapse in the superior cervical ganglion. The sy_mpathet:ic
nerve fibres then pass along the carotid plexus and enter the eye as the long ciliary nerves

(Duke-Elder, 1971).

Elliott (1904) found that adrenaline was released from sympathetic nerve endings. Von
Euler (1946) modified this finding and established that noradrenaline is the main
endogenous sympathomimetic catecholamine. Ahlquist (1948) observed that
noradrenaline could excite some smooth muscle but inhibit others and suggested that two
types of receptors are present in smooth muscle, termed alpha- and beta-receptors. Lands

et al. (1967) divided beta-receptors into two sub-types based on the differential
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sensitivity of various tissues to a series of beta-stimulating drugs. The receptors found in

the heart and intestinal smooth muscle were of one type, designated beta, receptors while
those found in the bronchial, vascular and uterine smooth muscle were of another type,

designated beta, receptors.

1.3A - Sympathetic innervation of the ciliary muscle

Although evidence for predominant parasympathetic control of accommodation is
unequivocal, confusion and disagreement e);ist concerning the existence and nature of
the sympathetic innervation to the ciliary muscle. The evidence for sympathetic
innervation has been comprehensively reviewed by Gilmartin (1986). Early proposals
for dual ciliary innervation (Henke, 1860) were doubted by other authorities (Helmholtz,
1855; Donders, 1864). The first evidence for adrenergic innervation was provided by
Jessop (1886) who found that the instillation of cocaine (a sympathomimetic) produced
relaxation of accommodation in human subjects. Jessop (1888) induced accommodation
in dogs and cats with pilocarpine (a parasympathometic) and found that stimulation of
the long ciliary nerves produced hyperopic shifts in accommodation. Morat and Doyon
(1891) stimulated the cervical portion of the sympathetic chain in dogs and reported
similar results, however, subsequent studies were failed to support their findings (Hess

and Heine, 1898; Romer and Dufour, 1902).

Cogan (1937) reviewed the evidence for sympathetic innervation of fhe ciliary muscle
and presented evidence bésed on sympathectomies (producing partial Horner's
syndrome) and subconjunctival injections of adrenaline. The partial Horner's syndrome
produced a mean increase in amplitude of accommodation of 1.4 D in the affected eye for
5 subjects. Although Cogan compensated for the concurrent pupil miosis by the use of 2
mm artificial pupils, no compensation could be made for the increase in ciliary body
volume due to the vascular engorgement associated with sympathetic denervation.

Indeed the differentiation between changes in the accommodative response induced by
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changes in the ciliary vasculature and and those initiated by genuine sympathetic neural

control has complicated the interpretation of many subsequenf studies (e.g. Olmstead and

Morgan, 1941; Fleming and Olmstead, 1955).

1.3B - Anatomical evidence for sympathetic innervation

Agababow (1893) identified four nerve endings in the ciliary body: motor, vasomotor,
sensory and proprioceptive and presumed the motor and vasomotor fibres were
parasympathetic and sympathetic, respectively. Mohney et al. (1942) traced sympathetic
nerve fibres from the first and second thoracic nerves via the superior cervical ganglia to

the long ciliary nerves and on to the ciliary body and iris.

Wolter (1953) found that the radial fibres of the ciliary muscle were supplied by two
different nerve fibre groups and suggested that one of the groups was sympathetic.
Génis-Gédlvez (1957) confirmed that the ciliary body was innervated by both
parasympathetic and sympathetic fibres but could not determine whether they were

mutually antagonistic or not.

The advent of sophisticated histofluorescence techniques led to the identification of
adrenergic terminals in primates (Malmfors, 1965; Ehinger, 1966; 1971; Laties and
Jacobowitz, 1966). Ruskell (1973) observed the absence of terminals with small
granular vesicles (of a type known to be sympathetic), in monkey ciliary muscle
following superior cervical ganélionectomy. He concluded that, on average, fewer than
1% of the terminal varicosities were sympathetic and concluded that the sympathetic

terminals were too few to provide a significant role in the control of accommodation.

1.3C - Physiological evidence for sympathetic innervation
Olmstead and his co-workers studied the effect of cervical sympathetic nerve stimulation
in rats, rabbits, guinea pigs, cats, dogs and monkeys and were able to demonstrate

inhibition of accommodation in all animals (Morgan er al., 1940; Olmstead and Morgan,
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1941; Mohney er al., 1942; Olmstead, 1944). They also noted that sympathetic

stimulation had greater effect in lower animals than in monkeys. Olmstead and his
collaborators questioned, however, whether these hyperopic.changes in accommodation
were due to constriction of the ciliary vasculature causing a flattening of the lens. This
concept was supported in subsequent papers (Morgan, 1944a; 1946; Kuntz et al., 1946;

Fleming and Olmstead, 1955; Fleming, 1957; 1959; Fleming and Hall, 1959).

Melton er al. (1955) measured ciliary muscle movement in enucleated cat's eyes by
means of a mechano-electric transducer. They demonstrated that stimulation of the long
ciliary nerve (sympathetic) produced shortening of the radial muscle fibres and flattening

of the lens although they did not preclude the possibility of a vascular mechanism.

Torngvist (1966) emﬁloyed a Thorner optometer to measure accommodation in 13
monkeys under general (pentobarbital) anaesthesia. He demonstrated that stimulation of
the cervical sympathetic nerve produced hyperopic shifts in accommodation which were
unaffected by the instillation of alpha-adrenergic antagonists. Instillation of
beta-adrenergic antagonists, however, eliminated the sympathetic-induced relaxation of
accommodation. Conversely, Chin er al. (1968) found that the instillation of
phenylephrine (an alpha-adrenergic agonist) depressed the accommodative response
induced by mid-brain stimulation, although Chin and his co-workers suggested that this

was probably due to the slight beta-adrenergic effects of the drug.

Tomqvist (1967) used electrical stimulation of the oculomotor nerve to induce
accommodation in monkeys under general (pentobarbital) anaesthesia, varying the level
of parasympathetic activity by altering the stimulation frequency. Témqvist found that
the magnitude of the inhibitory activity produced by cervical sympathetic nerve
stimulation (maintained at a constant stimulation frequency) varied accordin g to the level
of background parasympathetic activity. In the absence of oculomotor stimulation,

cervical stimulation produced a hyperopic shift of 0.6 D. When the level of concurrent
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parasympathetic activity was increased, however, there was a steady increase in the

inhibitory effects of sympathetic stimulation up to a maximum of 1.5 D. It is important to
note that in the absence of parasympathetic stimulation Toérnqvist's monkeys were
probably exerting a significant level of accommodation. Westheimer and Blair (1973b)
employed retinoscopy to measure the refractive state of monkeys under anaesthesia
produced by pentobarbital, as used by Torngvist. They found that monkeys adopted an
intermediate resting position of 2.5 - 3.0 D. Térnqvist (1967) also demonstrated that the
hyperopic shifts in accommodﬁtion produced by sympathetic stimulation developed very
slowly, taking 10 - 40 seconds to reach maximal effect. Conversely he found that
parasympathetic stimulation took 1 to 2 seconds to reach maximal effect, a finding
consistent with previous investigations on the temporal accommodative response
characteristics in humans (Campbell and Westheimer, 1960). Térnqvist's work has
shown, therefore, that sympathetic innervation of the ciliary muscle, while present in
monkeys, is too slow to provide an effective temporal response to a constantly changing

visual environment.

Hurwitz et al. (1972a) induced positive accommodation by electrical stimulation of the
midbrain in monkeys and investigated the effects of stimulating ciliary muscle beta
receptors with subconjunctival injections of the non-selective beta-agonist isoproterenol
and of blocking ciliary beta receptors with the non-selective beta-antagonist propranolol.
They found that the inhibitory effects of isoproterenol were only significant for
accommodation levels greater than 4 D. This is consistent with Térnqvist's finding that
the effect of sympathetic inhibition increases proportionately with increases in concurrent
levels of parasympathetic background tone. In a second study, Hurwitz er al. (1972b)

found no evidence for alpha-adrenergic innervation to the ciliary muscle.

1.3D - Pharmacological evidence for sympathetic innervation
Several authors have examined the effects of pharmacological agents on dissected-out

strips of ciliary muscle. Van Alphen (1961) showed that adrenaline and noradrenaline
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produced relaxation of pieces of cat ciliary muscle. In a more extensive study Van

Alphen et al. (1965) investigated the effects of various adrenergic bl_ocl\d_ngﬁ drugs on
strips of ciliary muscle obtained from the enucleated eyes of monkeys, rabbits and cats.
They found that both alpha- and beta-receptors were present in cat ciliary muscle, with
beta-receptors predominating. The receptors in rabbit ciliary muscle were predominantly

alpha whereas only beta-receptors were found in the ciliary muscle of the monkey.

Kern (1970) studied human ciliary muscle obtained from 80 enucleated eyes using a
range of alpha- and beta-adrenergic blocking drugs. He found the vast majority of the
adrenergic receptors to be of the beta sub-type and inhibitory in nature. This work was

later substantiated by Van Alphen (1976).

TABLE 1.1. - The distribution of adrenergic receptors in man and other
species (after Van Alphen, 1976)

DILATATOR  SPHINCTER CILIARY

MUSCLE

CAT mainly o, mainly 3, mainly B,

some [3 some 0 some Q
RABBIT mainly o, mainly f3, mainly o,

few B3 few a few 3
MONKEY mainly o, mainly o exclusively 3,

very few B perhaps B no a
MAN mainly o o & Bin mainly 3

very few 3 equal amounts very few or no o

Lograno and Reibaldi (1986) obtained fresh ciliary muscle strips from enucleated human
eyes and found that they did not respond to adrenergic agents unless they were
precontracted with carbachol (a muscarinic agonist). This finding is consistent with
earlier observations that the infuence of sympathetic innervation increases

proportionately with increases in concurrent levels of parasympathetic background tone
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(Tornqvist, 1967; Hurwitz er al., 1972a). Isoprenaline induced relaxation of the ciliary

muscle and was antagonised by propranolol. The beta,-selective antagonists, pryac‘told

and atenolol had no effect on the isoprenaline-induced relaxation therefore indicating that

beta,-adrenergic receptors are present in human ciliary muscle. In addition,

phenylephrine did not cause contractile responses thus demonstrating the absence of

alpha-adrenergic receptors in ciliary muscle.

Wax and Molinoff (1987) investigated beta-adrenergic receptors in the iris and ciliary
body taken from patients shortly after death. They found that approximately 90% of the

beta receptors in human iris-ciliary body demonstrate pharmacological characteristics
consistent with adrenergic receptors of the beta, sub-type. They proposed that two

receptor sites are present in ciliary smooth muscle and that 30% of the receptors were of

the beta, sub-type. They assumed, therefore, that 70% of the receptors were of the beta,

sub-type, a finding consistent with the observations of Lograno and Reibaldi (1986).

1.3E - Psychological evidence for sympathetic innervation

It 1s well established that changes in a subject's psychological state may be reflected in
changes in their autonomic balance and hence certain physiological variables such as
heart rate and pupil size (Hess and Polt, 1964; Libby er al., 1973). It is thought that
stress induces an increase in sympathetic activity which is accompanied by a release of
adrenaline from the adrenal medulla (Cannon and de la Paz, 1911; Cannon, 1914) and
the activation of both central and peripheral catecholaminergic mechanisms (Stone, 1975;

Anisman, 1978; Dunn and Kramarcy, 1984).

Olmstead and Morgan (1939) were able to produce hyperopic shifts of up to 1.5 D in

rabbits by sharp taps on the nose, jostling, head-shaking and noise. Comparable shifts

were found when human subjects were exposed to noise and electric shocks (Olmstead

and Morgan, 1941; Olmstead, 1944). Conversely, Westheimer (1957) and Leibowitz
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(1976) found that anger induced myopic shifts in human subjects. Leibowitz also

measured tonic accommodation (TA) in a doctoral candidate the day before his viva-voce
exam and found that it had increased. The candidate's TA returned to his normal level the
~ day after the exam. This is in contrast to previous observations that some subjects show

a reduction in accommodative facility immediately prior to examinations (Cogan, 1937).

Further evidence for the involvement of sympathetic innervation in accommodation was
provided by Ong and Fisher (1973) who found that an increase of 4 D in accommodative
demand produced an increase in the galvanic skin response (a well established measure
of autonomic activity). They propose that this increase may be associated with increased

accommodation or the 'averseness' of the increased accommodative demand.

Miller (1978a) studied the relationship between mood and the variability of TA. He
found that changes in subject mood were frequently associated with significant
variability of TA. Miller and LeBeau (1982) measured TA in 33 undergraduate students
under two experimental conditions: a 'stressed' condition where the subjects were told
their performance was being assessed and a control condition, where no assessment was
implied. Subjects also completed a stimulus-response inventory of general trait anxiety
whereby a measure of "situationally specific trait anxiety” could be obtained. Miller and
LeBeau found a high anxiety score was accompanied by a significant myopic shift in
accommodation and suggested that such an effect was mediated by the cholinergic

system.

Certain workers have examined the influence of cognitive demand or mental effort on the
accommodative response. Malmstrom er al. (1980) demonstrated that a written
backward-counting task could produce a decrease in accommodative response of
0.25-0.75 D for a 3.00 D target. No systematic shifts were observed under open-loop
conditions (analogous to empty-field). Malmstrom and his co-workers suggested that

cognitive induced shifts in accommodation are caused by changes in the autonomic
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balance of the subject. Furthermore Birnbaum (1984) postulates that, during a near

visual task, mental activity may induce an increase in sympathetic input to the ciliary.
muscle and hence produce a hyperopic shift in accommodation. Gawron er al. (1985)
had difficulty reproducing the results of Malmstrom ez a/. (1980) yet reached similar
conclusions. In contrast, Kruger (1980) showed that when 20 subjects changed from
passive reading of two-digit numbers at 40 cm to adding the numbers the mean
accommodative response increased significantly by 0.28 D. Recently Post et al. (1985)
demonstrated that the imposition of mental effort could produce shifts in tonic
accommodation although large intersubject differences existed. Whilst it may be
inappropriate to equate the imposition of mental effort or cognitive demand with stress it
is clear from the literature that increased mental activity or heightened attention can
produce physiological changes consistent with other forms of stress (Hess and Polt,

1965; Libby et al., 1973).

Hogan (1985) suggests that the contradictory results of studies of stress and the
accommodative response may be explained by the duration and time-course of the
physiological response to stress. Wenger er al. (1956) state that the sympathetic nervous
system provides the initial response to stress by increasing sympathetic activity and that
this is subsequently counteracted by an increase in parasympathetic activity. It appears
that in some individuals the activity of the parasympathetic system not only compensates
for the increased sympathetic activity but may in some circumstances overcompensate.
Wenger et al. (1956) cite the phenomenon of defaecation and urination which may, on
occasion, accompany highly stressful situations as examples of 'parasympathetic

overcompensation'.

Sternbach (1966) showed that physiological variables such as heart rate returned to
pre-stress levels following a single intense shock and in some cases overshot them.
Porges (1976) proposes a 'two component model of attention" which comprises up to

three phases of response to stress. An immediate parasympathetic response occurs
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during the first second following stimulation. The second phase has a latency of 4-5

secondé and is characterised by sympathetic excitation or parasympathetic inhibition. The
final phase is a more sustained parasympathetic résponse. Anisman (1975) reviews the
neurochemical changes that occur in response to stress and states that stress elicits a
transient catecholamine (sympathetic) reaction followed by a cholinergic
(parasympathetic) rebound. Anisman (1975) concludes that excessive stimulation of one
system induces a compensatory antagonistic rebound in the complementary system
thereby maintaining neurochemical homeostasis. It is feasible that different
accommodative studies have measured different phases of the physiological response to

stress.

1.3F - Recent evidence for the influence of sympathetic innervation on
accommodation in humans

Recent studies have examined the influence of various pharmacological agents on the
accommodative response in humans. Garner et al. (1983) demonstrated that the
alpha-adrenergic agonist phenylepherine (10%) produced a regression of the near-point
of accommodation of around 2.75 D but had no effect on tonic accommodation [TA (see
section 1.5 pps. 46-55)]. Mordi et al. (1986) estimated TA values from the intersection
of the monocular stimulus/response function with the unit ratio line, as measured with
the laser optometer and suggested that phenylephrine (10%) produced a small hyperopic
shift in TA (=0.25 D). Mordi and his co-workers acknowledge, however, the limitations
of this technique of determining TA values. In addition previous research suggests (e.g.
Torngvist, 1966; 1967) that the sympathetic receptors in smooth ciliary muscle are of the
beta sub-type and that no alpha alpha receptors are present (Lograno and Reibaldi,
1986). It is likely, therefore, that changes in accommodation produced by alpha

adrenergic agents are due to changes in the ciliary vasculature.

Gilmartin et al. (1984) examined the effect of the topical beta-adrenergic antagonist

timolol maleate (0.5%) on TA using the laser optometer. Employing a double-blind
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protocol between timolol and saline they demonstrated a mean myopic shift of 0.84 D in

10 subjects 40 minutes after the instillation of timolol. They concluded that TA was a
consequence of steady-state equilibrium between_ parasympathetic and sympathetic
innervation of the ciliary muscle. The myopic shift was not, however, accompanied by a
significant change in the rank-order distribution of TA values and led Gilmartin er al.
(1984) to suggest that variations in TA evident in the population were a consequence of

variations in parasympathetic rather that sympathetic tone.

Gilmartin and Hogan (1985b) subsequently used the beta-adrenergic agonist isoprenaline
(3.0%) and the antimuscarinic tropicamide (0.5%) to examine the importance of
parasympathetic innervation in TA variation. Isoprenaline produced a significant mean
hyperopic shift in of 0.47 D but did not significantly alter the rank-order distribution of
TA values. Tropicamide produced a significant mean hyperopic shift in TA of 1.06 D. In
addition it was found that the hyperopic shift in TA was directly proportional to the the
pre-drug level of TA, thus inducing a significant change in the rank-order distribution of
TA values. The results confirm that parasympathetic innervation is the main determinant
of a subjects TA position and variations in TA among subjects are a consequence of
parasympathetic rather than sympathetic ciliary muscle tone. It is important to note that
neither timolol nor isoprenaline affected standard consulting room measures of acuity,

far-point, near-point of accommodation or oculomotor balance.

1.3G - Summary
The literature relating to the existence and nature of the sympathetic innervation to the

ciliary muscle may summarised as follows:

1. The sympathetic input is inhibitory in nature and mediated by

beta-adrenergic receptors, predominantly of the beta, sub-type

(Lograno and Reibaldi, 1986; Wax and Molinoff, 1987).
2. The input is relatively small in magnitude relative to the predominant
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parasympathetic input with a maximum dioptric value of around -1.5 D

(Tornqvist, 1966;1967; Gilmartin er al., 1984).

3. The time-course of sympathetic activity is significantly slower than that
of parasympathetic activity, taking 10 - 40 seconds to reach maximal
effect (Toérnqvist, 1966; 1967).

4. Sympathetic inhibitory activity is augmented by higher levels of
concurrent parasympathetic activity (Térnqvist, 1966; 1967; Hurwitz ez

al., 1972a).

The above characteristics suggest that the role of the sympathetic input to the ciliary
muscle is more relevant to to tasks which require sustained high levels of
accommodation rather than those tasks requiring a low or rapid change in

accommodative response.
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1.4 - THE STIMULUS TO ACCOMMODATION

The relationship between the steady-state accommodative response and stimulus
vergence is typically represented by the stimulus/response fun;tion (see Fig. 1.2). An
emmetropic eye viewing a near object will exert a level of accommodation less than the
stimulus vergence, a phenomenon referred to as 'accommodative lag' (Sheard, 1920;
Morgan, 1944b). Conversely, for distant objects the accommodative response exeeds the
stimulus vergence and this steady-state error is termed ‘accommodative lead' (Morgan,
1944b). The accommodative response matches the stimulus vergence at only one point
on the curve and Toates (1972) proposed that this intersection of the unit-ratio line
represents the physiological resting state of accommodation (i.e. tonic accommodation).
The curve is further characterised by a quasi-linear region with a gradient between zero

and 1.

Previous research has demonstrated that the accommodative response is dependent on a
number of target characteristics such as: luminance (Wald and Griffin, 1947;
Campbell, 1954; Nadell and Knoll, 1956; Alpern, 1958a; Alpern and David, 1958;
Johnson, 1976); spatial fl"equency (Charman and Tucker, 1978a; Owens, 1980;
Raymond et al., 1984; Charman and Tucker, 1977; Charman and Heron, 1979; Bour,
1981; Ciuffreda and Hokoda, 1983; Tucker et al., 1986; Ciuffreda et al., 1987; Tucker
and Charman, 1987); contrast (Wolfe and Owens, 1981; Ciuffreda and Rumpf, 1986;
Ward, 1987); colour (Fincham, 1951; Charman and Tucker, 1978b; Wolfe and Owens,
1981); retinal target eccentricity (Whiteside, 1957; Hennessy and Leibowitz, 1972;
Phillips, 1974; Semmlow and Tinor, 1978).

The accommodative response may also be influenced by subject characteristics such as:
pupil size and depth-of-focus (Campbell, 1957; Ogle and Schwartz, 1959; Ripps
et al., 1962; Tucker and Charman, 1975; Hennessy er al., 1976; Ward and Charman,
1985; 1987); age (Hamasaki et al., 1956; Braddick er al., 1979; Simonelli, 1983;
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FIG. 1.2. - The accommodative response as a function of stimulus vergence.
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Banks, 1980); visual acuity/target detail (Heath,1956a; Otto and Saffra, 1974;

Korge and Krueger, 1984); amblyopia (Wood and Tomlinson, 1975; Kirschen etal.,
1981; Hokoda and Ciuffreda, 1982: Ciuffreda er al., 1983; Ciuffreda er al., 1984;
Ciuffreda and kuoda, 1983; Ukai er al., 1986; Ciuffreda er al., 1986); refractive
error (Ramsdale, 1978; Fledelius, 1981; Maddock et al., 1981; Ramsdale 1982;
McBrien and Millodot, 1986a; 1986b); vergence (Fincham and Walton, 1957;
Semmlow and Hung, 1981; Kersten and Legge, 1983; Schor and Kotulak, 1986);
chromatic aberration (Fincham, 1951; Fincham, 1953; Campbell and Westheimer,
1959; Millodot and Sivak, 1973; Charman and Tucker, 1978b) and spherical
aberration (Campbell and Westheimer, 1959; Jenkins, 1963; Charman et al., 1978).

Furthermore, the accommodative response is afffected by temporal factors, viz.,
reaction time (Ca{npbell and Westheimer, 1960; Shirachi et al., 1978; Tucker and
Charman, 1979) and microﬂuctuation;s (Campbell et al., 1959; Millodot, 1968;
Denieul, 1982; Kotulak and Schor, 1986), in addition, perceived stimulus distance
(Hofstetter, 1942; Ittleson and Ames, 1950; Johnson, 1976) and perceived stimulus

size (Alpern, 1958b; Benel, 1980; Kruger and Pola, 1986; Kruger and Pola, 1987).

Accommodation may be modified further by such non-ocular factors as: volitional
control (Marg, 1951; Randle, 1970; Provine and Enoch, 1975); cognitive demand
(Malmstrom and Randle, 1976; Kruger, 1980; Malmstrom et al., 1980; Gawron et al.,
1985) and fatigue (Berens and Sells, 1944; Berens and Sells, 1950; Malmstrom et al.,
1981; Miller et al., 1983).

Recently Charman (1986) has considered the various optical factors associated with the
accuracy of the accommodative response and concludes that the slope (m) of the linear
portion of the stimulus/response function is linearly related to the minimum angle of
resolution (MAR) achievable by the observer under the observation conditions. Using

some basic assumptions and incorporating the constant C Charman derives the equation:
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Im| = 1- C(MAR)

Charman (1986) compares this prediction with previously reported data for the influence
of luminance, spatial frequency, contrast, visual acuity and pupil size on the

accommodative response and concludes that the data from the majority of studies

predicts a value for C between ~0.1 and 0.5 min-L.

In summary, the accuracy of the accommodative response is dependent on the quality of
the target and the retinal image. As stimulus quality decreases accommodation becomes
increasingly biased towards an intermediate resting position, the extreme situation being
stimulus-free conditions e.g. darkness. The study of accommodation under darkroom
conditions has the advantage that changes and variations in response are not limited by

depth-of-focus and the stimulus-dependency of the accommodative response.
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1.5 - THE TONIC RESTING STATE OF ACCOMMODATION

1.5A - Night myopia and tonic accommodation

It is now generally accepted that in the absence of adequate visual stimuli,
accommodation adopts an intermediate resting position. It is appropriate to use the term
‘tonic accommodation' (TA) to describe this myopic shift which may occur in darkness
or an empty-field (ganzfeld), although the phenomenon is also referred to as the Testing

focus' or 'dark focus' of accommodation.

The concept of TA and an intermediate resting position is based on observations from as
early as 18th century that distance visual acuity decreases under reduced illumination, the
phenomenon being referred to as 'night myopia'. Early studies suggested that this
increase in refractive state of the eye was partly due to spherical aberration (Rayleigh,
1883; Otero and Duran, 1941; 1942; Le Grand, 1942; Ivanoff, 1947a; Koomen et al.,
1951) or chromatic aberration and the purkinje shift (Wibaut, 1919; Wald and Griffin,
1947; Ivanoff, 1947b; Ronchi, 1948).

Otero and Duran (1941; 1942) provided early evidence for accommodation being the
primary cause of night myopia. They found levels of up to 2.0 D of low luminance
myopia and found that this was almost eliminated by the instillation of homatropine, a
finding later confirmed by Wald and Griffin (1947). Campbell (1953) used purkinje
image photography and foveal scotoma fixation to demonstrate a mean myopic shift of
0.64 D in darkness but concluded that chromatic and spherical aberration were of greater
importance than accommodation. Campbell and Primrose (1953) used the same
technique and found a mean increase in lens power of 0.8 D in 5 subjects which they
considered to be too small a change to account for the reported value of 1.5 D for night
myopia. They concluded that accommodation and ocular aberrations contributed equally

to low-luminance myopia.
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Heath (1962) employed a variety of techniques, viz., subjective coincidence optometry,

infra-red retinoscopy, purkinje image photography and infra-red optometry and found a
variable low-luminance myopia of up to 1.5 D. He also found similar values of refractive
state under empty-field conditions and hence concluded that the spherical aberration
associated with pupil dilation in darkness was not the major cause of night myopia.
Heath (1956b) was also the first worker to adopt the term 'tonic state of

accommodation' to describe the phenomenon of night myopia.

Mellerio (1966) reviewed the literature concerning the myopic shift which occurs at low
iluminations and concluded that three factors were responsible for night myopia. He felt
that the Purkinje shift coupled with the choﬁatic aberration of the eye, accounted for
about 0.4 D of night myopia whilst the increase in spherical aberration due to pupillary
dilation was responsible for up to 1 D of the refractive change. He felt, however that
accommodation was the largest component of night myopia introducing up to 1.5 D of

myopia.

The development of the subjective Badal laser optometer (Hennessy and Leibowitz,
1970; 1972; Inglestam and Ragnarsson, 1972) provided researchers in the period since
the early seventies with a simple reliable technique by which to measure accommodation
under darkroom conditions (see Section 1.6D pps. 59-60). The most extensive was that
of Leibowitz and Owens (1978) who reported a mean value of +1.52 D (s.d. = 0.77 D,
range = -0.50 to +4.00) for a group of 220 college-age observers. The majority of
studies employing the technique have found a mean value of TA, for a young
population, of around 1.5 D (Leibowitz and Owens, 1975a; Leibowitz and Owens,
1975b; Owens and Leibowitz, 1976; Miller, 1978a; 1978b; Mershon and Amerson,
1980; Owens and Leibowitz, 1980; Heron et al., 1981; Epstein et al., 1981; Maddock et

al., 1981; Miller et al., 1983; Smith, 1983; Hogan and Gilmartin, 1984a).

Other workers have adopted different techniques to assess TA. Simonelli (1983)
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employed a polarised vernier optometer (see section 1.6A pps. 56-57) to measure TA in
301 subjects and found a mean value of 0.71 D (s.d. = 0.53 D). More recently Johnson
et al. (1984) measured TA in 50 subjects using an infra-red optometer and found a mean
value of 1.10 D (s.d. = 1.06 D). They note that this mean value is significantly lower
than that reported by Leibowitz and Owens (1978) for 220 subjects using the laser
optometer. In an accompanying paper Post ez al. (1984) compared TA values obtained
by laser optometry and infra-red optometry and concluaed that the laser optometer may

influence estimates of TA (see section 2.2 pps. 80-93).

1.5B - Empty-field, instrument and small-pupil myopia.

Accommodation has also been shown to adopt an intermediate resting position in
conditions other than darkness. Whiteside (1952) found that when subjects viewed a
bright featureless environment, such as a cloudless sky or fog they showed 0.5 to 2.0 D
of myopia, a finding confirmed by Heath (1956b). Westheimer (1957) and Heath (1962)
both demonstrated that the level accommodation recorded under empty-field conditions
was equivalent to that found under darkroom conditions. Leibowitz and Owens (1975a)
compared values of dark focus in 30 subjects with empty-field myopia and found a

correlation coefficient of 0.68.

It is well established that subjects tend to overaccommodate when viewing through an
optical instrument (Baker, 1966; Schober ez al., 1970; Richards, 1976; Richards er al.,

1980; Ditchburn, 1980). Instrument myopia appears to be derived from an interaction
between the subject's perception of the proximity of the instrument and the small exit
pupils of the instrument (Schober et al., 1970). Miller et al. (1984) found that subjects

viewing through a phoropter with 2mm artificial pupils produced an increase in
accommodative lag and lead. This is consistent with the findings of other workers who
have demonstrated that a reduction in pupil size causes the accommodative response to
approach its intermediate resting position (Ripps er al., 1962; Hennessy et al., 1976;

Ward and Charman, 1985; 1987). Leibowitz and Owens (1975b) compared values of
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dark focus in 30 subjects with instrument myopia and found a correlation coefficient of

0.68.

1.5C - The long-term stability of tonic accommodation

Several studies have demonstrated the long-term stability of TA. Miller (1978a) could

find no apparent diurnal or cyclic variations in TA in 21 subjects who were examined

over a 2-3 week period. Mershon and Amershon (1980) obtained two sets of
measurements of TA for 39 subjects. Nineteen subjects performed the second test in the -
same experimental session and the other 20 participated in a second session a week later.

They found an average change of 0.3 D between the two tests and correlation

coefficients of 0.91 for the subjects tested twice in the same session and 0.81 for those

retested a week later. Heron er al. (1981) assessed diurnal TA variations in one subject

and also examined variations in TA over a two week period in a further subject and

found the measured values to be consistent. In addition they performed a test-retest study

on 30 subjects over a period of between 3 and 23 weeks (mean time between sessions =

12 weeks) and found a correlation coefficient of 0.69 (p < 0.05). Miller et al. (1983)

measured TA for 10 subjects over a 3 hour period and found no significant change

during this time although they found that females (N = 5) tended to show greater

variation than males. Similarly, Krumholz er al. (1986) found nonsystematic variations

of TA in five subjects measured over a 8 to 13 hour period. Owens and Higgins (1983)

monitored TA for 1 year in 5 subjects and found that the largest individual difference in

mean values between measurement periods was 0.66 D, the average difference being

0.21 D.

It is important to note that most of the aforementioned studies have employed laser
optometry to measure TA. Since this is a subjective technique, variations in a subject's
performance may influence the value of TA obtained. Post er al. (1984), however, used
an infra-red optometer to measure TA in 47 subjects and found test-retest correlation

coefficients for session separations of a few minutes, 1 day, 1 week and 2 weeks, of
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0.98, 0.72, 0.75 and 0.76; respectively.

It may be concluded, from the above studies, that the level of stability diminishes with
increasing time between retest sessions. It is apparent, however, that the tonic resting
position of accommodation is relatively stable and is, therefore, an appropriate parameter

for the study of the accommodative mechanism.

1.5D - Accommodative hysteresis and adaptation of tonic accommodation
Although the previous section has reported the long-term stability of TA, there is a
growing body of evidence which suggests that a period of sustained fixation may
produce changes in a subject's tonic resting position. Ebenholtz (1983) measured TA in
12 subjects using a laser optometer. Subjects participated in three experimental sessions
wherein, following initial measurement of TA, they would view monocularly a fixation
target placed at their far point (FP), near point (NP) or tonic resting position by means of
a Badal optical system, for 8 minutes. TA was measured immediately following the task
and two further measurements made 8 and 16 minutes after cessation of the task.
Ebenholtz (1983) found that NP fixation produced a mean increase in TA of 0.34 D (t = |
4.25, d.f. = 11, p < 0.01). Conversely, FP fixation elicited a mean decrease in TA of
-0.21 D (t = 4.20, d.f. = 11, p < 0.01). Fixation at the resting position produced a
nonsignificant increase in TA of 0.06 D. Assuming the regression of TA towards
pre-task levels to be exponential, Ebenholtz calculated that the effects would dissipate in
72 minutes for FP fixation whereas the NP effects would require 10.26 hours and
commented that a non-linearity existed in these results. The NP target was, on average,
5.12 D proximal to the subject's TA position, whereas the FP target was, on average,
0.98 D beyond the resting position. Hence it might have been expected that the NP effect
would be five times that of the FP effect. Ebenholtz regarded this, along with the
difference in FP and NP decay times, to be evidence for the existence of two

sub-systems for the control of accommodation.
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More recently Ebenholtz and Zander (1987) repeated the above experiment examining
pre- and post task measures of FP and NP, in addition to TA. He found that NP shifted
outward by 0.37 D and inward by 0.62 D after 8 minutes FP and NP fixation

respectively. No significant changes in FP were recorded, however, for any

experimental condition.

Baker er al. (1983) employed a dynamic infra-red optometer to monitor TA in darkness
for 20 seconds following 5 seconds of fixation at 0, -1, -2 and -3 D. They found that a
stable resting state was reached 1 to 3 seconds after the lights were extinguished. They
poposed the existence of a zone of 'inactive accommodation', of about 1 D, within
which accommodation was relatively stable in darkness, rather than a single resting
position. Following fixation proximal to the 'rest zone', accommodation drifted towards
the near edge of the zone. Conversely, fixation beyond the fest zone resulted in
accommodation drifting towards the far edge of the zone. For stimulus levels within the

rest zone there was little change in accommodation when the lights were extinguished.

Schor er al. (1984) also used infra-red optometry to examine the effects of periods of
monocular fixation on TA, which they termed 'adaptation of TA'. For short-term
adaptation (15 to 120 seconds) to stimuli 4 D nearer and 1.5 D further than the subject's
initial resting position, they were unable to demonstrate consistent after-effects that were
correlated with the adapting stimulus. Thirty minutes monocular adaptation to a -6 D
stimulus, however, produced a significant mean increase in TA of 0.5 D in 9 subjects (t
=246, df. = §, p < 0.025). It is interesting to note that Schor er al. (1984) recorded
post-task TA as the accommodative state 45 seconds after the stimulus offset to allow for
all transient (non-tonic) responses to decay. They cite the study of Krishnan and Stark
(1975) who showed that the accommodative response decays in 2 to 15 seconds, a range
of values consistent with the more recent findings of Baker et al. (1983). It may be more
appropriate, however, to measure TA immediately after the stimulus offset and over a

period of time as this may yield valuable information concerning the mechanisms
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underlying adaptation of TA.

Ebenholtz (1985) studied the effect of NP and FP fixation for 8 minutes in 17 subjects.
This was repeated for between 3 and 6 sessions at each task location and pre- and
post-task TA values measured using a laser optometer. He found strong individual
differences with respect to susceptibility to accommodative hysteresis. In addition, the
magnitude of hysteresis produced within a given individual on one occasion relative to
another varied inversely with the pre-task TA. Ebenholtz also found that, for the FP
condition, the magnitude of the hysteresis effect was related to the dioptric distance
between the FP and the pre-task TA. There was no such relationship for the NP
condition and supporting previous evidence for the existence of two sub-systems for the

control of accommodation (Ebenholtz, 1983).

- Hogan and Gilmartin (1985) examined the effect of a 15 minute interactive task at 2.75,
1.00 and 0.33m on TA and tonic vergence (TV) in 27 subjects. For the far and
intermediate tasks, they found post-task changes in both TA and TV to be biased
towards the task position and proportional to the dioptric distance between the task and
the subject's pre-task resting position. For the near task, however, the positive shifts in
TA and TV were reduced significantly when the difference between the task location and
initial TA and TV positions was greater than 1.5 D and 3.5 degrees respectively. Hogan
and Gilmartin proposed that TA and TV may be reference points of the accommodative
and vergence systems and that the attenuation of positive accommodative hysteresis

effects may be mediatéd by the beta-inhibitory sympathetic input to the ciliary muscle.

Pigion and Miller (1985) measured TA and accommodative responses to a near (30cm)
and far (6m) targets in 20 young males. Measurements were made before and after a 1
hour session during which subjects either read monoculary at near or far or remained in
darkness and listened to a tape recording. No significant changes in near or far target

accommodative response were produced by any of the tasks. The near task and
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darkroom condition induced significant mean increases in TA (0.27 D and 0.47 D

respectively) but the far task had no significant influence on TA.

Schor er al. (1986) suggested that the method by which the accommodation loop is
opened, following a period of sustained fixation, will alter the level of adaptation
occuring. They investigated TA after-effects under three experimental conditions:
Maxwellian view (pin-hole pupil), empty-field and darkness. After fixating a -3 D
stimulus for 2 minutes the TA regressed to baseline levels after a few seconds in
darkness. For the Maxwellian view and empty-field conditions, however, a period of
several minutes were required for TA to reach pre-task levels. Furthermore, if allowed to
regress in darkness, accommodation would return to its adapted state when Maxwellian
view conditions were reinstated. Thus, rather than decaying more rapidly in darkness,

tonic adaptation was effectively masked by darkness.

Wolfe and O'Connell (1987) compared the adaptation of TA under darkroom and bright
empty-field conditions in 21 subjects using a vernier optometer. They found that the
adaptation of TA was significantly greater for the empty-field condition than for the
darkroom condition (difference = 0.43, t = 2.24, p < 0.05). These differences in
adaptation were, however, due entirely to a subset of subjects (N = 5) showed much
larger TA after-effects (> 2.5 D) for the empty-field condition. Wolfe and O'Connell
term these subjects 'superadaptors'. Wolfe and O'Connell also found that pre-task TA
values measured under empty-field conditions were significantly higher than those

measured under darkroom conditions.

Tan and O'Leary (1986) studied the effect of 5 minute and 1 hour monocular reading
task at 0 D and 3 D on TA using a laser optometer. They found that, for the briefer task,
TA shifted towards the task position and returned slowly towards the pre-stimulus level
during the 15 minute post-task measurement period. For the longer task TA showed a

sustained shift towards the task position during the subsequent 6 hour measurement
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period. Tan and O'Leary suggest that a subject's TA is determined by the

accommodation that has been exerted prior to the measurement period.

Tan (1986) used laser optometry to examine the influence of stimulus vergence and task
duration on accommodative hysteresis. The mean initial TA was found to be 1.71 D and
1 minute monocular fixation of reduced Snellen letters at 2, 3 and 4 D produced mean
post-task TA values of 1.70 D, 1.97 D and 2.14 D respectively. Increasing the task
duration from 1 minute to 5 minutes produced a significant increase in the magnitude of
the hysteresis effect. Tan also found that the magnitude of the hysteresis effect was
proportional to the dioptric difference between the stimulus level and the subject’s initial
TA. It should be noted, however, that each subject performed the task at only one
stimulus vergence. The experimental design could have been improved by, adopting a
within-subject design, i.e. recording the hysteresis effects for each subject for all task
locations so that the relative contributions of inter-subject and intra-subject variations to

the results could be examined.

Fisher et al. (1987a) examined interocular differences in TA and the consensuality of
accommodative hysteresis in 12 emmetropic subjects using a Hartinger optometer. They
assessed the effect of monocular fixation of reduced Snellen letters for 8 minutes at the
subject's near point (within a near point limit of 6 D). They found no significant
difference in TA between the two eyes and that a control condition of viewing a green
homogenous oscilloscope screen at 50 cm produced no significant change in TA. Near
point fixation, however, produced significant increases in TA and the change in TA in

the fixating eye was equivalent for that in the non-fixating eye.

In a recent report Owens and Wolf-Kelly (1987) employed a polarised vernier optometer
(Simonelli, 1980) and a subjective vernier alignment device to assess the effect of one
hour of reading at 20 cm on TA and TV in 28 college students. They found that both TA

and TV increased significantly by 0.60 D and 11.4 cm respectively following the reading
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period but that the increases in the two tonic states were uncorrelated. Owens and
Wolf-Kelly conclude that the TA and TV are determined by different fnechanisms,
although pre-task TA and TV values were significantly correlated. They also present data
for 24 additional subjects on whom TV was not measured increasing the sample on
whom TA was measured to 52. They found that the largest increases in TA occured in

subjects with low initial values of TA and TV.

Wolf er al. (1987) assessed the effect of a 45 minute binocular reading task at 20cm for
22 normal subjects using a haploscope-optometer. They found TA and TV increased
significantly by 0.35 D and 0.38 meter angles respectively and that both tonic

components decayed to baseline levels within three minutes.

It may be concluded, therefore, that a period of sustained fixation or reading may
produce changes in both TA and TV although it is likely that adaptation of the two
systems is determined by independent mechanisms (Kotulak and Schor, 1986; Owens
and Wolf-Kelly, 1987). The adaptation of TA will be a primary area of interest in this

thesis and the intended areas for research are discussed in section 1.8 (pps. 72-75).
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1.6 - THE MEASUREMENT OF ACCOMMODATION

1.6A - Objective and subjective optometers

Various subjective and objective techniques have been employed in the measurement of
accommodation. Since changes of accommodation are, essentially, alterations in the
refractive state of the eye, certain of the measurement techniques have been recently
applied to routine ophthalmic refraction, e.g. infra-red optometry. Conversely, certain
workers have relied on established refractive techniques to study accommodation, e.g.

retinoscopy (e.g. Mohindra, 1975).

An estimate of the refractive state of the eye can be made by either measuring the
vergence of the light that leaves the eye, as in retinoscopy, or by adjusting the vergence
of the light that enters the eye until a clear image of the target is formed on the subject's
retina. Many early optometers were based on the latter of these principles, an example
being the Thorner optometer (Duke-Elder, 1970) which was used by Témqvist (1966;
1967). A further example of this type of optometer is the stigmatoscope where a spot of
light is imaged on the retina of the subject. The instrument is adjusted until the subject
reports that the diameter of the spot is reduced to a minimum. The source will then be
positioned at the point in space conjugate with the subject's retina. This design of

optometer has been used by such workers as Morgan (1944b) and Wolf er al. (1987).

A disadvantage of the above instruments is that they rely on the experimenter or subject
judging the exact point at which the target is correctly focused. The accuracy of the
optometer may, however, be greatly increased by incorporating the principle of
displacement by parallax, as in Fincham's coincidence optometer (Fincham, 1937). In
this instrument, when the target is not in a position which is conjugate with the subject's
retina, the retinal image is displaced from the axis. The image is viewed through a set of
prisms which divides the field into two and reverses one half. When the image is out of

alignment the two halves are displaced in opposite directions and correct alignment
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results in an unbroken line being formed. The Hartinger optometer (Carl Zeiss Jena)
utilizes similar design principles to that of Fincham (1937) and has been used in the
study of TA and accommodative hysteresis by Fisher et al. (1987a). A further
modification was made by Simonelli (1980) in the design of his polarised vernier
optometer. The subject has to judge the vernier alignment of two perpendicularly
orientated polarised bars. Simonelli demonstrated that measurements of far-point and TA
may be made using this instrument and suggests that the instrument is an economical and

effective alternative to the laser optometer.

1.6B - Infra-red optometry

The primary problem with the aforementioned optometers is that they employ targets
which are visible to the subject. As the vergence of the light from the target is altered so
too is the stimulus to accommodation. The presence of a bright target may also influence
the pupil size of the Subject thereby further altering their accommodative state (Hennessy
et al., 1976; Ward and Charman, 1985). This problem may be overcome if the target is
made invisible to the subject by introducing filters which only transmit infra-red

radiation.

Collins (1937) constructed an infra-red optometer utilizing the retinoscopic principle and
used a photoelectric cell as the detector of movement. Chin and Horn (1956) employed
an infra-red retinoscope to investigate night myopia. The infra-red light reflected from
the subject's fundus was converted to visible light by an infra-red converter placed
before the experimenter's eye. Campbell and Robson (1959) developed an infra~red'
optometer based on the Scheiner disc principle and claimed accuracy of 0.1 D. The
temporal resolution of the apparatus enabled Campbell er al., (1959) to assess
micro-fluctuations in the accommodative response. Several designs of infra-red
optometer have been published subsequently (e.g. Cormnsweet and Crane, 1970;
Charman and Heron, 1975; Lovasik, 1983), many of which are based on the design of

Campbell and Robson (1959).
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Infra-red optometry has the advantage of being objective hence the effect of
psychological influences on accommodation could be assessed (Kruger 1980;
Malmstrom er al., 1980). The technique also facilitates rapid and continuous
measurement, enabling researchers to study temporal aspects of the accommodative
response (Campbell ez al., 1959; Campbell and Westheimer, 1960; Shirachi et al., 1978:;

Charman and Heron, 1979; Tucker and Charman, 1979; Denieul, 1982; Kotulak and
Schor, 1986)

Recently the principles of infra-red measurement have been applied to automated
objective refractors such as the Canon Autoref R-1. The currently available instruments
employ one of the following basic principles: grating focus principle, retinoscopy or
Scheiner disc principle (Henson, 1983). This advance in technology has presented
researchers with highly sophisticated optometers for experimental use. Johnson and his
co-workers used a modified Ophthalmetron (Bausch and Lomb), an instrument based on
the retinoscopic principle, to assess short- and long-term fluctuations in TA (Johnson et
al., 1984; Post er al., 1984). Furthermore, the Canon Autoref R-1, an autorefractor
which engages the grating focus principle, has been employed to assess variations in the
accommodative response with refractive error (McBrien and Millodot, 1986a; 1987) and
to investigate the influence of various ophthalmic drugs on accommodation (Ward and
Charman, 1986). A full description of the Autoref R-1 is given in Section 2.1B (pps.
75-80).

1.6C - Purkinje image photography

A further objective method which has been used in the study of accommodation is
purkinje image photography (Fincham, 1937; Otero, 1951; Campbell, 1957; Whiteside,
1957). The technique involves photographing the 3rd Purkinje image which is formed
by the anterior surface of the lens, the refractive surface which undergoes the greatest
change in radius of curvature during accommodation (Fincham, 1937; Fisher, 1969b).

This requires a bright source which may produce sufficient glare so as to interfere with
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the subject's perception of the accommodative stimulus. The technique may only be used

to monitor changes in accommodation since it cannot determine the total refractive state
of the eye. Furthermore, time-consuming analysis of the photographs is necessary

before the magnitude of the change in accommodation may be assessed.

1.6D - Laser optometry

Many studies of accommodation have been conducted using the Badal Helium-Neon
(He-Ne) laser optometer (Hennessy and Leibowitz, 1970; 1972; Inglestam and
Ragnarsson, 1972). Divergent laser light is collimated and reflected from the matt
surface of a slowly rotating cylindrical drum. The apparent velocity of the speckles seen
by an observer is a function of the dioptric difference between the plane of stationarity of
the drum and the point in space conjugate with the observer's retina (Charman, 1974).
Since the perception of the speckle pattern is a consequence of interference at the retina,
it is always in focus and hence subjective estimates of blur are not required. The laser
optometer is, therefore, unique since changes in the refractive state of the eye result in
the observer perceiving changes in the motion of the speckle pattern but not its spatial

structure.

In order to ensure that the pattern has no effect on the existing accommodative state,
short presentations are used (Hennessy and Leibowitz, 1972). The majority of previous
studies have used exposure times of 500 msec but recently Hogan and Gilmartin (1984b)
have suggested that an exposure time of 300 msec be adopted in order to minimize the
variability of results. In a subsequent paper, Kothe er al. (1987) measured TA for 10
laser exposure durations ranging from 100 to 1000ms in 10 subjects. They found that in
3 subjects speckle exposure time had no influence on the measured TA value. In the
remaining subjects, however, increasing the exposure time resulted in a monotonic

decrease in TA (N = 3), a monotonic increase in TA (N = 1) or non-monotonic trends (N

= 3).
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Laser optometry has been employed in a large number of studies of TA and
accommodation stimulus/response studies since it's introduction (e.g. Leibowitz and
Owens, 1978; Charman and Tucker, 1977). The technique has the advantage of being
independent of pupil size and there is little restraint on the head position of the subject.
The technique has the disadvantage, however, of being subjective, hence the results
obtained are dependent on the accuracy of the observations made by the subject. In
addition, recent research has demonstrated that the observational demands of the laser

optometer may influence the accommodative state of the observer (Post er al., 1984; Post

et al., 1985).

1.6E - Summary

Previous workers have employed a variety of techniques in the study of accommodation.
A major consideration in the choice of instrument for the project was the speed with
which measurements could be taken. A further requirement was that the instrument was
objective in order to avoid subject-optometer interactions (Post et al., 1984; Post e al.,
1985). For these reasons it was decided to employ infra-red measurement techniques.

Further methodological considerations are discussed in section 2.1 (pps. 75-80).
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1.7 - ACCOMMODATION AND THE DEVELOPMENT OF MYOPIA.

This section is intended to provide a brief review of the role of near-work and
accommodation in the development of myopia. A full treatise of the vast amount of
literature concerning the aetiology of myopia is, however, beyond the scope of this

thesis but extensive reviews may be found elsewhere (e.g. Borish, 1970; McBrien and

Bamnes, 1984)

1.7A - Genetic factors and refractive error

Steiger (1913) suggested that the majority of refractive errors may be explained by
normal variation in the refractive components of the eye, viz. corneal power, anterior
chamber depth, lens power and axial length. The distribution of refractive error,
however, is distinguished by the predominance of emmetropia (e.g. Stenstrom, 1946)
and free association of the ocular components would lead to much less emmetropia than
is found in the normal population. There would appear, therefore, to be a co-ordinating
mechanism whereby a relative abundance of emmetropic or near-emmetropic eyes are

produced (Sorsby et al., 1957).

Sorsby ez al. (1957) found that nearly all eyes with refractions within the range of -4 to
+6 D had values for the individual components within the range found in emmetropia.
They used the term “correlation ametropia” to describe these eyes since it was felt that a
failure in the correlating mechanism had led to the ametropia rather than one individual
component. For ametropic eyes outside of this range, Sorsby and his co-workers found
that one component, usually axial length, fell outside of the emmetropic range and

adopted the term "comporent ametropia” to describe this group.

Sorsby et al. (1962) measured refraction and ocular components in 78 uniovular twins,
40 binovular twins and 48 unrelated pairs. They found that uniovular twins show a

marked concordance for refraction and its individual components whereas binovular
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twins showed no such concordance. This led Sorsby and his co-workers to propose that
refraction is genetically determined. Sorsby (1967) concluded: "The traditional emphasis

on environmental factors as productive of refractive errors finds no support in the

detailed studies of today".

1.7B - Near-work and myopia

Ramazzini (1713) was the first worker to suggest that sustained near vision produces
"weakness of vision" and myopia, however, Cohn (1886) is generally credited as being
the founder of the theory that near-work causes myopia. Numerous subsequent workers
have reported a relationship between the development of myopia and the amount of
near-work undertaken [see Borish (1970) for review]. Occupations which require a
relatively high level of accommodation and convergence tend to show a higher incidence
of myopia than those where prolonged periods of near vision are not required.
Furthermore, various workers report a correlation between the number of years spent at
school and college and myopia (e.g. Young, 1967). Other workers (e.g. Nadell er al.,
1956), however, have found no relationship between the time spent reading and myopia.
Many researchers, notably Francis Young, have sought to establish the role of
environmental influences in the development of myopia by experiments on monkeys and

selected populations.

Young (1967) observed that adult monkeys reared in laboratories show 25-30% myopia,
whereas those reared in open-field situations show practically no myopia. Furthermore
Rose et al. (1974) compared the refraction of 12 street cats with that of 11 caged cats.
They found that 87.5% of the street cats were hyperopic (mean Rx = +1.14 D) whilst the

cats who had been caged for between 8 and 14 months showed a mean refraction of

-0.62 D, 68.2% being myopic.

Young (1961) placed niﬁe monkeys, aged between 4 and 6 years, in restraining chairs

and restricted their visual environment to 50 cm by means of white hoods. He found that
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after eleven months approximately 70% of animals demonstrated myopic shifts in
refraction greater than 0.50 D and 6ver half showed changes greater than 1.50 D. Young
(1965) reported that the progression of myopia induced by a rcstriétcd visual
environment could be arrested by the daily instillation of atropine. This led Young to

propose that accommodation played a significant role in the development of myopia (see

section 1.7C).

Young et al. (1969) studied eskimo families and found very little myopia among the
older generations, but some 65% myopia among the younger. They attributed the
difference to the imposition of compulsory education for the younger generation. Since
heredity influences were constant for the population, Young and his co-workers
proposed that environmental factors played a significant role in myopia development.
Further studies of selected populations suggest that myopia is a correlated with
neér—work (Alsbirk, 1979; Richler and Bear, 1980). Richler and Bear (1980) examined
957 patients aged 5 years and above in 3 isolated communities in western Newfoundland
and found that refraction was significantly correlated with the amount of near-work

carried out by the subjects.

1.7C - The mechanisms associated with environmentally induced myopia

Although it would appear that there is a relationship between the amount of near-work
undertaken and the development of myopia, the mechanism is subject to debate. Some
workers assumed that it was the accommodation associated with near-work that led to
the development of myopia, mediated by tonus changes in the ciliary body and an
increase in lens power (e.g. Sato, 1957). Young (1965; 1975) also believed that
accommodation was responsible and proposed that myopia developed in two stages
(Young, 1975). The first stage was due to a temporary increase in lens thickness due to
an inability to relax accommodation fully. This was followed several months to a year
later by an increase in the depth of the vitreous chamber. Young suggested that

accommodation produced an increase in vitreous chamber pressure which when
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sustained would result in an increase in vitreous chamber depth. He implanted pressure
transducers in the anterior chamber and vitreous of monkeys and found that near-point
accommodation produced increases in vitreous pressure of the order of 6-7 mmHg,

accompanied by a decrease in anterior chamber pressure.

Bedrossian (1966) investigated the effect of daily instillation of atropine into one eye of
young myopes using the other eye as the control. He found a 0.50 D reduction in
myopia in the cyclopleged eye after one year, whereas the untreated eye progressed in
the myopic direction by -0.63 D, thus supporting the proposal that accommodation was
an important factor in the development of myopia. Oakley and Young (1975) treated 226
myopic children with a +1.50 D bifocal reading addition. They found that these children
showed negligible myopia progression (-0.03 D per year) while a control group showed
an annual progression of -0.50 D. Bedrossian concluded that accommodation, and not
convergence, was the cause of myopia. It is interesting to note, however, that similar
results were obtained by Luedde (1932) but were interpreted oppositely, i.e. he

proposed that excessive convergence is responsible for the development of myopia.

Subsequent studies have found varying degrees of success in the control of myopia
using bifocals and cycloplegics (e.g. Curtin, 1970; Gimbel, 1970; Brodstein ez al.,
1984). Raviola and Wiesel (1985) offer an explanation for this variation in success.
They demonstrated that myopia develops in macaque monkeys when their lids are
surgically fused for one year immediately following birth. Interestingly they found that
the instillation of atropine arrested the progression of myopia in the species Macaca
arctoides. Conversely, atropine did not influence the progression of lid-suture myopia in
the species Macaca mularta. They suggest that the variation of the effect of atropine on
the lid-suture myopia in these two closely related species may parallel the varying

effectivity of bifocals and cycloplegia in the control of myopia in humans.

Further evidence for the the role of accommodation in the development of myopia has
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been provided by studies of various aspects of accommodative function in different
refractive groups, principally tonic accommodation (TA). Van Alphen (1961) suggested
that individuals with high levels of ciliary tone would be hyperopic, whereas low levels
of cillary tone would be conducive to the development of myopia (see section 1.7D pps.
68-69). Charman (1982) also suggested that there might be a relationship between TA
and refractive error by applying the model of Toates (1972). Charman proposed that
hyperopes would have high values of TA and that this was associated with a strong
sympathetic innervation to the ciliary muscle, consistent with the model of Van Alphen
(1961). Conversely, Charman predicted that myopes would have lower values of TA
and a weak sympathetic ciliary input. Garner (1983) also predicted that myopes would
reduced values of TA but that this was associated with increased sympathetic

innervation.

Various workers have investigated the relationship between TA and refractive error but
most studies have produced somewhat conflicting results. The most extensive study (N
= 301) was that of Simonelli (1983) who found no clear relationship between TA and
refractive error and similarly tenuous trends have been found in most other studies
(Carreras, 1951; Irving, 1957; Gawron, 1981; Heron ez al., 1981; Hogan and Gilmartin,
1983; Smith, 1983; Ramsdale, 1985). Maddock et al. (1981) were the first workers
whose results suggest a relationship between TA and refraction, myopes having the
lowest values of TA and hyperopes the highest. A recent report (McBrien and Millodot,
1987) also suggests that hyperopes (mean TA = 1.33 D) have higher values of TA than
emmetropes (mean TA = 0.89 D). McBrien and Millodot divided their myopic subjects
into two groups depending on their age of onset; early-onset myopes whose myopia
developed prior to 13 years of age and late-onset myopes who developed myopia after
the age of 15. They found that early-onset myopes (mean TA = 0.92 D) had similar
values of TA to emmetropes, whilst late-onset myopes showed significantly lower
values of TA than both groups (mean TA = 0.49 D). McBrien and Millodot propose that

this difference between the two myopic groups is evidence for the two myopic groups
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having a different aetiology.

Additional interest in accommodation has been provoked by the finding that a period of
sustained fixation at distance or near can produce significant changes in TA (see section
1.5D pps. 50-55). Ebenholtz (1983) proposed that these changes which he termed
accommodative hysteresis, may be a precursor to induced myopia. Furthermore,
preliminary reports suggest that certain refractive groups may be more susceptible to

accommodative hysteresis than others (Fisher et al., 1987b: McBrien, 1987)

Further»studies have demonstrated other accommodative differences between refractive
groups. McBrien and Millodot (1986a) found that myopes show increased
accommodative lag compared to hyperopes and emmetropes, and suggest that this is
consistent with myopes having lower values of TA. Fledelius (1981) reported that
myopes had a higher amplitude of accommodation than hyperopes and emmetropes and
suggested that this was a possible cause of environmental myopia. Similarly, Maddock
et al. (1981) observed that low myopes had higher amplitudes of accommodation than

emmetropes and high myopes.

McBrien and Millodot (1986b) found significant differences in amplitude of
accommodation between refractive groups, late-onset myopes having the largest
amplitude of accommodation followed by early-onset myopes, emmetropes and
hyperopes. McBrien and Millodot suggest that these differences are due to variations in
autonomic innervation of the ciliary muscle. Citing Cogan (1937) they suggest that the
increased amplitude of accommodation found in late-onset myopes is consistent with
subjects having reduced sympathetic innervation to the ciliary muscle. Conversely,
Gilmartin ez al. (1984) found that blocking sympathetic innervation to the ciliary muscle
with timolol maleate (0.5%) produced no effect on the amplitude of accommodation. In
an extensive study Mintyjérvi (1987) measured the amplitude of accommodation in 150

hyperopes and 150 myopes aged between 7 and 16 years. He found no difference
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between the two refractive groups and concluded that amplitude of accommodation does

not predict the development of myopia in school children.

Other workers have proposed that the convergence associated with near vision is
responsible for the development of myopia (Jackson, 1931; Luedde, 1932). Donders
(1864) and Linder (1944) both observed that the incidence of myopia among
watchmakers was lower than might be expected in view of their high level of near-work.
Donders (1864) suggested that this phenomenon was due the use of a monocular loupe
which reduces the convergence requirements of the task, but may, of course, also lower
the accommodative demand. Luedde (1932) claimed that monocular cycloplegia inhibited
the development of myopia by dissociating the eyes at near thereby reducing
convergence demand. Similar findings led Bedrossian (1966), however, to suggest that

accommodation played the major role in myopia development.

Recently Greene (1980) proposed that the elongation of the posterior portion of the globe
could result from the action of the extraocular muscles, notably the superior and inferior
oblique muscles. He stated that the extraocular muscles could exert forces on the globe
250 times that of the ciliary muscle and hence the intraocular pressure (IOP) changes
induced by vergence are larger and transmitted directly to the sclera. Clement (personal
communication) believes, however, that Greene's calculation of the force exerted by the
extraocular muscles is an overestimate. Furthermore, Mohan et al. (1977) demonstrated
that the myopia induced in rabbits by raising temperature and IOP (Maurice and Mushin,
1966; Tokoro, 1970) was dependent on extraocular tension. The development of myopia
was found to increase following resection of the four recti, while free tenotomy of the

muscles resulted in a reduction of myopia development.

In conclusion, evidence has been presented for both accommodation and convergence in

the development of myopia. Most workers propose that the refractive changes are

o O

< méai;t@d by increases in intraocular or vitreous pressure produced by either the
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Intraocular or extraocular muscles. A research programme is currently underway within
the department to evaluate the interaction of accommodation and vergence in various

refractive groups (see Rosenfield and Gilmartin, 1987a; 1987b).

17D - Emmetropization and the work of Van Alphen

The predominance of emmetropia in the normal population (e.g. Stenstrom, 1946) has
led certain workers to suggest the presence of a central co-ordinating mechanism or an
emmetropization process (Straub, 1909; Van Alphen, 1961; Sorsby, 1967), the most

comprehensive account being that of Van Alphen (1961).

Van Alphen (1961) carried out a detailed statistical analysis of the biometric data of
Stenstrom (1946) and found 10 significant intercorrelations between refractive
components. Further analysis led to the identification of three independent factors, each
of which contributed to the development of ennlmetropia. Factor "S"” (br size factor) was
shown to be relevant to corneal curvature and axial length and would predict that larger
eyes would have flatter corneae. Factor "P” (or stretch factor) was shown to be relevant
to axial length, anterior chamber depth and lens power and would predict that larger eyes
would have flatter lenses and deeper anterior chambers. Van Alphen proposed that the
development of ametropia was due to a third variable "R"” (or adjustment factor) which
represented the resistance offered by the ciliary muscle-choroid layer. He considered the
ciliary muscle-choroid layer to behave as a continuous elasto-musculous sheet of smooth

muscle surrounding the eye, a proposal supported by a later study (Van Alphen, 1986).

Van Alphen (1961) assumed that the growth of the eye was determined by genetic
factors and the stretch by the intraocular pressure (Coulombre and Coulombre, 1956).
He postulated that the tonus of the ciliary muscle-choroid layer limited the stretch of the
sclera by counteracting part of the intraocular pressure. He assumed that the macula and
brain act to feedback information to the Edinger Westphal nucleus, concerning the degree

of stretch and adjust its activity accordingly. The stretch of the sclera would, therefore,
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be under cortical and subcortical control and mediated by tonus changes of the ciliary
muscle. Van Alphen proposed that any disruption of this feedback loop would interfere
with emmetropization. He observed that emmetropia is rarely achieved in cases of
corneal opacities, high astigmatism, congenital nystagmus or mental deficiency (Rabin et
al., 1981). Furthermore recent animal work has shown that the disruption of the normal
visual environment results in the development of myopia (Wiesel and Raviola, 1977;
Wallman and Turkel, 1978; Raviola and Wiesel, 1985) supporting the proposal that

emmetropization is a vision-dependent process.

Van Alphen (1961) also noted that the Edinger-Westphal nucleus received most of its
afferent connections from the reticular formations. He proposed, therefore, that stress,
emotion or extreme autonomic endowment could interfere with the emmetropization
mechanism and that the stress associated with studying for exams was responsible for
the development of "school myopia". He suggested that such learning situations can
involve substantial levels of stress and anxiety which may trigger myopic changes. He
observed, however, that near vision situations of a leisurely nature, such as needlework,
were not associated with the development of myopia. Van Alphen also reported some
evidence for psychological differences between different refractive groups and suggested
that such differences may facilitate the development of ametropia, a proposal which has
been studied by subsequent workers ( Young, 1967; Young er al., 1975; Baldwin, 1981;

Gawron, 1981; 1983).

In a further study Van Alphen (1986) partly denuded 32 enucleated human eyes by
removing the sclera behind, in front of, or about the equator. He found that inflation of
the eyes to 14 mmHg produced axial, rather than radial, expansion of the eye. The
expansion was shown to emanate from ciliary muscle stretch, providing further support
for the concept of ciliary muscle tonus influencing increases in axial length by effecting

net pressure on the sclera via modifications of choroidal tensions.
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L7E - Discussion of theories of refractive error development

This brief review of the literature has examined the three principal theories of refractive
error development, viz., The biological-statistical theory, the use-abuse theory and the
theory of emmetropization and it would appear that there is convincing evidence for all
three theories. It is clear from twins studies that the dimensions of the ocular components
are determned predominantly by genetic factors (Sorsby er al., 1962) but a change in the
amount of near-work undertaken by a selected population can result in a substantial
increase in the incidence of myopia (Young er al., 1969). It is likely, therefore, that the
eventual refractive outcome will be a consequence of subtle interaction between genetic
predisposition and the nature of the visual environment. If we assume that the
development of myopia can be influenced by a subject's visual environment the question

remains as to the mechanism of such refractive changes.

Certain authors have proposed that accommodation is the causative factor of myopia
(Young, 1975) although clinical and experimental evidence is equivocal (Raviola and
Wiesel, 1985). Alternatively, other workers have suggested that convergence is
responsible for the axial elongation of the globe in myopia (Greene, 1980). Furthermore,
it is important to acknowledge that accommodation and convergence are synkinetically
linked and anomalies of this relationship may contribute to the development of myopia
(Rosenfield and Gilmartin, 1987b). Intraocular pressure may also play an important role
in refractive development (Coulombre and Coulombre, 1956) although the mechanism
and the influence of accommodation and ciliary muscle tonus are still open to debate

(Van Alphen, 1961; 1986; Young, 1975).

Further controversy exists concerning the role of ciliary muscle tonus and tonic
accommodation in refractive development. Van Alphen (1961) proposed that a reduction
in ciliary tonus will result in the development of myopia. Conversely, Ebenholtz (1983)
suggested that a near- vision task-induced increase in TA may be a precursor to induced

myopia. This thesis is concerned principally with the study of TA and the adaptation of
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1.8 - INTRODUCTION TO EXPERIMENTAL WORK

The results of the studies reported in section 1.5 (pps. 46-55) provide incontravertible
evidence that in the absence of adequate visual stimuli accommodation adopts an
intermediate resting position (TA). In addition, variations in TA exist within the
population and a period of sustained vision at a fixed distance will produce changes in
TA, termed adaptation of TA or accommodative hysteresis. It is clear, however, that

several aspects of the adaptation of TA need to be investigated further.

1.8A - The role of sympathetic innnervation of the ciliary muscle in the
adaptation of TA

It is well established that the ciliary muscle receives a small inhibitory sympathetic input
(see Gilmartin (1986) for review) yet the role of sympathetic innervation in
accommodation is unclear. Previous research suggests that the time-course of
sympathetic activity is significantly slower than that of parasympathetic activity
(Tornqvist, 1967; Hurwitz er al., 1972a) and that the influence of the sympathetic input
increases with concurrent background parasympathetic activity. This would indicate that
the fuction of the sympathetic nervous system is more relevant to tasks requiring
sustained accommodation for near rather than those tasks which require a low or rapid
change in accommodative response. This led Gilmartin and Hogan (1985a) to suggest
that the sympathetic input to the ciliary muscle may serve to attenuate the myopic shifts in
TA. It may prove fruitful, therefore, to investigate the contribution of the sympathetic

input in the adaptation of TA.

1.8B - The time course of the adaptation of TA

Previous research has produced conflicting estimates of the duration of tonic after-effects
of sustained near vision. Ebenholtz (1983) assumed the regression of TA towards
pre-task levels to be exponential and calculated that the effects of an 8 minute task at the

near-point would require 10.26 hours to dissipate. Wolf et al. (1987) found, however,
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that TA and TV decayed to baseline levels within three minutes following a 45 minute
binocular reading task at 20cm. Schor er al. (1986) showed that TA regressed to baseline
levels after a few seconds in darkness, after fixating a -3 D stimulus for 2 minutes. For
the Maxwellian view and empty-field conditions, however, a period of several minutes

were required for TA to reach pre-task levels.

It is clear that the variety of experimental designs adopted by previous researchers have
produced a disparity in estimates of the time-course and decay of the adaptation of TA. It
would be preferable, therefore, to employ an objective optometer in order to avoid

possible contamination of results due to optometer/observer interactions (Post er al.,

1984; Post et al., 1985).

1.8C - The contribution of cognitive demand to adaptation of TA

It is likely that the vergence of the task is the primary determinant of post-task TA
values. Previous research has shown, however, that the imposition of mental
effort/cognitive demand can produce significant changes in TA (Kruger, 1980;
Malmstrom er al., 1980; Post er al., 1985). Furthermore, Pigion and Miller (1985) found
that when 20 subjects listened to a tape recording in the dark for 1 hour the mean value
of TA increased significantly by 0.47 D while a near reading task only produced an
increase of 0.27 D. It is possible, therefore, that the cognitive demand of the task may

play a role in the adaptation of TA.

1.8D - Are myopes more susceptible to adaptation of TA?

The evidence for environmental influences in the development of myopia were discussed
in section 1.7 (pps. 61-71). McBrien and Millodot (1986a) postulated that, if
accommodation plays a role in the development of myopia, fundamental differences
would exist in the accommodative responses of the various refractive groups. Ebenholtz
(1983) suggested that accommodative hysteresis may be a precursor to induced myopia,

i.e. myopia of environmental origin. If Ebenholtz's hypothesis is valid it would be
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expected that 'induced' myopes are more susceptible to adaptation of TA than
emmetropes. Preliminary reports suggest that some myopic groups may be more
susceptible to accommodative hysteresis than others (Fisher et al., 1987b; McBrien,
1987). It would be appropriate, therefore, to investigate further TA and the adaptation of

TA in emmetropes and subjects whose myopia is likely to have been influenced by

environmental factors.

1.8E -Methodological considerations in the adaptation of TA.

The majority of previous workers have employed laser optometry in the study of TA and
the adaptation of TA. It is possible, however, that the interactive nature of the laser
optometer, or indeed other subjective optometers, may influence pre- and post-task
measures of TA (Post et al., 1984; Post er al., 1985). A primary methodological
consideration of the project was, therefore, the development of objective methods of
accommodation measurement. The following chapter describes the development of a

central methodology and the evaluation of an objective infra-red optometer.
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CHAPTER 2

THE DEVELOPMENT OF A CENTRAL METHODOLOGY

2.1 - MEASUREMENT OF ACCOMMODATION

2.1A - Infra-red optometry

The various techniques by which the accommodative response may be measured has
been discussed in the previous chapter (see section 1.6 pps. 56-60). An early
consideration was the technique to be employed for the project. Infra-red measurement
was chosen as the appropriate technique since it has certain advantages over other
methods: first it is objective requiring no manipulation or judgement on the part of the
subject. Second it is rapid and able to produce a series of values within a short time

period.

Infra-red optometers may, however, be time consuming to construct, calibrate and bring
into active service. It was decided, therefore, to employ a commercially available
infra-red optometer, namely the Canon Autoref R-1 (see Fig. 2.1), which is an

instrument designed essentially for consulting-room use.

2.1B - The Canon Autoref R-1

The Canon Autoref R-1 (Canon Europa) is an objective infra-red autorefractor that uses
the grating focus principle (Matsumura ez al., 1983). The instrument has similar technical
specifications to other instruments, such as the Dioptron Nova, but is unique in that it
allows the subject an unrestricted binocular field of view by means of a semi-silvered
mirror: instrument myopia is thus reduced (Schober er al., 1970; Hennessy, 1975). It
ca;m produce a complete record of an eyes refractive state at approximately one-second

intervals, the measurement procedure taking 0.2 seconds. It incorporates a power range
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FIG. 2.1. - The Canon Autoref R-1 in use.
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of £15.0 D sphere and +7.00 D cylinder in steps of 0.12 D. The axis is measured in 1°
steps and vertex distances of 12mm and Omm are available such that the refractive
findings may be referenced to the spectacle plane or the comea. The instrument requires

a minimum pupil diameter of 2.9mm for measurement purposes.

McBrien and Millodot (1985) have described, in some detail, the operating principles of
the Autoref R-1. The optical system may be divided into seven different light paths: A:
eye front illumination; B: eye front observation; C: projection optics; D: photoreception;

E: encoder optics; F: alignment ring projection; G: internal fixation lamp optics.

The lights L, L, (4) (see Fig. 2.2) are filtered for infra-red illumination of the subject's

eye by filters (3) and the infra-red light reflected back to form an image on the
photosensitive screen of the TV camera. The comeal-reflected images (Purkinje I) are
used for adjustment of working distance and alignment. Lightpath C forms an image of
an infra-red illuminated projection chart on the subject's retina. The light reflected from
this retinal image passes back through the pupil and is reflected by mirrors (2), (6) and
(12). The light is then transmitted by relay lens (19) and moving lens (21) to the
photoreception chart (23) and detected by photodiodes (28). The reflected light detected
by the photodiodes is electronically processed to produce a measured value. The
maximum signal for detection by the photodiodes is attained when the projection chart is
in optimum focus on the retina. This is achieved by movable lenses in the projection and
photoreception systems. The lens movement is monitored by light path E where infra-red
light from diode (26) passes through a scale unit (27) and slit (28) for detection by the
photodiode (29). The scale unit, which is mounted on top of the projection and
photoreception units, moves a certain amount for measurement purposes. The
transmitted light detected by photodiode (29) is electronically processed to produce the
measured value for display. The instrument determines the best focus of the chart in
three meridians, each separated by 60 degrees and computes a sphero-cylindrical

2

refractive finding by extrapolating the results to a sine“ curve. The whole procedure is
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KEY: 1. subject’s eye; 2. infra-red reflecting mirror; 3. infra-red filters; 4. eye front illuminating lamps;
5. objective lens; 6. infra-red reflecting mirror; 7. infra-red filter; 8. infra-red reflecting mirror; 9. full
reflecting mirror; 10. TV lens; 11. TV camera; 12 holed mirror; 13. relay lens; 14. moving lens; 15.
aperture diaphragm; 16. projection chart; 17. condenser lens; 18. infra-red illuminating diode; 19. relay
lens; 20. mirror; 21. moving lens; 22. slit; 23. photoreception chart; 24. photoreception rod; 25.
photodiodes; 26. infra-red illuminating diode; 27. scale; 28. slit; 29. photodiode.

FIG. 2.2. - Optical layout of the Canon Autoref R-1 (redrawn from McBrien and
Millodot, 1985) _
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completed in 0.2 seconds for each measurement. If the instrument is not aligned properly
or the subject blink during the measurement procedure the instrument will be unable to
_ complete the above measurement procedure and will produce an error reading on the

screen and printer. An attempt was made to interface the R-1 to a microcomputer but this

has, as yet, been unsuccessful.

Light path F projects an illuminated ring on the monitor screen for alignment purposes.
Light path G produces a blurred (vergence at the subject's eye = +15 D) red target for

projection on a black screen placed 20cm from the subject's eye, for use with hyperopic

subjects.

Two studies have assessed the clinical potential of the Autoref R-1 (Berman et al., 1984;
McBrien and Millodot, 1985). Berman er al. (1984) compared the R-1 with static
distance retinoscopy and another autorefractor , the Dioptron II, which also employs the
grating principle. They found that for a sample of 75 subjects (150 eyes) the R-1 gave
results which were 0.13 D mean sphere less negative than retinoscopy but concluded the
results were comparable with all three techniques. McBrien and Millodot (1985)
compared the results obtained from 93 subjects (186 eyes) with those obtained by
subjective refraction. They found that the R-1 gave results which were slightly more
negative than subjective refraction (0.39 D best sphere) but compared favourably with
previous studies on other such instruments (e.g Wood et al., 1984). They also assessed
the reliability of the instrument by repeating the measurements on 50 eyes and found a
correlation coefficient of 0.999 for best sphere. They concluded that the Autoref R-1 has

a commendable degree of repeatability.

The Autoref R-1 has been employed by various research workers. Millodot and Thibault
(1985) used the instrument to assess variations in astigmatism with accommodation and
Ward and Charman (1986) were able to investigate the effects of various ophthalmic

drugs. More recently McBrien and Millodot (1986a; 1987) have assessed various aspects
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of accommodative function in different refractive groups using the R-1. It was
concluded, therefore, that the R-1 would be an appropriate instrument to employ for the

project. The Autoref R-1 has certain features which make it exceptionally attractive as a

research tool:

1. Alignment is relatively easy and subject fixation can be monitored by
means of an infra-red video monitor.

2. Pupil size may be monitored accurately since a x8 image is produced on
the video monitor.

3. The semi-silvered mirror allows the subject an open binocular view,
this was measured using a tangent scale and found to subtend 18
degrees vertically and 50 degrees horizontally. Hence, the experimenter
is able to present any accommodative stimuli he wishes.

4. The instrument is portable.

The instrument does have the disadvantage, however, of being unable to take readings
through spectacle lenses. Hence when accommodative measurements are made on

corrected ametropes they need to be corrected by means of soft lenses.

2.2 - COMPARISON OF OBJECTIVE AND SUBJECTIVE
MEASUREMENT OF TONIC ACCOMMODATION.

2.2B - Introduction

An early consideration of the project was to compare measurements of accommodation
taken with the R-1 with those obtained by other techniques. It was decided to undertake
the comparison under darkroom conditions 1.e. measurement of TA for two reasons.
First, it would avoid interactions between the target and the optomet;er which may arise

from measuring accommodation for a given stimulus. Secondly, using a large sample it
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would be possible to measure a range of accommodative values since TA shows large
intersubject variation (e.g. Leibowitz and Owens, 1978; Hogan and Gilmartin, 1984a).

The techniques compared were laser optometry, infra-red optometry and near

retinoscopy.

Laser optometry,

Most studies concerning TA have been conducted using the Badal Helium-Neon
(He-Ne) Laser optometer (Hennessy and Leibowitz, 1972). Divergent laser light is
collimated and reflected from the matt surface of a slowly rotating cylindrical drum. The
apparent velocity of the speckles seen by an observer is a function of the dioptric
difference between the plane of stationarity of the drum and the point in space conjugate
with the observer's retina (Charman, 1974). Since the perception of the speckle pattern
is a consequence of interference at the retina, it is always in focus and hence subjective
estimates of blur are not required. In order to ensure that the pattern has no effect on the
existing accommodative state, short presentations are used (Hennessy and Leibowitz,
1972). The majority of previous studies have used exposure times of 500 msec but
recently Hogan and Gilmartin (1984b) have suggested that an exposure time of 300 msec
be used in order to minimize the variability of results. Furthermore, Kothe et al. (1987)
have shown that laser speckle exposure times may be a contaminant of TA measures.
Leibowitz and Owens (1978) measured TA for 220 college-age observers and found a

mean value of 1.52 D with a standard deviation of 0.77 D and a range of values between

-0.50 and 4.00 D.

Infra-re m

Infra-red optometers have also been used in the study of accommodation (Campbell and
Robson, 1959; Campbell ez al., 1959; Charman and Heron, 1979; Johnson et al., 1984;
Schor et al., 1986). The technique has the advantage of being objective and also
facilitates rapid and continuous measurement. Campbell er al., (1959) used infra-red

techniques to measure accommodation in empty-field conditions and more recently
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Johnson er al. (1984) have used infra-red recording to assess fluctuations in TA.
Johnson and his co-workers found a mean value for TA of 1.10 D (s.d. =1.06 D, range

= - 1.00 t0 4.00 D) for a group of 50 subjects, aged 18-31 years. Recently the principles

of infra-red measurement have been applied to automated objective refractors such as the

Canon Autoref R-1.

Near Retinoscopy.

Mohindra (1975) has developed a technique referred to as ‘near retinoscopy' whereby a
subject views a retinoscope beam monocularly at 50 cm while retinoscopy is performed
in a darkened room by the experimenter. Owens ez al. (1980) have shown that under
such conditions subjects' adopt an intermediate resting position of accommodation.
Although this position (mean = +0.70 D) did not correspond to their mean TA position
(+1.50 D), Owens and his co-workers have shown that these two accommodative states
are well correlated. Furthermore, the study proposed that the retinoscope beam does not
influence accommodation. It has also been shown that near retinoscopy results correlate
well with distance subjective refraction in adults (Mohindra, 1977a) and with cycloplegic
refraction in children (Mdhindra, 1977b) and hence has potential value in refracting

infants without the use of cyclopegics.

Previous literature has shown differences in TA distributions for different measurement
techniques (Owens ez al., 1980; Post er al., 1984), yet no study has compared results for
the same subJ:ects for all three aforementioned methods. The primary aim of this first
study was to assess whether results obtained by the subjective laser optometer correlate
with objective readings from an infra-red optometer, i.e. the Autoref R-1. A previous
study (Post e al., 1984) had found a poor agreement between infra-red and laser
techniques but it was felt that this warranted further investigation. The second aim was to

assess the value of near retinoscopy as a reliable way of predicting TA.
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2.2B - Method

Twenty-five subjects participated in the study, 9 women and 16 men, all of whom were
optometry students aged between 19 and 28 (mean age = 21.5 years). All subjects had
refractive errors between -0.25 and +1.00 DS best sphere (with not more than 0.50
dioptres of astigmatism), as determined by distance subjective refraction, and were able
to achieve uncorrected visual acuities of 6/5 or better. Although subjects did not wear
their appropriate refractive corrections during the experiments, all values recorded during

the study have been adjusted to account for this factor.

Measurements of TA were obtained for the left eye only, under darkroom conditions.
The laser optometer used was controlled by an Apple Ile microcomputer in conjunction
with a CIL PC1 6000 interface unit (Gilmartin et al.,1984). The subject was given an
auditory cue prior to the presentation of the speckle pattern. The duration of the interval
between cue and speckle onset was randomized between 1 and 5 sec and an exposure
time of 300 msec was employed (Hogan and Gilmartin, 1984b). Subjects were, initially,
instructed to use a bracketing technique in order to determine the position at which no
speckle motion could be discerned. The experimenter was able to monitor continuously
the observer's performance by means of a digital read-out on a video screen. When three
of the positions chosen by the observer varied by less than 0.25 D of each other the
experimenter would then check the TA position by using a double staircase method of
presentation (Heron et al., 1981; Miller et al., 1983). Four readings were taken in this

manner; the whole procedure taking approximately 15-20 min.

Infra-red measurements of TA were made using a Canon Autoref R-1. Subjects were
positioned in front of the optometer and instructed to look directly ahead while the
instrument was aligned with reference to an infra-red video monitor and folowing this
the room lights were extinguished. Any further adjustments were carried out with the

brightness of the monitor reduced to a minimum. During this procedure the subject was
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unable to perceive any light coming from the monitor. Ten readings were taken after a

period of 20-30 seconds in darkness (Baker er al., 1983). Each of these sphero-cylinder

results was converted to a mean-sphere value. The mean and standard deviation of the 10

mean-sphere results was calculated for each subject.

Near retinoscopy was performed as described by Mohindra (1975), all values being
determined by the same experimenter. Subjects’ were instructed to fixate the retinoscope
beam with their right eye occluded. The 'neutral-reflex' end-point result was modified by
-2.00 D thus compensating for the experimenters' working distance of 50cm; the whole
procedure took several minutes. Mohindra (1975) adopts 'tonal adjustments' of +0.75 D
when converting near retinoscopy findings to‘ results comparable with distance
refraction. It should be noted that such adjustments of Mohindra (1975) are not

employed in determining TA values from near retinoscopy.

It is feasible that the laser optometer (or indeed the infra-red optometer) may influence
the accommodative state of the subject, as suggested by Post er al., (1984). In order to
investigate this possibility the experimental procedure was repeated on ten cyclopleged
observers, the instillation procedure being as follows. Following the instillation of 0.4%
oxybuprocaine HCI (benoxinate) to inhibit reflex blinking and lacrimation each subject
was given two instillations of 1.0% tropicamide separated by a period of 10 min.
Maximum cycloplegia and mydriasis was achieved after 25 min and sustained for a
further 20-30 min (Ward and Charman, 1986). Furthermore, 200 repeated
measurements weré made over a 5-min period on a further 10 cyclopleged subjects under
darkroom conditions using the infra-red optometer. This was done in order to determine

whether the intra-subject variations in infra-red estimates of TA were due to fluctuations

in accommodation or head and eye movements.
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2.2C - Results

The mean values of TA obtained from each instrument is given in Table 2.1. Positive
values of TA indicate myopic resting positions: negative values indicate hyperopic
resting positions. In addition graphs were plotted of infra-red TA values against laser TA

values (Fig. 2.3) and near retinoscopy (NR) values against laser TA values (Fig. 2.4 ).

TABLE 2. 1‘. Mean levels of tonic accommodation as measured by laser
optometry, mfra-reql optometry and near retinoscopy for 25 subjects.
Laser results do not include a correction for chromatic aberration.

TONIC ACCOMMODATION (D)
LASER INFRA-RED NEAR
OPTOMETER OPTOMETER  RETINOSCOPY
MEAN +1.10 +1.15 +1.07
S.D. 0.74 0.82 0.45
RANGE -0.06 to +3.43 -0.13 to +4.03 +0.37 to +2.00

It can be seen from Table 2.1 that there is little difference between the mean infra-red
(IR) value and the mean laser value. Repetition of the procedure with the 10 cyclopleged
observers gave mean readings for each instrument that differed by 0.07 D (IR mean =
0.25 D, laser mean = 0.18 D). Thus, it can be seen that the cycloplegia does not
significantly alter the difference between the mean values. It was also found that
tropicamide produced a change in TA (cycloplegic refraction) distribution, significantly
reducing the variation of recorded values (IR s.d. = 0.20 D, laser s.d. = 0.26 D), thus

supporting previous studies (Gilmartin and Hogan, 1985b).

The data recorded for eack subject under cycloplegia using the infra-red optometer, over
a 5 min period, is given in appendix 1.3 (pp. 209). Inspection of the data revealed that
the standard deviations are of the order of 0.10 D or less whereas the standard deviations
obtained for uncyclopleged observers ranged between 0.05 and 0.55 D. It was therefore
assumed that errors due to head and eye movements are minimal.
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FIG. 2.3. The relationship between tonic accommodation (TA) measured with the
infra-red optometer and the laser optometer for 25 subjects. Laser measures do not
include a correction for longitudinal chromatic Aaberratlon.
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FIG. 2.4. The relationship between tonic accommodation (TA) measured with near
retinoscopy and laser optometry for 25 subjects. Laser measures do not include a

correction for longitudinal chromatic aberration.
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An assessment of the short-term variability of TA can be made by examining the
standard deviations, for each subject, of the 10 readings taken ‘with the infra-red
optometer. Fig. 2.5 illustrates the standard deviation of TA against TA and it can be seen
that the magnitude of the fluctuations of TA is directly proportional to the value of TA,

supporting the results of Johnson et al. (1984) and Kotulak and Schor (1986).

2.2D - Discussion

The mean TA for the 25 subjects participating in this study was found to be +1.10 D as
measured with the laser optometer at 633 mm. This is in close agreement with the results
of previous studies employing this technique, the most extensive (N = 220) being that of
Leibowitz and Owens (1978) who found a mean resting position of +1.52 D (s.d. =
0.77 D, range = -0.50 to +4.00 D) which incorporates a correction factor of 0.33 D.
Although most authors (e.g Leibowitz and Owens, 1975; 1978; Heron et al., 1981)
apply a chromatic aberration correction factor of 0.33 D (for 555nm), citing Bedford and
Wyszecki (1957), a recent study by Gilmartin and Hogan (1985¢) has suggested that the
correction factor should be around 0.60 D (for 578nm). The mean TA as measured with
the commercial infra-red (IR) optometer is 1.15 D, which agrees well with the value of
1.10 D found by Johnson et al. (1984). Furthermore, the good correlation between IR
and laser methods found in this study indicate that, if correction factors are not applied,
no substantial differences in estimates of TA would occur between the two methods. A
source of error, however, may be the temporal variability of TA. Johnson et al. (1984)
showed that infra-red estimates of TA can vary by up to 1 dioptre during 10 sec of
measurement, a period comparable with the duration of the IR measurement in this
experiment. In contrast, laser optometer measurements were taken for up to 20 min
using a double-staircase method, a psychophysical technique which, due to the number

of observations made, will tend to attenuate fluctuations in TA.

A comparison of the mean TA values (Table 2.1 ) reveals an insignificant difference

between the IR optometer and the laser optometer. The results obtained under
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cycloplegia confirm that this relationship is not due to any induced changes in the
existing accommodative state. A previous study (Post er al., 1984) found poor
agreement between laser and IR measurements of TA. Furthermore the study showed
that, for approximately a third of the subjects, judgement of laser speckle motion
produced a significant increase in TA. Post and his co-workers suggest that these results
are due to the cognitive demand associated with judgement of speckle pattern movement
in the laser optometer since Kruger (1980) demonstrated that the imposition of cognitive
demand may produce an increase in the accommodative response. These results may,
alternatively, be explained by the exposure times adopted for the laser optometer.
Although Post er al. (1984) do not state the shutter speed used in their study, it is not
unreasonable to assume that they followed the precedent of Hennessy and Leibowitz
(1970) and adopted a time of 500 msec. However, various workers have investigated the
accommodative reaction times (e.g Stark et al., 1965; Tucker and Charman, 1979), the
mean of the reported values being of the order of 358 msec (see Hogan and Gilmartin,
1984b), somewhat less than the 500 msec shutter speed used by most workers. It is
therefore feasible that, if an accommodative response is possible during the 500 msec
interval, visibility of the rotating surface of the drum may act as an accommodative
stimulus and thus alter the subjects accommodative state. Since the surface of the drum is
closer to the subject than the plane of stationarity an attempt to focus on its surface would
produce an increase in accommodation and hence a higher recorded value of TA. In
order to diminish the opportunity for a change to occur in the subjects accommodative
state, an exposure time of 300 msec was used in this study (Hogan and Gilmartin,
1984b). In a further study Kothe er al. (1987) measured TA 1n 10 subjects using ten
exposure times between 100 and 1000ms. They found that in 3 subjects exposure time
had no influence on the measured TA value. In the remaining subjects, however, an
increase in exposure time resulted in a monotonic decrease in TA in three subjects, a
monotonic increase in TA in one subject and non-monotonic trends in three subjects.
Kothe and her co-workers conclude that laser speckle exposure time is a possible

contaminant of laser estimates of TA.
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Before the aspect of correction factors is addressed, the method of calibration of each
instrument should be examined. The laser optometer was calibrated by accurate linear
measurement of the distance from Badal lens to the plane of stationarity of the rotating
drum. However, since a He-Ne laser was used with a wavelength of 633nm, a
chromatic aberration correction factor must be applied in order to convert results to the
reference wavelength selected (usually 578 nm). As already noted, the majority of
previous workers (e.g Hennessy, 1975; Heron et al.,1981) have applied a correction
factor of 0.33 D (for 555 nm) to the laser optometer. Gilmartin and Hogan (1985c¢) have,
however, measured TA using lasers of various wavelengths and suggested that a
correction factor of 0.60 D (for 578 nm) be used. Applying this value to the data from

this study would give a mean TA value of 1.70 D for the laser optometer.

Although only a limited aﬁount of information could be ascertained concerning the
calibration of the Canon Autoref R-1, it is understood that the instrument was calibrated
empirically to produce results comparable with distance subjective refraction, such that
measurement of an emmetrope viewing a distant target will yield a result of plano.
Researchers have consistently demonstrated, however, that during accurate distance
fixation the eye is accommodating by 0.50-0.70 D (e.g. Charman and Tucker, 1978), a
phenomenon referred to as 'accommodative lead’ (Morgan, 1944b). Hence any
measurement taken with such an instrument should be adjusted by the appropriate
amount in order to give an absolute measure of a subject's accommodative state.

Therefore the mean TA as measured by this instrument should be of the order of

1.65-1.85 D.

With respect to the near retinoscopy (NR) data, a mean value of 1.07 D was found. This
value is more myopic than the mean value (0.70 D) found by Owens er al., (1980). The
discrepancy may be due to the fact that all of the subjects taking part in the present study
were accurately refracted immediately prior to the experiment, whereas Owens and his

co-workers only state that their subjects (N = 11) wore their current optical correction.
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Inspection of the graph of NR against laser TA (Fig. 2.4) shows a good correlation, but,
as the slope of the regression line is only 0.49; near retinoscopy gives an estimate of TA
which is of limited accuracy. Therefore one might conclude that the presence of the
retinoscopy beam influences the accommo&ative state of the subject. Owens and
Leibowitz (1975) have shown that a very small monocular fixation light does not
constitute an adequate accommodative stimulus: further, Owens er al. (1980)
demonstrated that the presence of a stationary retinoscope beam positioned at various
distances did not influence TA. However, during near retinoscopy the retinoscope beam
is moving, which may enhance its effect on accommodation, and in addition the
retinoscopist is positioned adjacent to the beam. It is possible, therefore, that proximal
accommodation may bias TA towards the position of the observer, who is 50cm from
the subject. The mean value for NR is, however, 1.07 D and thus other factors must be

involved.

Charman (1975) has demonstrated that the majority of the visible light reflected from a
subject's retina is from the red end of the spectrum, thus making retinoscopy results
more hyperopic. Charman suggests that this error is less than 0.25 D, using the data of
Wald and Griffin (1947) and Bedford and Wyszecki (1957) for the chromatic aberration
of the eye. However, as indicated earlier, Gilmartin and Hogan (1985¢) have suggested
that the chromatic aberration of the eye may be greater than previously reported and
hence the correction factor which should be applied to the retinoscopy results may be
greater than that suggested by Charman (1975), thereby producing more myopic NR
results. It should also be noted that the retinoscope reflex is reflected from the anterior
retinal surface making the results relatively hyperopic compared with subjective
refraction (Glickstein and Millodot, 1970). Despite the aforementioned factors it is still
possible to obtain a reasonable estimate of TA by mathematical adjustment of the NR
results (Hope and Rubin, 1984). Using the results of the present study, the following

equations can be derived to estimate laser TA values at 633nm and IR TA values from
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NR results:

laser TA = 2.04 (NR) - 1.00
IR TA = 2.00 (NR) -1.00

This study has certain implications for previous and future research in this area. First,
the infra-red optometer has been shown to produce results comparable with the laser
optometer for TA measurements, when correction factors are not incorporated. Also, the
excellent correlation between laser and infra-red estimates of TA found in this study
compared with the poor agreement found by Post et al. (1984) adds further evidence that
an exposure time of 300 msec should be adopted when using the laser optometer to
avoid interactive effects. Finally, the reliability, and more importantly, the speed with
which measurements may be taken using infra-red techniques augurs well for future

research.

2.3 - INFRA-RED SOURCES AND RETINAL TARGET ECCENTRICITY

2.3A - Introduction

One of the features the Autoref R-1 which should be investigated is the possible
influence of the infra-red sources described in section 2.1B (pps. 75-80). These sources
are invisible under normal room illumination but under darkroom conditions, as
employed in section 2.2, the sources are visible to the subject as two dim red lights. By
positioning an appropriate tangent scale it was found that these sources were imaged 20
degrees either side of the optical axis of the instrument. It was decided, therefore, to

investigate whether targets of such retinal eccentricity could influence the accommodative

response.

Whiteside (1957) used thin concentric circles of various sizes to investigate the effect of

target eccentricity on the accommodative response. Using only one subject and one
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stimulus vergence (optical infinity), he found that targets greater than 4 degrees or more

from the fovea had no effect on accommodation.

'Hennessy and Leibowitz (1971) investigated the effect of peripheral targets on
accommodation using a subjective laser optometer. Subjects monocularly fixated a
defocussed spot of light at six metres while a circular aperture of constant angular
subtense was placed at various distances. They found that as the aperture was moved
closer to the subject small increases in accommodative response were observed. In
addition the influence of the aperture on the accommodative response was greater for a 1

degree aperture than for a 4 degree aperture.

Semmlow and Tinor (1978) investigated the influence of retinal target eccentrity on
accommodative convergence and found that while off-foveal images can generate
accommodative vergeﬁce movements, the amplitude of the response diminishes
substantially with increasing eccentricity. They found that for targets six degrees from
fixation, the maximum eccentricity employed, the accommodative convergence was

approximately 30% of that found for central targets.

Ciuffreda and Kenyon (1983) cite the data of Phillips (1974) who showed that stimuli
greater than ten degrees from the fovea had no influence on accommodation. It is also
interesting to note that Otto and Saffra (1974) found that the accommodative response

was reduced or even absent in individuals with central scotomas due to pathological

conditions.

It can be seen, therefore, that although previous studies have demonstrated that an
increase in retinal target eccentricity is accompanied by a decrease in the accuracy of the
accommodative response, no systematic results exist whereby the influence of the
infra-red sources on the R-1 could be estimated. It was decided, therefore, to conduct a

more thorough investigation of the relationship between retinal target eccentricity and the
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accommodative response.

2.3B - Method

All measurements of accommodation were made using the Canon Autoref R-1. A Badal

optical system was adopted in order to limit the influence of proximal clues. Subjects

viewed monocularly a uniform white field (luminance = 35 cd/m?), through a +7.00
dioptre badal lens, which was produced by placing a back illuminated opaque screen
beyond the focal point of the lens ( see Fig. 2.6 ). The field of view was restricted to 25
degrees by an aperture placed 10cm from the eye. Targets consisted of six black cards
each having a central circular aperture. The angular subtenses of these apertures were 1,
2, 4, 6, 10, and 20 degrees and could be positioned such that the aperture was at the
centre of the subject's field of view such that the subject would perceive a white circle
against a black background. Targets were presented in a randomised order at five
dioptric distances, namely 0, 1, 2, 3 and 4 dioptres, giving a total of thirty stimuli. For
each stimulus the subject was instructed to fixate the centre of the circle. The retinal
eccentricity of the stimuli were, therefore, 0.5, 1, 2, 3, 5 and 10 degrees. Previous
reseérch has demonstrated the importance of subject instruction on the measured
accommodative response (Owens, 1980; Ciuffreda and Hokoda, 1985). It was decided,
therefore, to instruct all subjects "to exert the same amount of effort that they would use
while reading a book" when viewing the target. Following a period of ten seconds to
allow the subject's accommodation to reach the appropriate level for a given stimulus,
ten continuous readings were taken. The mean of those ten values was computed and
this taken to represent the accommodative response for that stimulus. If a subject
reported fatigue or discomfort at any time during the experiment he or she was allowed a
rest period, although the experiment only usually lasted around 25 minutes.

Seven visually normal subjects participated in the study, 6 men and 1 woman, all of
whom were aged between 20 and 25 (mean age = 21.5 years). All subjects had refractive

errors between -0.25 and +0.50DS best sphere with not more than 0.25 D of
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FIG. 2.6. Schematic diagram of experimental apparatus, side view.
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astngmatism. No refractive corrections were worn during the experiment and all readings

were taken from the left eye.

2.3C - Results

The mean accommodative response to each of the thirty stimuli was calculated for the
seven subjects. These were plotted as six stimulus/response curves, one for each retinal
target eccentricity (see fig. 2.7). It can be seen that the accommodative response is most
accurate for central retinal stimuli. An increase in the retinal eccentricity of the target is
accompanied by a decrease in accommodative responsiveness and a flattening of the
stimulus/response curve. The relationship between retinal eccentricity and
accommodative response may be examined further by calculating the magnitude of the
slope (m) of these stimulus/response curves using‘the method of least squares and
plotting these values in terms of retinal eccentricity (see fig. 2.8). For this procedure the
results for the 0 dioptre stimuli were ignored, due to presence of the well established

"lead of accommodation" (Morgan, 1944b).

2.3D - Discussion

The findings of the present study, whilst showing similar trends to those of previous
workers, exhibit some contradictory results. Whiteside (1957) found that targets greater
than 4 degrees from the fovea had no influence on accommodation. Results from the
present study would suggest that a 5 degree target may still have a significant effect on
accommodation, the slope of the stimulus/response curve being 0.55. This may be
partially explained by Whiteside's small sample size. An alternative reason for these
differences may be the targets used, when considered in terms of their spatial frequency
content. Whiteside's targets consisted of thin concentric circles which may have had a
limited spatial frequency spectrum. The stimuli used in the present study, however, had
one high contrast border and hence may be richer in lower spatial frequencies which may

drive accommodation more effectively for eccentric targets.
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Previous workers have suggested that the accuracy of the accommodative response is
related to a subjects visual acuity (e.g. Heath, 1956a). In addition Whiteside (1957)
remarked that his plot of accommodative response versus retinal eccentricity was similar
to a graph of visual acuity versus retinal eccentricity. Recently Charman (1986) has
considered the various factors associated with the accuracy of the accommodative
response and concludes that the slope (m) of the linear portion of the stimulus/response
function is linearly related to the minimum angle of resolution (MAR) achievable by the
observer under the observation conditions. Using some basic assumptions and

incorporating the constant C Charman derives the equation:

|m| =1- C(MAR)

Charman (1986) compares various experimental data with this prediction and concludes
that the data from the majority of studies predicts a value for C of ~0.1 to 0.5 min}. The
data from the present study were treated in a similar fashion, that is the values of |m|
plotted against values of MAR for each retinal eccentricity (Fig. 2.9). The values of
MAR were taken from the data of Wertheim (1891) and yield a value.of 0.17 min-! for

C, which is within the range reported by Charman (1986).

In summary, this study has demonstrated that the accuracy of the accommodative
response decreases with increasing retinal target eccentricity. It was not possible, for
methodological reasons, to use targets of equivalent eccentricity to the infra-red sources
on the R-1. It may be assumed, however, from the results of this study and from those
of previous workers that stimuli 20 degrees from fixation should have no influence on
accommodation, even under open-loop conditions. Furthermore previous research has

demonstrated that small point sources of light are very poor stimuli for accommadation

(Owens and Leibowitz, 1975).
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FIG. 2.9 - Effect of increased MAR produced by increased retinal target eccentricity
on the slope, m, of the accommodation simulus/response function. The values of m
are derived from the mean values of accommodative response for seven subjects for
ecoenmicities of 0.5, 1, 2, 3, 5, 10 degrees. The values for MAR are taken from

Wertheim (1980).
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2.4 - CALIBRATION FACTORS FOR THE AUTOREF R-1

2.4A - Introduction

The question of calibration factors was discussed in Section 2.2D (pps. 88-93). It was
assumed that the Autoref R-1 has been calibrated empirically to produce results
comparable with distance subjective refraction. Researchers have consistently
demonstrated, however, that during accurate distance fixation the eye is accommodating
by 0.50-0.70 D (e.g Charman and Tucker, 1978), a phenomenon referred to as
'accommodative lead' (Morgan, 1944b). Hence in order to obtain an 'absolute' value for
accommodation the reading taken from the R-1 would need to be adjusted for this factor.
It was decided, therefore, to calibrate the instrument empirically by applying classical
accommodation theory. It is generally accepted that the intersection of the
accommodation stimulus/response function with the unit-ratio line represents the tonic
resting state of accommodation (Toates, 1970; Johnson, 1976). ’_l‘hus, if a target is
placed close to a subject's TA position it should evoke a very accurate response. The
difference between the value produced by the R-1 and the stimulus vergence, for a target

close to a subject's TA position should, therefore, represent the calibration factor for the

instrument.

2.4B - Method

One emmetropic male volunteer aged 23 years participated in the study. The
accommodative response was measured for a target placed 50cm from the subject. The
vergence of the stimuli was varied by placing various 60mm lenses 13cm from the
subject such that the stimulus vergences produced at the cornea of the subject were
-0.53, -1.12, -1.92, -2.66, -3.23 and -4.03 D. The introduction of such lenses between
the subject and target will result in changes in magnification which may produce
concurrent chan

ges in the spatial frequency content of the stimulus. It is well established

that the accommodative response is dependent on the spatial frequency spectrum of the

observed object (e.g. Charman and Tucker, 1977; Owens, 1980), therefore a target
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whose spatial frequency spectrum was unaffected by changes in magnification was
chosen, namely a high contrast, black and white, starburst pattern. Ten readings were
taken at each stimulus vergence following a period of ten seconds to allow the subject's
accommodation to reach the appropriate steady-state level for that stimulus. The mean of
those ten values was computed and this taken to represent the accommodative response.
In addition the subject's TA was measured on two occasions using the method described

in section 2.2B (pps. 83-84) and the mean of these two values taken as the subjects TA.

2.4C - Results

The mean values of accommodative response are given in Table 2.2. Since it was
known that the R-1 was set to give results for a back vertex distance of 12 mm results
were adjusted mathematically for a back vertex distance of Omm. In addition values of
‘the accommodative steady-state error are given. A stimulus/response function was then
plotted as shown in Fig. 2.10 and a typical curve produced. The subject's TA was

measured as +1.59 D and +1.21 D, the mean of these two values being +1.40 D.

TABLE 2.2 - Mean values of accommodative response and steady-state
error for each stimulus vergence. All values given are in dioptres and
figures in brackets represent standard deviations.

STIMULUS ACCOMMODATIVE ACCOMMODATIVE STEADY-STATE

VERGENCE RESPONSE RESPONSE ERROR
(BVD 12 MM) (BVD 0 MM)
-0.53 +0.83 (0.07) +0.83 +0.30
“1.12 +1.04 (0.07) +1.03 -0.09
-1.92 +1.77 (0.09) +1.73 -0.19
-2.66 +2.47 (0.10) +2.39 0.27
-3.23 +3.16 (0.17) +3.04 0.19
-4.03 +4.14 (0.16) +3.94 -0.08
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2.4D - Discussion

It can be seen from Tab}e 2.2 and Fig. 2.10 that the accommodative reponse exceeds the
stimulus vergence for the lowest stimulus vergence (-0.53 D), representing the lead of
accommodation (Morgap, 1944b). For all other stimulus locations the response is lower
than the stimulus vergence. As mentioned previously, it is generally accepted that the
accommodation stimulus/response function crosses the unit ratio line at the resting
position or TA value. The TA value of the subject participating in the present study was
found to be 1.40 D but inspection of Fig. 2.10 reveals that for a stimulus vergence of
-1.40 D the accommodative response would be 1.25 D. Hence the curve produced in this

study would need to be shifted vertically by +0.15 D.

An alternative method of calibration is that employed by Baker et al. (1983) in the
calibration of their infra-red optometer. They presented targets at 2, 3 and 4 D and
assumed that their subject would be accommodating accurately at such vergences. If this
applied to the data from the present study it and the mean steady-state error calculated for
the stimuli between -1.92 and -4.03 D a value of -0.19 D is obtained, hence a calibration
factor of +0.19 D would be required. It should be noted, however, that this method

assumes that the accommodative lag is zero.

In summary, it was found that both calibration methods produce similar results. All
values of accommodation reported in the following chapters are therefore referenced to
the corneal plane (corrected for a b.v.d. of Omm) and have been adjusted by +0.20 D. It
is interesting to note that Ward (1987) adopted a different calibration technique whereby
infra-red estimates of distance refraction were compared with those obtained with a
calibrated laser optometer. He found that a correction factor of +0.60 D was required for
the R-1. It is uncertain, however, whether the discrepancy between Ward's value and

that found in the present study is due to the methodology employed or due to variations

between the individual instruments.
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It should be stressed that the adoption of the calibration factor is of limited importance to
this project since all of the experiments described in the following chapters are concerned
with pharmacologically, psychologically and task induced changes in the accommodative

response or variations between refractive groups as opposed to ‘absolute’ values of

accommodation.

The results of the study reported in section 2.2 have been published in Ophthalmic and
Physiological Optics, se€ Appendix X.1. The results of the study reported have been

published in Advances in Diagnostic Visual Optics, edited by Fiorentini A, Guyton DL
and Siegel IM, see Appendix X.8 and the American Journal of Optometry and

Physiological Optics see Appendix X.12.
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CHAPTER 3

THE ROLE OF SYMPATHETIC INNERVATION IN THE

ADAPTATION OF TONIC ACCOMMODATION

3.1 - INTRODUCTION

It is well established that a period of sustained fixation can produce significant changes
in a subject's tonic resting position (see section 1.5D pps. 50-55). Ebenholtz (1983)
demonstrated that 8 minutes of monocular fixation (N = 12) at the far point (FP)
produced a mean decrease in tonic accommodation (TA) of -0.21 D whereas a similar
period of near point (NP) fixation produced a mean increase in TA of 0.34 D. He noted,
however, that the the NP target was, on average, 0.98 D beyond the subject's resting
position, whilst the NP target was 5.12 D closer than the subject's TA. Hence it might
have been expected that the effect of NP fixation would be some five times that of the FP
target. Ebenholtz suggested that this was evidence for the existence of two sub-sytems
for the control of accommodation. This led Gilmartin and Hogan (1985a) to suggest that
the inhibitory sympathetic input to the ciliary muscle may serve to attenuate task induced

increases in TA. It was felt that this proposal warranted further investigation.

The autonomic control of accommodation is primarily due to parasympathetic innervation
of the ciliary muscle. Previous research suggests, however, that the ciliary muscle also
receives sympathetic innervation mediated by the action of noradrenaline on inhibitory
beta receptors (see review by Gilmartin, 1986 and section 1.3 pps. 30-41). Research

suggests that the nature of the sympathetic input to the ciliary muscle may be summarised

as follows:
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- The input is inhibitory in nature and is mediated by inhibitory beta

adrenergic receptors, predominantly of the beta, sub-type (Lograno and
Reibaldi, 1986; Wax and Molinoff,1987).

2. The input is small in magnitude relative to the predominant
parasympathetic input.

3. The latency of sympathetic activity is significantly slower than that of
parasympathetic activity (Tomgqvist, 1967).

4. Inhibitory sympathetic activity is augmented by increased levels of
background parasympathetic tone (Torngvist, 1966; 1967; Hurwitz et

al., 1972a).

This would suggest that the role of the sympathetic input is more suited to visual tasks
requiring sustained accommodation for near rather than to those tasks requiring a low or

rapid change in accommodative response.

Gilmartin and his co-workers have recently employed laser optometry to study the
effects of various pharmacological agents on TA (Gilmartin et al., 1984; Gilmartin and
Hogan, 1985b). They found that the non-seleétive beta-receptor antagonist timolol
maleate induces increases in TA of between +0.6 D and +1.2 D which are directly
proportional to the pre-drug level of TA (Gilmartin et al., 1984). This finding supports
the proposal that the influence of the sympathetic nervous system is proportional to the
background parasympathetic activity since the distribution of TA has been shown to be
predominantly a consequence of parasympathetic tone (Gilmartin and Hogan, 1985b). In
a further study Gilmartin and Hogan (1985b) showed that the non-selective beta-receptor
sulphate induces hyperopic shifts that are independent of the

agonist isoprenaline

pre-drug TA, thus demonstrating that the influence of agonist action is unrelated to the

existing level of sympathetic activity (see Fig. 3.1).
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The aim of this study was to investigate whether the increase in ciliary muscle
parasympathetic activity associated with a change in accommodative demand from -0.3 D
to -5.0 D is accompanied by an inhibitory sympathetic input. Monitoring autonomic
control of accommodation during a visual task presents considerable methodological -
difficulty. It was felt, however, that information concerning ciliary muscle innervation
during the task could be deduced from the changes in accommodative state that occur
when the accommodative loop is opened. It was assumed, therefore, that the nature of
the innervation to the ciliary muscle during the task would determine the locus or pattern

of regression of accommodation towards the pre-task TA position.

Pilot studies indicated that when using an objective infra-red optometer, viz. the Canon
R-1 autorefractor, under the conditions of the present study, post-task shifts in TA
dissipate within a 90 second period. The relative contribution of the parasympathetic and
sympathetic nervous systems to the control of accommodation during and immediately
after the task can be assessed by examining the influence of blocking the sympathetic
system with timolol maleate on the time-course and magnitude of these post-task shifts.
Post-task TA shifts which are vulnerable to the effects of beta-antagonism will provide
evidence for the operation of dual innervation during the task. It might be predicted that
attenuation of an inhibitory sympathetic component would produce a relative myopic

shift in post-task TA together with a modified time course.

3.2 - METHOD

Fifteen male emmefropic subjects aged between 19 and 22 years (mean = 20.8)
participated in the study. All subjects had refractive errors between plano and +0.50 best

sphere ( mean = +0.12 D) and not more than 0.25 dioptres of astigmatism. All subjects

could achieve distance 6/5 visual acuity. All accommodation measurements were made

on the left eye only using the Canon R-1 autorefractor. Subjects participated in six
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experimental sessions each of which lasted approximately 50 minutes. Each session was

separated by a period of at least 4 days and comprised a combination of 1 of 2 drug
conditions (timolol maleate 0.5%; normal saline) with one of three task conditions (far,
-0.3 D; near, -5.0 D; and a darkroom condition). In the darkroom condition the 10
minute task period was replaced by a 10 minute period in the dark to allow for any
myopic shifts in tonic accommodation (TA) that might have occurred independent of the

task (Gilmartin et al., 1984; Gilmartin and Hogan 1985b).

All experimental sessions commenced with an initial 10 minute period in darkness to
limit the effect of pre-task influences on the initial TA measurement. After this
"wash-out" period 10 TA readings were taken every minute for 5 minutes and later
averaged to give a pre-task estimate of TA. This was followed by two instillations of the
drug (timolol or saline) separated by a period of 10 minutes. Both experimenter and
subject were unaware of which agent had been used. The instillations were made using a
precision micro-pipette such that each instillation comprised 25 ul of drug (therefore total
amount per eye = 50 1) Ten minutes after the second instillation the subject performed
the 10 minute task. While viewing through the semi-silvered mirror of the infra-red
optometer subjects were required to add together a series of black numbers on a white
background (90% contrast) which were equivalent to Snellen 6/9 for the far task and N6
for the near task. This task was employed so that active accommodation was required for
the duration of the task and furthermore provided a specific level of mental effort. The
accommodative response was measured at one minute intervals during the task.
Following the task, the room lights were extinguished and TA was immediately
measured at approximately 1 second intervals over a 90 second period. 5 seconds was

allowed following extinction of the room lights for slight re-alignment of the instrument.

In order to monitor the well known ocular hypotensive effects of timolol, IOP was

measured at the beginning and end of the experimental session using a Digilab

Pneuma-Tonometer (Model 30D, Cambridge, MA. 02139). This required the instillation
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of 2 drops of the topical anaesthetic benoxinate (0.4%).

3.3 - RESULTS

The mean pre-task TA for each task condition was not significantly different for timolol
and saline trials (see Table 3.1). The overall group mean of 0.85 D is slightly less than
that of 1.10 D previously reported for a group of 50 subjects using an infra-red

optometer (Post et al., 1984) and the mean value found in section 2.2 (pps. 80-93).

TABLE 3.1 - Mean pre-task tonic accommodation (TA) for the group
of 15 subjects and for each experimental condition. The mean change in
intraocular pressure (IOP) in mm Hg is also shown for the whole group
and for each experimental condition. Figures in brackets represent
standard deviations. ) -

PRE-TASK TA (+D) CHANGE IN IOP (mmHg)

SALINE TIMOLOL SALINE TIMOLOL

FAR 0.84 (0.51) 0.79 (0.43) -0.3 (0.6) -4.1 (1.1)
NEAR 082 (0.52) 0.88 (0.48) +0.2 (0.8) -4.0 (L.1)

DARK 0.88 (0.44) 0.87 (0.38) +0.2 (0.6) -42.(0.7)

The far task (stimulus vergence = -0.3 D) produced a mean accommodative response for
the group of 0.62 D (sd = 0.18) for both the timolol and saline trials. The near task

(stimulus vergence = -5.0 D) produced mean accommodative responses of 431D (sd =

0.22) and 4.55D (sd = 0.25) for saline and timolol trials respectively.

The post-task data were summarised using the following procedure: after taking account
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of each subject's refractive error, the mean-sphere was determined for each of the
90-second data points and means and standard deviations weré then calculated for the
nine sets of 10 data points that were symmetrically placed about the 10, 20,
30..n 90 second points; the respective pre-task level of TA was subtracted from
each of these mean values and graphs of mean post-task shift in TA was plotted against
time for each experimental condition. The post-task TA regression patterns demonstrate
marked inter-subject variations, consistent with previous studies (Schor er al., 1984;
Ebenholtz, 1983; 1985). Fig. 3.2 illustrates, however, an individual example of the

principal effects found for the grouped data.

Mean post-task regression patterns for the whole experimental group are shown in Fig.
3.3 for each task condition and for both timolol and saline trials. For the saline trial a
rapid regression of TA towards pre-task levels occurs within the first 10 seconds
following the near task. Darkroom control levels are reached in 20 to 30 seconds. The
far task induced no significant shift in post-task TA and pre-task levels were reached

within 10 seconds. The darkroom control data varied little over the 90 second period.

It can be seen that, for the near task, beta-receptor antagonism induces an increase in the
post-task shift in TA of around +0.30 D for the initial 50 second period. This
modification of near regression pattern is not statistically significant (see below). It may
be concluded, however, that the post-task change in TA for near is due to a combination
of parasympathetic and inhibitory sympathetic ciliary muscle innervation. It may be

concluded, therefore, that dual innervation of the ciliary muscle occurs during the near

task.

The mean difference between timolol far and near regression patterns occurring over the

the 50 second period is an indication of the degree of sympathetic inhibition associated

with the near task. If the mean difference is plotted as a function of pre-task TA a

significant correlation is found. Fig. 3.4 illustrates that mean differences were negative
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or slightly positive for pre-task TA levels less than 0.75 D but predominantly positive for

pre-task TA values greater than 0.75 D. This division separated the 15 subjects into two
groups: one comprising 7 subjects with pre-task TA <0.75 D (mean TA = 0.45 D) and

the other comprising 8 subjects with pre-task TA > 0.75 D (mean TA =1.17 D).

The regression patterns for the lower pre-task TA group showed no significant
differences between timolol and saline trials for any of the task conditions (see Fig. 3.5).
For the higher pre-task TA group, however, there was a marked positive shift in the near
regression pattern produced by timolol (see Fig. 3.6). The shift was significant at the 3%
level and is of the order of 0.50 D when compared to both the far task and to the
equivalent saline trial for the lower TA group. The interaction between drug effect and

task effect was significant at the 4% level.

The saline trial regression patterns provide further evidence for inhibitory activity at near.
Fig. 3.7 illustrates data for both far and near tasks for the high and low TA groups. It
can be seen that the mean post-task shifts in TA for near are similar for the two groups
for the initial 20 seconds, however, after this point the higher TA group show a negative
component. It is possible that this component is due to the sympathetic inhibition
identified by the timolol trial data. It would then follow that the pattern for the lower TA
group is derived solely from the parasympathetic system, whereas the pattern for the
higher TA group is derived from the combination of both parasympathetic and inhibitory
sympathetic systems. Fig. 3.7 also compares the saline regression patterns for the far
task and the higher TA group again tend to have a more negative response pattern than

the lower group. This negative shift was not, however, modified by timolol (see Fig.

3.6).

Table 1 demonstrates the efficacy of timolol as an ocular hypotensive agent. The

reductions in IOP did not correlate with any of the changes in accommodative state

induced by timolol.
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3.3A - Statistical Analyses

Four- factor analyses of variance [i.e. drug, task (far vs. near), time and subject] were

carried out on the post-task shifts in TA illustrated in Fig. 3.3, 3.5 and 3.6). F-ratios for
main treatment effects and second-order interactions were computed usin g denominators
that took account of the interactive effects with respect to subjects. For example, F-ratios
for drug effects would be calculated by dividing the mean square for drug by the mean
square for the drug/subject interaction (Willemsen, 1974). Analyses for all 15 subjects
over the full 90 second period only indicated significant effects for time F=1297;p<
0.001; df = 8, 504) and subjects (F = 26.79: p < 0.001; df = 14, 504). It is clear,
however, from the graphical representation of the data that the group of 8 subjects

having higher pre-task TA levels are more susceptible to drug and task effects and

furthermore that the effects occur mainly over the initial 50 seconds. Taking this into
account, analyses for the higher TA group show significant effects for drug (F = 7.21; p
= 0.033; df = 1, 140), task (F = 8.24: p = 0.023; df = 1, 140), time (F = 4.84; p=
0.004; df = 4, 140) and subject (F = 16.96; p < 0.001; df = 7, 140). Drug/task

interactions and task/time interactions were also significant (F = 6.25; p=0.04; df = 1,

140 and F = 5.08; p = 0.003; df = 4, 140 respectively). For the lower TA group only
time (F = 6.51; p = 0.001; df = 4, 120) and subject (F = 38.13; p < 0.001; df = 6, 120)

factors were significant.

3.4 - DISCUSSION

The results of the present study clearly demonstrate that beta receptor antagonism
significantly modifies the pattern of regression of TA towards the initial values following
a near vision task. The influence of timolol is limited, however, to individuals with

pre-task TA levels greater than 0.75 D. Beta receptor antagonism failed to modify

regression patterns for the far task or for the darkrooom control. This demonstrates that

sympathetic innervation of the ciliary muscle is manifest when substantial levels of
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parasympathetic activity are required.

An extensive range of €xogenous stimuli can contribute to parasympathetic activity and
all subjects demonstrated similar levels of accommodative response for the near-task. It
is unlikely that Sympathetic activity is derived from the same source since only certain
subjects were shown to be susceptible to beta antagonism. The data illustrated in Fig.
3.4 suggests that an inhibitory sympathetic facility is derived from an endogenous souce
L.e. TA, and that this facility increases with increasing levels of pre-task TA.
Furthermore, Fig. 3.6 indicates that this inhibitory facility is augmented by relatively

high levels of concurrent parasympathetic activity.

It should be noted that timolol had little effect on TA for the darkroom control condition.
This disagrees with a previous study (Gilmartin er al., 1984) which demonstrated that
timolol induces an average myopic shift of +0.85 D in TA. An important methodological
difference between the studies is that Gilmartin and co-workers employed a subjective

laser optometer whereas the present study utilised infra-red optometry.

In order to be consistent with the results of the present study the laser optometer study
would have to satisfy several conditions. First, that all subjects had relatively high
pre-drug tonic levels; this was the case as all had tonic values greater than +0.65 D and
the group mean was also high at +1.66 D. Second, that the myopic shifts found would
be positively correlated with pre-drug tonic accommodation; this relationship was also
demonstrated (see Fig. 3.1). Finally, laser optometry would have to instigate a
significant level of accommodation response. A recent study (Post er al., 1985)
demonstrated that the observational demands of the laser optometer can influence TA. It

was concluded that "effort to see” laser speckle motion can significantly effect TA

measures.

The present study demonstrates that sympathetic innervation of the ciliary muscle is only
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manifest during near-vision when the mean accommodative response was 4.43 D. It is

improbable that laser techniques would stimulate accommodation to levels approaching
this value. It is feasible, however, that the short laser speckle presentation time adopted

by Gilmartin er al. (1984) would enhance parasympathetic activity sufficiently to

augment sympathetic inhibition.

The vergence system will, like accommodation, demonstrate adaptive changes following
a sustained visual task. Krishnan and Stark (1977) suggest that under "open-loop"
conditions, vergence regression patterns have time courses of around 16 seconds. It is
possible, therefore, that some interference occurs with accommodation regression
patterns. It is unlikely however that the infuence of such interference is significant since
it is well established that accommodation and vergence are not correlated and regress
independantly under darkroom conditions (Fincham, 1962; Owens and Leibowitz, 1980;
Kotulak and Schor, 1986; Owens and Wolf-Kelly, 1987). Furthermore Gilmartin er al.

(1984) demonstrated that timolol has no significant effect on tonic vergence.

It is also possible that the synkinetic link between accommodation and vergence will be
altered by beta-adrenergic antagonism, resulting in an altered AC/A ratio. If dual
innervation contributes to the accommodative response, then elimination of sympathetic
inhibition with timolol will reduce the parasympathetic input required to maintain the
same level of accommodative response. A concomitant reduction in accommodative
convergence will occur as demonstrated in studies by Stephens (1985) and Rosenfield
and Gilmartin (1987a). Fincham and Walton (1957) proposed that the accommodative
response at near is determined by the vergence requirements of the stimulus. It may be
more relevant, therefore to consider the effect of beta-adrenergic antagonism on

convergence accommodation.

Ebenholtz (1983) suggested that excessive tonic adaptation (or accommodative

"hysteresis") may be a precursor for induced myopia. Furthermore, Gilmartin and
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Hogan (1985a) sug

gested that the sympathetic input to the ciliary muscle may serve to
attenuate myopic shifts in TA. The results of the present study would predict that
individuals with low levels of TA would be more susceptible to accommodative
hysteresis since they do not have access to an inhibitory sympathetic facility. A further

prediction is that induced myopes would have lower values of TA than emmetropes (see

chapter 5 pps. 141-149).

It is interesting to speculate as to the effect of the application of timolol over an extended
period, as in chronic simple glaucoma, on a subject's refractive state. To date, no
consistent changes in accommodative or refractive state have been reported although, of
course, the majority of patients receiving treatment for glaucoma would be
post-presbyopic. Van Buskirk (1980) used data from the U.S. National Registry, and
reports 547 cases of adverse effects associated with topical timolol therapy. Visual
disturbance was indicated in 52 of the reports, 7 of which noted myopia of between 1.5
and 3.0 D. Van Buskirk (1980) reported that the myopia reversed on discontinuation of

the drug.

A further study suggests that long-term timolol therapy can result in myopic shifts in
refraction (Lutjen-Drecoll and Kaufman, 1986a; 1986b). Cynomologus monkeys were
treated twice daily in one eye with timolol (180pl) or epinephrine (540-600ul) for around
a 6 month period. The timolol treated animals (N = 6) were found to be significantly
more myopic, by approximately 2.0 D, than the epinephrine treated (N = 2) or the
control animals (N = 11). Lutjen-Drecoll and Kaufman suggest that the increase in
myopia could be mediated solely by ciliary muscle beta-adrenergic blockade but could

also be consistent with pathophysiological changes in the trabecular meshwork and

ciliary muscle.

The present study suggests that the properties of autonomic control of accommodation

prevailing during sustained near-vision influence the degree of tonic adaptation that takes
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place. The proposal that excessive tonic adaptation may act as a precursor to induced

myopia is at present conjecture. Certain aspects of the adptation process, however,
require further investigation. Previous research has demonstrated that the imposition of
mental effort can influence accommodation (Kruger, 1980; Malmstrom er al., 1980; Post
er al., 1985; Gawron er al., 1985). Tt is possible, therefore, that the mental effort
associated with a sustained visual task is a component of tonic adaptation. Furthermore,
there 1s a marked discrepancy between the lack of effect of timolol on darkroom control
data in the present study and the positive shift of +0.85 D found by Gilmartin er al.
(1984) using the laser optometer. It is feasible that the mental effort associated with laser
speckle judgement enhances the influence of sympathetic innervation on TA. The
following chapter, therefore, examines the relationship between ciliary rﬁuscle

innervaton and mental effort.

The results of this study have been published in Clinical Vision Sciences, see Appendix
X.6.
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CHAPTER 4

MENTAL EFFORT, TONIC ACCOMMODATION AND
CILIARY MUSCLE INNERVATION

4.1 - INTRODUCTION

The influence of psychological factors on the accommodative response has been
investigated by several previous workers (see section 1.3E pps. 36-39). Specific
attention has been directed by some investigators towards the relationship between
cognitive demand and the accommodative response (Kruger, 1980; Malmstrom e al.,
1980; Malmstrom and Randle, 19'84; Post et al., 1985; Gawron et al., 1985). The
existing experimental evidence appears, however, to be contradictory. Kruger (1980)
found that when 20 subjects changed from passive reading of a series of two-digit
numbers at 40 cm to adding the numbers the level of accommodation increased by a
mean of 0.28 D. Conversely, Malmstrom et al. (1980) demonstrated that a written
backward-counting task could induce hyperopic shifts of 0.25-0.75 D from a 3 D target
stimulus. Malmstrom and his co-workers could not demonstrate significant shifts for a 0
D stimulus (optical infinity) nor under "open-loop" conditions (analogous to

empty-field).

In the absence of an adequate visual stimulus, such as being in a darkroom or an
empty-field, accommodation adopts an intermediate resting position (Leibowitz and
Owens, 1978). This myopic shift may be appropriately described as "tonic
accommodation” (TA) although the terms "dark-focus" or "resting-focus" are also
frequently used. A recent study by Post er al. (1985) showed that a mental arithmetic
task could produce significant changes in TA although large differences existed between
subjects, an observation previously made by Malmstrom ez al. (1980). No investigation
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has been made, however, into the relationship between such cognitive induced shifts in

TA and the initial resting state of the subject.

There is now considerable evidence that the ciliary muscle receives a small inhibitory
input from the sympathetic nervous System and that this input is mediated by inhibitory
beta receptors (see section 1.3 pps. 30-41), although the evidence for a predominant
parasympathetic control of accommodation is unequivocal. Malmstrom ez al. (1980) have
suggested that cognitive induced shifts in accommodation may be caused by changes in
the autonomic balance due to psychological stress. This theory is examined further by
Birnbaum (1985) who suggests that mental activity may produce an increase in
sympathetic input to the ciliary muscle thereby producing a hyperopic shift in

accommodation.

This study utilizes the relative stability of TA (see section 1.5C pps. 49-50) to

investigate:

(1) the magnitude and direction of changes in accommodative response induced by tasks

requiring high and low levels of mental effort.

(i) the relationship between cognitive induced shifts in TA and pre-task TA levels.

(i) the role of sympathetic innervation of the ciliary muscle with respect to cognitive

induced shifts in TA.

The latter aspect may be examined by the topical use of the non-selective beta receptor
antagonist timolol maleate. Previous laser optometer studies have shown that such a
technique is an effective method of blocking sympathetic innervation of the ciliary
muscle (Gilmartin et al., 1984; Gilmartin and Hogan, 1985b). A further important

methodological feature of the present study is the measurement of TA using an objective
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infra-red optometer. Several previous studies have assessed psychologically induced

variations in TA using the subjective laser optometer (e.g. Miller and Lebeau, 1982).
Post er al. (1985) have shown, however, that the observational demands of the laser

optometer may influence estimates of TA.

4.2 - METHOD

Subjects took part in two experimental sessions and the group consisted of 20 male
volunteers, all of whom were aged between 19 and 30 (mean age = 20.4 years).
Subjects had refractive errors between -0.25 and +0.62 dioptres best sphere (with less
than 0.50 dioptres of astigmgtism) which were determined by distance subjective
refraction prior to the experiment. All subjects could achieve uncorrected visual acuities
of 6/5 or better in both eyes and had normal binocular vision. Refractive corrections
were not worn during the experiment but each individuals results were corrected for his
refractive error. Measurements of accommodation were made using the Canon R-1

autorefractor. All readings in this study were taken monocularly from the left eye.

A double-blind protocol was employed between timolol maleate (0.5%) and normal
saline and is summarised in Fig. 4.1. Subjects were placed in total darkness for 10
minutes prior to any data being recorded in order to reduce the effect of any
pre-experimental influences on tonic accommodation (Ebenholtz, 1983; Schor et al.,
1984). Following this "wash-out” period a series of ten measurements of TA were made
every minute for five minutes thus producing 50 readings which were later averaged
(TA1). The baseline series of measurements was followed by two instillations of the
drug separated by ten minutes (at T = 15 min and T = 25 min). The instillations were

made using a precision micro-pipette such that each instillation comprised 25 pl drops of

drug (i.e. total amount per eye = 50l).
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FIG. 4.1. - Schematic diagram of the experimental procedure.
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Twenty minutes after the initial drug instillation the subject was placed in total darkness
for a further ten minutes to minimise extraneous influences on TA. This was followed by
two further sets of measurements of TA both consisting of two minutes of continuous
infra-red optometer readings (each yielding some 100 TA estimates). The first set of
measurements (TA2) was taken while the subject was listening to a tape of popular
music through a set of stereo headphones. The purpose of the music was to mentally
relax the subject as much as possible. After a further two minutes the music was
terminated and the subject was verbally presented with a three figure number and was
instructed to count backwards in sevens while the final set of TA readings were taken
(TA3). The backwards counting task was chosen for its high degree of difficulty and has
been previously employed by Post er al. (1985). The subject was previously instructed
to count to himself and to keep his head and eyes still. Subjects were also informed that
they would be asked to tell the experimenter the number they had reached after the two
minute measurment period. These instructions encouraged consistent task performance

and counting speeds could be later examined.

Intraocular pressures were measured at the beginning and end of each experimental
session, using a Perkins hand-held tonometer, in order to monitor the well known ocular
hypotensive effects of timolol. Two drops per eye of 0.4% Benoxinate were used to
produce topical anaesthesia. The timolol and saline trials were separated by 2 days to 4

weeks (mean separation = 11 days).

The two minute measurement periods employed are longer than those used by previous
workers. The extended sampling time was adopted for two reasons. First, in order that
the influence of short term variations in TA may be reduced (Johnson ez al., 1984) and

secondly so that the latency and time course of any cognitive induced shifts in TA could

be examined.
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4.3 - RESULTS

The mean tonic accommodation (TA) values for each experimental condition are given in
Table 4.1. It can be seen that the mean post drug TA (TA2) is very similar to the initial
TA value (TA1) showing that neither saline nor timolol has a significant effect on TA
prior to the task. The difference between these two values (TA2 - TA1) is designated
drug induced shift (D.1.S.); similiarly the difference between TA2 and TA3 will be
referred to as the cognitive induced shift (C.LS.). Mean values for counting task speeds,
initial intraocular pressure (IOP) and change in IOP during the experiment are also
shown in Table 4.1. Initial TA measures for the saline and timolol trials were compared
and found to be well correlated (r = .85, p <.001) indicating that TA is reasonably stable

over an extended period of time. The three mean TA values (TA1, TA2 and TA3) for

each trial are shown in histogram form in Fig. 4.2.

TABLE 4.1. - Mean tonic accommodation values for each experimental
condition. Mean values for the drug induced shift (D.1.S.) and and the
cognitive induced shift (C.I.S.) are also shown. Mean values for
counting speed (per 2 min session), initial intraocular pressure (I0P)
and change in IOP are also given. Figures in brackets represent

standard deviations.

MEAN SALINE
TA1 (D) .00 (0.57)
TA2 (D) 100 (0.54)
TA3 (D) .14 (0.56)
D.LS. (D) 0.00 (0.13)
C.LS. (D) 0.15 (0.33)
COUNTING SPEED 210 (65)
INITIAL IOP (mmHg) 132 (1.54)
A IOP (mmHg) 02 (0.98)

Table 4.1 shows that cognitive induced shifts in TA were very similar for both saline and
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1.02 (0.49)
0.98 (0.46)
1.19 (0.55)

-0.03 (0.16)
0.21 (0.35)
221 (55)
13.8 (1.96)
-2.5 (1.30)
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FIG. 4.2. - Mean TA values for each experimental condition. TA1, initial TA; TA2,
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timolol (saline mean = .15D, timolol mean = 21D, t = 1.25, p = .22). If the cognitive
induced shift for the timolol trial is plotted against that for the saline trial (Fig. 4.3) a
good correlation is found (r = .79, p < .001). In view of the non-significant effect of

sympathetic blockade this can be taken as a measure of the reproducibility of the data.

The relationship between initial TA and cognitive induced shifts in TA found in the saline
trial is illustrated in Fig. 4.4. Statistical analysis reveals poor correlation (r = -.19, p =
.59), and indeed no clear relationship is apparent. A similarly unimpressive relationship
was found between counting speed and cognitive induced TA shift (r = .09, p = .71).
Inspection of the mean data for those subjects showing positive cognitive induced shifts
in TA greater than 0.2 D (N = 8) revealed that the change in resting state was immediate,

some 80% of the mean shift occurring in the first 10 seconds of the measurement period.

4.4 - DISCUSSION

It would appear from Fig. 4.2 that no clear relationship exists between a subject’s initial
TA and the accommodative shift induced by cognitive demand. As variations in TA
across the population have been shown to be due to variations in parasympathetic ciliary
muscle innervation (Gilmartin and Hogan, 1985b) and as previous investigations have
suggested that subjects with higher levels of TA are more susceptible to psychologically
induced accommodative changes (Miller, 1978b) it might have been expected that
subjects with higher initial TA values would exhibit greater cognitive induced shifts.
Miller and LeBeau (1982) found that the presence of stress caused TA to increase and

suggest that such an effect s essentially cholinergic and the results of the present study

would support this hypothesis.

It would be useful at this point to consider certain aspects of ciliary muscle innervation.

The control of ciliary smooth muscle contraction and relaxation is predominantly
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cholinergic (parasympathetic) and the (adrenergic) sympathetic input appears to be much
smaller. Physiological and pharmacological studies have shown that, at low levels of
accommodation, neither sympathetic excitation nor inhibition has any significant effect
on the accommodative response (Tornqvist, 1967; Hurwitz et al., 1972a; Gilmartin,
1986). Hurwitz et al. (1972a) used electrical stimulation of the midbrain to induce
positive accommodation in monkeys. They studied the effects of stimulating and
blocking the ciliary muscle with subconjunctival injections of isoproterenol and
propranolol respectively. They found that the inhibitory effects of their beta-stimulating
drug were only significant for accommodation levels greater than 4 dioptres. It would
appear, therefore, that for the sympathetic system to have any effect on accommodation

there must exist a significant background parasympathetic smooth muscle tone.

It is traditionally assumed that the effect of stress on the general autonomic nervous
system is an enhanced sympathetic response. The accommodative chanées found in this
study, however, suggest an increase in parasympathetic innervation. Miller and LeBeau
(1982) propose that this effect may be accounted for by Porge's "two-component model
of attention" which suggests that both sympathetic and parasympathetic excitation may
occur (Porges, 1976). The results of the present study may be explained by the nature of
the physiological response to stress which suggests that both sympathetic and
parasympathetic excitation may occur (see section 1.3E pps. 36-39). If dual excitation
occurs, what would be the expected effect on TA? For low TA values the sympathetic
effect would be neglible and hence a parasympathetic induced shift would be produced.
For medium values of TA a similar shift would be observed, perhaps enhanced by the
higher parasympathetic resting tone. For relatively high TA values a different effect
might occur; the same increase in parasympathetic tone may be present but the myopic
shift might be attenuated by a significant sympathetic input thus producing a reduced
mean change in TA. This theory may be tested by dividing the 20 subjects up into three
approximately equal groups (low, medium and high TA) based on the initial TA value

from the saline trial. The distribution of the three groups is given in Table 4.2. The mean
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cognitive induced TA shifts are shown in Fig. 4.5 for each of these three groups. For the
saline trial the mean myopic shift is significantly lower for the high TA group. If this is
the effect of sympathetic attenuation then adrenergic blockade should enhance the shift
for this group and this effect is shown in Fig. 4.5. This sympathetic attenuation may be
observed further by plotting the difference in cognitive induced TA shifts (timolol trial

minus saline trial) against initial TA (see Fig.4.6) and a reasonable correlation was

found.

TABLE 4.2 - Mean and standard deviation tonic accommodation values

for the three groups (high, medium and low TA) based on the pre-task
TA value (TA1) for the saline trial

GROUP LOW MEDIUM HIGH
SIZE 7 7 6
MEAN (D) 0.41 0.96 1.72
S.D. (D) 0.13 0.20 0.20

One discrepancy between this study and previous work which should be examined is the
effect of timolol on TA. Previous studies utilising laser optometry found that the timolol
produced significant myopic shifts in TA of the order of 0.85D 45 minutes after
instillation (Gilmartin et al., 1984). As can be seen from Fig. 4.2 no significant shift was
found in this study, a finding consistent with the results reported in the previous chapter.
Figs. 4.5 and 4.6 provide some evidence for sympathetic -innervation to the ciliary
muscle and demonstrate that this input may attenuate parasympathetically mediated
cognitive induced shifts in TA. It would appear, however, that this inhibitory facility is

restricted to those individuals with relatively high levels of TA, thus supporting the

results of chapter 3.

It remains unclear as to why certain subjects demonstrate significant shifts in TA while
others remain unaffected, although the initial TA level may influence the amount of shift
produced. As previously mentioned, no correlation was found between counting speed
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FIG. 4.5. - Mean cognitive induced shifts in TA for the saline trial (light bars) and
timolol trial (dark bars) for three TA groups (low, medium and high).
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and cognitive induced shift although it is possible that certain individuals found the task

more stressful than others. It is interesting to note that the largest cognitive induced shift

was found in th¢ MOst myopic subject in the experimental group. The following chapter
compares the cognitive induced TA shifts for myopes with those for emmetropes; this 1s
of interest because psychological differences between different refractive groups have
been previously reported (Young et al., 1976; Gawron, 1981). Recently attention has
been directed towards short term changes in TA induced by sustained visual tasks at
distance and near (see section 1.5D pps. 50-55). This study indicates that cognitive

demand may be a component of task-induced changes in TA.

The results of this study have been published in The American Journal of Optometry and

Physiological Optics, see Appendix X.7.
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CHAPTER 5

MENTAL EFFORT AND TONIC ACCOMMODATION IN

EMMETROPIA AND LATE-ONSET MYOPIA

5.1 - INTRODUCTION

The work reported in the previous chapter established that the imposition of mental effort
can induce predominantly positive changes in tonic accommodation (TA) which are
largely the result of an increase in parasympathetic innervation to the ciliary muscle. It
was also suggested that cognitive induced shifts in TA may be a component of the
adaptation of TA. A further observation made in the study was that the largest cognitive
induced shift was found in the most myopic subject, although all the subjects
participating in the study were essentially emmetropic. Furthermore, certain workers
have suggested that significant differences exist in the mean TA values for various
refractive groups (Maddock et al., 1981; Charman, 1982; McBrien and Millodot, 1987).
It was decided, therefore, to investigate the interaction of mental effort and TA in the

myopic and emmetropic populations.

The evidence for environmental and genetic influences in the development of myopia has
been reviewed earlier (see section 1.7 pps. 61-71). It was decided to investigate those
subjects who had developed myopia after the age of 15 years, who may be referred to as

‘late-onset myopes'. The reasons for restricting the selection of subjects to this portion

of the population were fourfold:

1. The majority of workers have demonstrated that myopia which
develops during childhood stabilises at around 15 years of age
(Slataper, 1950; Hirsch, 1963; Goss and Winkler, 1983) although
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Saunders (1986) has shown that myopia progression may continue to

much greater ages in a small but significant minority of the population.

2. Certain authors have proposed that myopia which develops later in life
is associated with environmental factors and may also be termed

induced myopia (Goldschmidt, 1968; Stevenson, 1984).

3. Since the subjects for the present study (and indeed subsequent studies)
were to be taken from the student population it was felt appropriate to

choose subjects whose myopia had developed as recently as possible.

4. Patients who, in general optometric practice, demonstrate myopic
changes in refraction in their late-teens and early twenties frequently
associate their myopia with a large amount of near-work, e.g. VDU

usage.

It would be inappropriate, however, to suggest that the aetiology of myopia which is late
in onset precludes genetic factors. It is clear that a proportion of late-onset myopes may
represent a sample of myopia which is essentially genetic in nature. Furthermore there

may be a genetically determined predisposition to induced myopia.

Psychological differences appear to exist between emmetropes and myopes (Young et
al., 1976; Baldwin, 1981; Gawron, 1981). Young er al. (1976) proposed that
personality characteristics may play a role in the development of myopia. Furthermore,
Van Alphen (1961) suggested that stress, emotion or extreme autonomic endowment
might interfere with the emmetropization mechanism and that the stress associated with
studying for exams may be responsible for the development of 'school myopia' (see
section 1.7D pps. 68-70).Van Alphen proposed that the psycho-visual consequences of

sustained near vision that requires learning (€.g. studying for college examinations) were
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different from that of a more leisurely nature (e.g. crafts such as needlework). The
former task appears to induce myopia whereas the latter does not. Van Alphen suggested

that learning situations can involve substantial levels of stress and anxiety which may

trigger myopic changes.

This study was undertaken, therefore, to compare TA for emmetropes and late-onset
myopes. A further comparison was made of the effect of mental effort on these resting
positions in order to elucidate further the mechanisms underlying the adaptation of

accommodation and the development of induced myopia.

5.2 - METHOD

Subjects consisted of two age matched refractive groups, namely emmetropes and
myopes, each comprised 15 male optometry students, aged between 19 and 26 (mean
age = 21.3 years). The emmetropic group had refractive errors between plano and +0.50
dioptres best sphere (mean = +0.16 D) with no more than 0.50 dioptres of astigmatism.
All myopes participating in the experiment had developed myopia at the age of 15 or
above, the mean age of onset being 16.7 years (s.d. = 1.8 years). The myopic subjects
had refractive errors between -0.50 and -3.50 dioptres best sphere (mean = -1.90 D)
with not more than 0.50 dioptres of astigmatism. Subjects' refractive errors were
determined prior to the experiment by distance subjective refraction and, when corrected,
each subject could achieve 6/5 visual acuity. Refractive corrections were not worn during
the experiment but all measures of accommodation were corrected for each subjects

refractive error. Accommodation was measured using the Canon R-1 autorefractor. All

readings in the present study were taken from the left eye.

Subjects were placed in darkness for the entire experiment and TA measured under two

conditions: a passive condition (TA1) and an active condition (T A2). The experimental
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session commenced with 10 minutes in siry on the optometer in order to eliminate
pre-experimental influences on TA. Following this period any necessary adjustments in
alignment were made and the subject encouraged to relax as much as possible. Two
minutes of successive readings were then taken, yielding some 100 values which were
averaged (TA1). Following a two-minute break the subject was verbally presented with a
three digit number and instructed to count backwards in sevens for an additional two
minute period during which a further 100 accommodation measurements were taken
(TA2). This active task has been employed previously to produce high levels of
cognitive demand (Post et al., 1985). Subjects had been briefed that during the
experiment they were to count conscientiously to themselves and to keep their head and
eyes still and open. Subjects were also asked to tell the experimenter the number they
had reached at the end of the second measurement period in order to encourage

consistent task performance and to assess variations in counting speed.

5.3 - RESULTS

Mean values of tonic accommodation (TA) were calculated for both the passive condition
(TA1) and the active condition (TA2) for each subject. The mean values of TA1 and TA2
for each refractive group are given in Table 5.1. It can be seen that for the passive
condition (TA1) there is a clear difference between the mean TA values for emmetropes
(mean = 1.14 D, s.d. = 0.46 D) and myopes (mean = 0.81 D, s.d. = 0.46 D). This
difference, however, has a relatively low level of statistical significance (t = 2.00, d.f. =

28, p = 0.05) and is significantly lower for the task condition (TA2).

The difference between the two values of TA was calculated for each subject, in order to
examine the effect of the task on TA. This value (TA2 - TA1) is termed the cognitive
induced accommodative shift. The mean values of these shifts for each refractive group

are given in Table 1. The mean cognitive induced shift for myopes is significantly higher
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than that of the emmetropic group. (myopic mean = +0.35 D, s.d. =0.31 D, emmetropic
mean = +0.07 D, s.d. = 0.27 D, t = 2.57, df. = 28, p = 0.016). It is possible that the
greater mean cognitive induced shift found for the myopic group is due to differences in
the mean baseline TA values. An analysis of covariance was therefore carried. out in
order to equate the two groups for differences in mean baseline TA levels. The mean
shift was still found to be significantly higher for myopes (F =4.32,df. =27, p<
0.05). Mean counting speeds were also calculated for each group. The emmetropes were
found to count slightly faster than the myopes but not significantly so (emmetropic mean
= 220 in two minutes, myopic mean = 186 in two minutes, t = 1.37, d.f. = 28, p

=0.18).

TABLE 1. Mean tonic accommodation values for the passive
condition (TA1) and the active condition (TA2) in the emmetropic group
(N = 15) and the myopic group (N = 15). Mean cognitive induced
shifts are also given for each group. All values given are in dioptres and
figures in brackets represent standard deviations.

MEAN VALUES EMMETROPES LATE-ONSET
MYOPES
PASSIVE CONDITION 1.14  (0.46) 0.81 (0.46)
(TAD
ACTIVE CONDITION 121 (0.43) 1.16  (0.56)
(TA2)
COGNITIVE INDUCED 0.07 (0.27) 0.35 (0.31)
SHIFT

5.4 - DISCUSSION

The results of this study show that under darkroom conditions involving minimal mental
effort (TA1) there is a trend for late-onset myopes (o have lower values of tonic

accommodation (TA) than emmetropes. The imposition of a task requiring mental effort
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(reverse counting), however, induced a positive shift in TA for the myopic group which

was significantly greater than that for the emmetropic group.

Previous studies have produced somewhat conflicting results with respect to the
relationship between TA and refractive error. The most extensive study (N = 301) was
that of Simonelli (1981) who found no clear relationship between TA and refractive error
and similarly tenuous trends have been found in most other studies (Gawron, 1981;
Heron et al., 1981; Hogan and Gilmartin, 1983; Smith, 1983: Ramsdale, 1985).
Maddock ez al. (1981) are the only workers whose results suggest a clear relationship
between TA and refraction, reporting similar trends to those of the present study. In
addition they found that hyperopes have higher TA values than emmetropes. McBrien
and Millodot (1987) also found that hyperopes (mean = 1.33 D) have higher values of
TA than emmetropes (mean = 0.89 D). Their myopic subjects were divided into two
groups depending on their age of onset; early-onset myopes whose myopia developed
prior to 13 years of age and late-onset myopes who developed myopia after the age of
15. McBrien and Millodot found that early-onset myopes (mean = 0.92 D) had similar
values of TA to emmetropes, whilst late-onset myopes (mean = 0.49 D) showed lower
values of TA than both groups. McBrien and Millodot's finding that late-onset myopes
have significantly lower values of TA than emmetropes supports the results of the

present study.

The largely unconvincing results produced by previous workers may be partially
explained by considering the measurement techniques used. Most of the previous studies
have used subjective optometers, mainly the laser optometer devised by Hennessy and
Leibowitz (1972). Post er al. (1985) have shown, however, that the observational
demands of the laser optometer may influence estimates of TA. The present study
utilised an objective infra-red optometer requiring minimal mental effort on the part of the
subject. During the task condition (TA2), however, the subject is required to apply

mental effort to the task and the difference between the two refractive groups virtually

146




disappears. Hence it is feasible that the interactive nature of the laser optometer may
influence the relationship between TA and refractive error. An alternative explanation
may be that only late-onset myopes took part in the study whereas the majority of
previous workers have not attempted to distinguish between myopia of genetic and
environmental origin. McBrien and Millodot (1987) have demonstrated that late-onset
myopes have significantly lower values of TA than early-onset myopes. It should also be
noted that various authors apply different criteria for refractive groups, e.g. Maddock ez
al. (1981) described their emmetropic group as having refractive errors between -2.00

and +2.00 D whereas the emmetropes in the present study had refractive errors between

plano and +0.50 D.

Van Alphen (1961) suggested that individuals with high levels of ciliary tone would be
hyperopic, whereas low levels of cillary tone would be conducive to the development of
myopia. The findings of the present study along, with other reports, would support this
concept (Maddock et al., 1981; McBrien and Millodot, 1987). Van Alphen also
proposed that stress and anxiety may lead to a sympathetically mediated reduction in
ciliary-choroidal tone which may result in the development of 'school myopia'. The
results of the current study suggest, however, that the imposition of mental effort
induces a significant increase in ciliary tone in the myopic group, a finding which is
inconsistent with the above proposals of Van Alphen. It may be inappropriate to equate
the mental effort or heightened attention, induced by the counting task employed in the
present study, with the stress of studying for exams. It is apparént, hoWever, that simple
problem solving and mental arithmetic induce similar changes in physiological variables

such as heart rate and pupil size as those produced by other stressful conditions (Hess

and Polt, 1964; Libby er al., 1973).

The present study has demonstrated that differences in TA exist between two refractive
groups and this adds further evidence for the importance of ciliary muscle function in the

development of induced myopia. The full importance of TA (and changes therein) in the
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development of induced myopia has yet to be established. Ebenholtz (1983) proposed
that accommodative hysteresis, the changes in TA induced by a period of closework,
may be a precursor to induced myopia. This would suggest that some late-onset myopes
would be more susceptible to accommodative hysteresis. The fact that late-onset myopes
have lower values of TA and are more susceptible to myopic shifts in TA induced by

mental effort may render them more susceptible to accommodative hysteresis.

The cognitive induced shifts in TA found in this study were generally in a positive
direction and similar to those reported in the previous chapter. Miller and Lebeau (1982)
reported that the presence of stress caused an increase in TA and suggested that such an
effect was cholinergically mediated. The study described in the previous chapter
confirmed this hypothesis by demonstrating that shifts in TA induced by cognitive
demand were largely the result of an increased parasympathetic input to the ciliary
muscle. In the present study late-onset myopes showed a greater cognitive induced shift
in TA than emmetropes and previous work would suggest that this increased shift in the
late-onset myopes is the result of an enhanced parasympathetic response to the task. It is
questionable, however, as to whether this enhanced response is due to differences in a
myope's psychological response to the task or to physiological response variations. It
may be that late-onset myopes have an enhanced facility of "near-imagery” which would
produce an increased proximal response under the open-loop condititions. Previous
workers have demonstrated the presence of psychological differences between refractive
groups (Young et al., 1976; Baldwin, 1981; Gawron, 1981). It is possible, therefore,

that mental effort induces a different psychological reaction in myopes and emmetropes.

It has been suggested that the sympathetic input to the ciliary muscle serves to attenuate
myopic shifts in TA (Gilmartin and Hogan, 1985a; Gilmartin, 1986) and it may be that
myopes have an inadequate inhibitory facility. The work described in chapter 3 (pps.
107-125) suggests that an inhibitory sympathetic facility is derived from an endogenous

source i.e. tonic accommodation, and that this facility increases with increasing levels of
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TA. If, as found in the present study late-onset myopes have lower values of TA than
emmetropes, it is possible that they do not have access to such an inhibitory facility. The
study also demonstrated that an inhibitory sympathetic facility is augmented by relatively
high levels of concurrent parasympathetic (ie. accommodation) activity. It would,
therefore, seem appropriate to examine the effects of mental effort on the accommodative

response at various levels of stimulus vergence and this aspect is considered in chapter

6.

The results of this study have been published in The American Journal of Optometry and

Physiological Optics, see Appendix X.11.
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CHAPTER 6

THE INFLUENCE OF MENTAL EFFORT ON THE

STEADY-STATE ACCOMMODATIVE RESPONSE

6.1 - THE ROLE OF THE SYMPATHETIC NERVOUS SYSTEM

6.1A - Introduction

The studies reported in chapters 4 and 5 have demonstrated that the imposition of mental
effort can induce significant changes in a subject's tonic accommodation (TA). It has
been demonstrated that these cognitive induced shifts are generally in a myopic direction.
In addition the shifts are mediated predominantly by an increase in parasympathetic
innervation of the ciliary muscle although the sympathetic input may serve to attenuate
the shifts at higher levels of pre-task TA. Furthermore, it was shown that late-onset

myopes are more susceptible to these shifts.

One problem associated with the assessment of cognitive induced changes in TA is that
the pre-task TA levels are such that the level of baseline accommodative effort does not
exceed 1.5 to 2.0 D. Previous studies would predict, however, that the sympathetic
input to the ciliary muscle would have ﬁmited influence at such levels of accommodation
(Térngvist, 1966; 1967; Hurwitz et al., 1972a). It would be appropriate, therefore, to
examine the interaction of mental effort and the sympathetic input at higher levels of

accommodative demand if the nature and role of this inhibitory input is to be understood

further.

Several previous workers have examined the influence of mental effort on the

accommodative response. Kruger (1980) showed that when 20 subjects changed from
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passive reading of two-digit numbers at 40 cm to adding the numbers there was a
significant increase in mean accommodative response of 0.28 D. Malmstrom et al.
(1980) demonstrated, however, that a written backward-counting task could produce a
decrease in accommodative response of 0.25-0.75 D for a -3.00 D target. Malmstrom
and his co-workers have suggested that cognitive induced shifts in'accommodation are
caused by changes in the autonomic balance of the subject. Furthermore Birnbaum
(1984) postulates that, during a near visual task, mental activity may evoke an increase in
sympathetic input to the ciliary muscle and hence produce a hyperopic shift in
accommodation. Gawron et al. (1985) had difficulty in reproducing the results of

Malmstrom et al. (1980) but reached similar conclusions.

The existing experimental evidence concerning mental effort and accommodation
appears, therefore, to be contradictory. Certain authors have found that mental effort
induces a decrease in accommodation (Malmstrom et al., 1980; Gawron et al., 1985)

suggesting an increase in sympathetic innervation to the ciliary muscle (Birnbaum,
1984). Conversely, other studies have shown increases in accommodation associated
with mental effort (Kruger, 1980) and probably due to an increase in parasympathetic
innervation (see Chapter 4 pps. 126-140). It was decided, therefore, to investigate the
influence of mental effort on the accommodative response to three sumulus vergences in
emmetropes and, furthermore, examine the role of sympathetic innervation of the ciliary
muscle with respect to each response by employing the non-selective beta receptor

antagonist timolol maleate.

6.1B - Method

Twelve emmetropic male volunteers aged between 20 and 23 (mean age = 20.7 years)
participated in two experimental sessions. Subjects had refractive errors between plano
and +0.50 dioptres best sphere (with not more than 0.25 dioptres of astigmatism). All
subjects could achieve visual acuities of 6/5 or better and had normal binocular vision.

Refractive corrections were not worn during the experiment and values of
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accommodative response were not corrected for this factor. Measurements of

accommodation were made using a modified Canon R-1 autorefractor. All readings in

the present study were taken from the left eye only.

A double-blind protocol was employed between timolol maleate (0.5%) and normal
saline. In order to monitor the well established ocular hypotensive effects of timolol
intraocular pressures were measured at the beginning and end of each session using a
Perkins hand-held applanation tondmeter. Topical anaesthesia was achieved by the
instillation of two drops per eye of 0.4% benoxinate. The instillation procedures for
timolol and saline were the same. Each subject was given two instillations of the drug
separated by a period of ten minutes. The instillations were made using .;cl precision
micro-pipette such that each instillation comprised 251 of drug (i.e. total amount per eye

= 50ul).

Measurements of accommodation commenced thirty minutes after initial drug instillation
and were made for targets located at three stimulus vergences namely -1, -3 and -5 D.

Targets consisted of a five by five matrix of black single-digit numbers on a white
background (luminance = 25 cd/m?). Targets were scaled for each stimulus distance
such that the digits subtended 0.4 degrees at the eye and the total angular subtense of the

matrix was 6.5 x 6.5 degrees.

Two problems are inherent in measuring changes in the accommodative response
induced by mental effort. First, it could be expected that changes in accommodative state
would be limited to the depth of focus of the eye, in order to avoid a blurred retinal
image (Campbell, 1957) and hence any such changes would be less than ~0.20 D.
Secondly, the accommodative response is not static but subject to short-term fluctuations
(Campbell et al., 1959; Denieul, 1982). The magnitude of these microfluctuations varies
between subjects but are typically ~0.10 D in amplitude with a frequency bandwidth

ranging from 0 to 5 Hz. Certain workers have suggested the power spectrum of these
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fluctuations is characterised by a predominance of frequencies between 1 and 2Hz. In
addition the fluctuations increase with increasing accommodation and are larger in the
presence of small pupils (Campbell ez al., 1959). It is important to differentiate between
changes in accommodation induced by the experimental condition and those which are
due to short-term fluctuations. In order that any small changes in accommodation may be

assssed it was decided to sample accommodative state over a two minute period.

Accommodative responses were measured for two conditions each of which required a
low or a high level of mental effort. For both conditions the subject viewed the numbers
binocularly. The low-level task (i.e. the passive condition) required the subject to read
the array of numbers to himself. Subjects were instructed to fixate each digit
successively, working from left-to-right for each row and then from top-to-bottom for
each column. Subjects were instructed to change their fixation to the next number every
time the optometer took a reading, signified by an audible 'click’, which occured at
intervals of approximately one second. Hence fifty fixations generated fifty readings for
each array of numbers. Measurements were made for two arrays of numbers yielding a
total of one hundred estimates of the accommodative response from which the mean and
standard deviations were calculated. Each measurement period, therefore, lasted

approximately two minutes.

The higher level of mental effort (i.e. the active condition) involved the subjects adding
the numbers in rows or columns of five. The same fixation pattern was adopted as for
the passive condition and thus for each matrix the subject would make fifty fixations and
ten calculations. Two arrays of numbers were presented consecutively yielding one
hundred estimates of the accommodative response. It is important to note that the visual
nature of the task, the targets and the changing of fixation, were identical for the two
conditions. Consequently, it is assumed that differences in accommodative response

between the two conditions are solely attributable to the amount of mental effort exerted.
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Each experimental session consisted, therefore, of six sets of measurements, i.e. two
mental conditions at each of the three stimulus vergences. A two minute rest period was
allowed between each measurement period during which the subject was permitted to
freely gaze around the laboratory. The order in which these measurements were taken
was randomised in order to minimize the effects of tonic adaptation (Schor er al., 1986)

or accommodation fatigue (Malmstrom ez al. 1981).

6.1C - Results

Each experiment session yielded six mean values of the accommodative response for
each subject. The mean of each of these values for the group of twelve subjects are given
for both the saline trial and the timolol trial in Table 6.1. The effect of the imposition of
mental effort can be assessed by subtracting the passive accommodative response from
the active response. This change in accommodation, termed the cognitive induced shift,
was calculated for each subject and the mean values are given in Table 6.1. The IOP data
in Table 6.1 demonstrates the efficacy of timolol as an ocular hypotensive agent. The
reductions in IOP did not correlate with any of the changes in accommodative state

induced by timolol.

The mean cognitive induced shifts for each experimental condition are plotted as
histograms in Fig. 6.1. It can be seen that for the saline trial the imposition of mental
effort induces a significant increase in mean accommodative response for the -1 D
stimulus, a response approximately equivalent to the passive condition at -3 D and a
reduction in response at -5 D. Mental effort induces similar responses for the -1 D and -3
D locations when sympathetic innervation to the ciliary muscle is blocked with timolol

maleate. Responses for the -5 D location were, however, significantly increased for the

timolol trial (see below for statistical analyses).
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FIG. 6.1. - Mean cognitive induced shifts in accommodation for the saline trial (light
bars) and timolol trial (dark bars) for each stimulus vergence. Error bars represent one

standard error of the mean.
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TABLE 6.1. - Mean accommodative res
twelve subjects for the saline trial and
cognitive induced shifts for e
shown. Mean IOP and dru

ponse values for the group of
the timolol trial. The mean
ach experimental condition are also

: g induced changes in IOP are given. Figures
in brackets represent standard errors of the mean.

STIMULUS SALINE TIMOLOL
VERGENCE
PASSIVE 1.07  (0.05) 1.07  (0.06)
-1.00 D ACTIVE 1.16  (0.06) 1.13 (0.07)
SHIFT +0.09  (0.02) +0.06  (0.02)
PASSIVE 2.69 (0.05) 271 (0.04)
-3.00 D ACTIVE 2.68 (0.06) 272 (0.05)
SHIFT -0.01  (0.02) +0.01  (0.02)
PASSIVE 4.39 (0.05) 438 (0.07)
-5.00 D ACTIVE 436 (0.07) 4.42  (0.06)
SHIFT -0.04 (0.03) +0.04 (0.01)
INITIAL IOP (mmHg) 12.10 (0.82) 12.44  (0.48)
A IOP (mmHg) -0.10  (0.40) -3.87 (0.38)

Inspection of individual data suggests that seven subjects demonstrated similar trends to
those shown by subject SC illustrated in Fig. 6.2, namely evidence for sympathetic
induced changes in accommodation at near. In contrast three subjects showed similar
results to those of subject DJ (see Fig. 6.2), i.e. parasympathetic induced increases in
accommodation at near. Mental effort induced minimal or no clear changes in the

accommodative response in the two remaining subjects.

6.1D - Statistical analyses
Four factor analyses of variance [drug (saline vs. timolol), stimulus vergence, task
(passive vs. active) and subject] were carried out for the values of accommodative

respor;se shown in Table 1. F-ratios for main treatment effects and second order

interactions were computed using denominators that took account of the interactive
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FIG. 6.2. - Cognitive induced shifts in accommodation for the saline trial (light bars)
and timolol trial (dark bars) for each stimulus vergence for subjects SC and DJ.
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effects with respect to subjects. For example, F-ratios for task effects were calculated by
dividing the mean square for task by the mean square for the task/subject interaction
(Willemsen, 1974). Analyses revealed that sympathetic blockade had no effect on the
accommodative response but the effects of subject (F = 176.34; P < 0.001; d.f. = 11,
132), task (F =8.02; P <0.001; d.f. = 1, 132) and stimulus vergence (F = 2455.57; P
< 0.001; d.f. = 2, 132) were all significant. Task/vergence interactions were also
significant (F = 8.76; P < 0.001; d.f. =2, 132) and although drug/task interactions were
insignificant, there was a significant interaction between drug, task and stimulus
vergence (F = 5.08; P <0.025; d.f. =2, 132). This interaction is pertinent to the central
theme of this paper and demonstrates that sympathetic inhibition can modify the effect of

mental effort on the accommodative response at near.

6.1E - Discussion

The results of the present study demonstrate that when viewing the -1 D stimulus, the
imposition of mental effort induces a parasympathetically mediated increase in the
accommodative response. For the -5 D stimulus, however, the majority of subjects
demonstrate a sympathetically mediated decrease in accommodation for the active
condition. In order to interpret these findings consideration should be given to two
factors relating to the accommodative response. First, the general effects of stress on the

autonomic nervous system and secondly the nature of ciliary muscle innervation.

Whilst it was originally thought that the physiological response to stress was an increase
in sympathetic acitivity (Cannon, 1929) more recent studies have suggested that a bi- or
tri-phasic response occurs (see section 1.3E pps. 36-39) i.e. an increase in sympathetic
activity followed by an antagonistic rebound in parasympathetic activity (Wenger ez al.,
1956: Sternbach, 1966; Anisman, 1975; Porges, 1976). Much of the previous work on
the physiology of stress has involved transient stimuli, whereas the present study
employed a task which lasted two minutes and hence the stress was more sustained. It is

possible, therefore, that such a prolonged period of stress may produce a sustained
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enhancement of both sympathetic and parasympathetic activity, the response of the organ
under examination being dependent on the relative dominance of these two systems. In

addition the magnitude of the response will be dependent on how stressful the subject

found the situation.

There is clear experimental evidence for dual innervation of the ciliary muscle (see
section 1.3 pps. 30-41 and Gilmartin, 1986). It is important, however, to acknowledge
the nature of the sympathetic input. It would appear from physiological studies that
sympathetic innervation to the ciliary muscle has minimal effect for low levels of
accommodation and that the effect of sympathetic inhibition increases with increases in

concurrent levels of parasympathetic background tone (Tornqvist, 1967; Hurwitz et al.,

1972).

Previous studies of the effects of stress on the autonomic nervous system would
suggest, therefore, that both sympathetic and parsympathetic excitation may occur.
Furthermore, it is thought that the sympathetic input to the ciliary muscle has little or no
influence at low levels of accommodative demand. Using these two pieces of evidence it
is possible to account for the results obtained in the present study. For the majority of
subjects (e.g. subject SC) viewing a target at -1 D the presence of mental effort would
induce a parasympathetic mediated increase in accommodation, since a general increase
in sympathetic activity would not be expected to have any influence on accommodation at
this level. At higher levels of accommodation demand, however, the sympathetic input to
the ciliary muscle can modify the effects of mental effort on the accommodative
response, an increase in sympathetic innervation producing a decrease in response. It
appears then that parasympathetic activity associated with the -5 D stimulus augments the
sympathetic facility evident in certain individuals, a finding consistent with the results of
Chapters 3 and 4. This facility subsequently attenuates the parasympathetically mediated

shift in accommodation associated with mental effort.
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It should be noted that some of the experimental -group (e.g. subject DJ; see Fig. 2)
show no evidence of sympathetic inhibition at higher levels of accommodative demand.
It is unclear whether this is due to a different psychological reaction to the task or

physiological differences between subjects. This will be discussed further in section

6.2E (pps. 166-168).

6.2. MENTAL EFFORT AND THE STEADY-STATE ACCOMMODATIVE
RESPONSE IN EMMETROPIA AND LATE-ONSET MYOPIA

6.2A - Introduction

The study reported in the previous section demonstrated that at low levels of
accommodative demand the imposition of mental effort induces a parasympathetically
mediated increase in accommodation for emmetropic subjects. At higher levels of
accommodative demand, however, the majority of experimental group demonstrated a
sympathetically mediated decrease in accommodation in the presence of mental effort. It
should be noted that the experiment was carried out on emmetropes. It was felt
appropriate, therefore, to compare the influence of mental effort on the steady-state
accommodative response in emmetropes and late-onset myopes since this would parallel

the study reported in Chapter 5 (pps. 166-168).

A recent report (McBrien and Millodot, 1986a) has suggested that myopic subjects show
greater accommodative lag than emmetropes. McBrien and Millodot postulate that this
lower steady-state accommodative response is associated with myopes having lower
values of tonic accommodation (Maddock et al., 1981; McBrien and Millodot, 1987; see
chapter 5 pps. 141-149). The results reported in Chapter 5 demonstrate, however, that

the imposition of mental effort influences the distribution of TA values in emmetropes

and late-onset myopes such that there is no significant difference between the two

groups. A logical extension of this work would be to examine the influence of mental
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effort on the steady-state accommodative response in the two refractive groups.

The aim of this study is to investigate the accommodative response for stimuli located at
three different stimulus vergences in emmetropes and late-onset myopes. In addition the

influence of mental effort on the accommodative response is examined for both refractive

groups.

6.2B - Method

Fourteen male emmetropes and fourteen male myopes aged between 19 and 23 (mean
age = 20.9 years) participated in the study. 10 of the emmetropic subjects had
participated in the study described in section 6.1 (pps. 150-160). Subjects' refractive
errors were determined prior to the experiment by distance subjective refraction. All
subjects could achieve corrected visual acuities of 6/5 or better and had normal binocular
vision. The emmetropic subjects had refractive errors between plano and +0.50 dioptres
best sphere (with not more than 0.25 dioptres of astigmatism). The myopic subjects
selected for this study had developed myopia at the age of 15 years or later and had
refractive errors between -0.50 and -3.50 dioptres best sphere (mean = -1.74 D, s.d. =
0.91 D). Their refractive errors were corrected with ultra-thin soft contact lenses'. These
were inserted at least twenty minutes before any measurements being taken in order to

allow adequate adaption.

Measurements were made for stimuli at three vergences namely -1, -3 and -5 dioptres.
Targets consisted of a five by five matrix of black single-digit numbers on a white
background (luminance = 25 cd/m?). Targets were scaled for each stimulus distance
such that the digits subtended 0.4 degrees at the eye and the total angular subtense of the
matrix was 6.5 x 6.5 degrees. All measurements of accommodation were made using a

modified Canon R-1 autorefractor. All readings in the present study were taken from the

T Hydron 06 Soft contact lenses: Hydron Europe Limited, Camberley Surrey, U.K.
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left eye. In order to differentiate between changes in accommodation induced by the
imposition of mental effort and those which are due to micro-fluctuations,

accommodation was sampled over a two minute period for each experimental condition

(see section 6.1B pps. 151-154).

Accommodative responses were measured for two conditions, as described in section
6.1B (pps. 151-154), each of which required a low or a high level of mental effort. The
low-level task (i.e. the passive condition) required the subject to read the array of
numbers to himself. The higher level of mental effort (i.e. the active condition) involved
the subjects adding the numbers in rows or columns of five. Two arrays of numbers
were presented consecutively and one hundred estimates of the accommodative response
were made. It is important to note that the visual nature of the task, the targets and the
changing of fixation, were all identical for the two conditions. Consequently it is

assumed that any difference in accommodative response between the two conditions is

solely attributable to the amount of mental effort exerted.

Each experimental session consisted, therefore, of six sets of measurements, i.e. two
mental conditions at each of the three stimulus vergences. A two minute rest period was
allowed between each measurement and the subject was permitted to gaze freely around
the laboratory. The order in which these measurements were taken was randomised in
order to minimize the influence of tonic adaptation (Schor ez al., 1986) or

accommodation fatigue (Malmstrom ez al., 1981).

6.2C - Results

Each experimental session yielded six mean values of the accommodative response for
each subject. The mean of each of these values for both the myopic group and the
emmetropic group are given in Table 6.2. For the passive condition the myopic subjects

exert less accommodation than the emmetropes. There is not, however, such a marked

difference in the responses for the active condition.
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The effect of the imposition of mental effort can be assessed by subtracting the
accommodative response for the passive condition from that for the active condition.
This change in accommodation, termed the cognitive induced shift, was calculated for
each subject and the mean values are given, for each refractive group, in Table 6.2. The
mean cognitive induced shifts for each refractive group are plotted as histograms in Fig.
6.3. It can be seen that for the emmetropic group the imposition of mental effort induces
a significant increase in mean accommodative response for the -1 D stimulus, a response
approximately equivalent to the passive condition at -3 D and a reduction in response at
-5 D, as reported in section 6.1B (pps. 151-154). For the myopic group, however,
mental effort induces an increase in accommodative responses for all stimulus locations.
This response to the imposition of mental effort is comparable to that for emmetropes
who show no evidence of sympathetic inhibition or where the sympathetic input had

been blocked using timolol (see section 6.1 pps. 150-160).

TABLE 6.2. Mean accommodative response values for each
refractive group and each experimental condition. The mean cognitive
induced shifts are also given. Figures in brackets represent standard
errors of the mean.

STIMULUS EMMETROPES  LATE-ONSET
VERGENCE MYOPES
PASSIVE 1.06  (0.04) 1.00  (0.05)
.1.00 D  ACTIVE 1.14 (0.05) 1.08  (0.05)
SHIFT 40.09 (0.02)  +0.08 (0.02)
PASSIVE 270 (0.04) 2.62  (0.05)
.3.00 D  ACTIVE 2.69 (0.04) 2.69 (0.05)
SHIFT 2001 (0.01)  +0.07 (0.02)

PASSIVE 4.40 (0.05) 427 (0.06)

-5.00 D ACTIVE 437 (0.06) 4.34 (0.07)
SHIFT -0.03 (0.02) +0.07 (0.02)
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6.2C - Statistical analyses

Three-factor analyses of variance [refractive group (myopes vs. emmetropes), stimulus
vergence and task (passive vs. active)] were carried out for the values of accommodative
response shown in Table 1. Analyses revealed significant effects for vergence (F =
4566.33; P < 0.001; d.f. = 2, 156) and refractive group (F = 4.966; P < 0.05; df. = 1,
156). Such analyses take no account, however, of the within-subject design of this
experiment. Three-factor analyses of variance (stimulus vergence, task and subject)
were, thereforé, carried out for the values of accommodative response for each refractive
group. F-ratios for main treatment effects and second order interactions were computed
using denominators that took account of the interactive effects with respect to subjects.
For example, F-ratios for task effects were calculated by dividing the mean square for
task by the mean square for the task/subject interaction (Willemsen, 1974). For the
emmetropic group significant effects were indicated for subjects, (F = 45.41; P <0.001;
d.f. = 13, 78) vergence (F = 2744.01; P < 0.001; d.f. = 2, 78). The task/vergence
interaction was also significant (F = 9.97; P < 0.001; d.f. = 2, 78) indicating that the
changes in accommodative state induced by the imposition of mental effort are dependent
on the stimulus vergence. Conversely, analyses for the myopic group revealed
significant effects for subjects, (F = 101.24; P < 0.001; d.f. = 13, 78), stimulus
vergence (F = 2792.23; P < 0.001; d.f. =2, 78) and task (F = 27.69; P < 0.001; d.f. =
1, 78) but no significant task/vergence interaction. This demonstrates that, for the
myopic group, mental effort induces a significant increase in accommodative responses

which is independent of stimulus location.

Partial analyses of variance (two-factor: vergence and refractive group) were also carried
out for the values of accommodative response for the passive condition and for the active
condition. These revealed that there was a significant difference in accommodative

response between the two refractive groups for the passive condition (F = 5.55; P <

0.05: d.f. = 1, 78) but not for the active condition.
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6.2E - Discussion

It can be seen from Table 6.2 that myopes exert significantly less accommodation than
emmetropes for the passive condition. This increase in accommodative lag in myopes
has been reported previously by McBrien and Millodot (1986a) and may be due to a
number of factors. It is feasible that the lower accommodative response found in myopes
is due to optical factors, such as depth-of-focus. The myopic group may, for example,
be more tolerant of blur due to their experience of poor distance vision. Conversely,

emmetropes who are used to clear vision at all distances may accommodate more

critically.

The accommodative response is dependent on a number of subject and target
characteristics but, in general, as the stimulus is degraded the accommodative response
approaches the subject's tonic accommodation (TA) (Heath, 1956a; Owens and
Leibowitz, 1975; Johnson, 1976; Charman and Tucker, 1977; Charman, 1986).
McBrien and Millodot (1986a) suggesed that the lower accommodative response in
myopes is associated with myopes having lower values of TA (Maddock ez al., 1981;
McBrien and Millodot, 1987). It should be noted that in the present study all
measurements were made under binocular conditions. It has been suggested, however,
that the accommodation exerted when viewing a near target is determined by the
vergence requirements of the stimulus (Fincham and Walton, 1957). It is possible,
therefore, that differences in the accommodative response may reflect variations in the
AC/A ratio between emmetropes and myopes (Baldwin, 1965; Rosenfield and Gilmartin,
1987b). It may, therefore, prove interesting to compare monocular and binocular

accommodative responses in emmetropes and late-onset myopes.

The present study demonstrates accommodative differences between emmetropes and

late-onset myopes. It would appear that for the passive condition myopes exert

significantly less accommodation than emmetropes. It is interesting to note, however,

that for the active condition there is no significant difference in accommodative response
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between the two refractive groups. This is consistent with a previous study which
measured TA in emmetropes and late-onset myopes under passive and active conditions
(see chapter 5 pps. 141-149). It was found that, under passive conditions, the mean TA
of the myopic group was 0.81 D (sd = 0.46 D) which was significantly lower than that
of the emmetropic group (mean = 1.14 D, s.d. = 0.46 D). Under the active condition,

however, there was no significant difference between the two groups.

The imposition of mental effort induces changes in the accommodative state of both
refractive groups. The nature or pattern of these cognitive induced shifts in
accommodation are, however, different for the two refractive groups. This may be due
to the well established psychological differences that exist between emmetropes and
myopes (Young et al., 1975; Baldwin, 1981; Gawron, 1981; 1983). Indeed, certain
authors have suggested that psychological factors may influence the development of
refractive errors (Van Alphen, 1961; Young er al., 1975). Van Alphen (1961) suggested
that stress or emotion may interfere with the emmetropization mechanism and that the
stress associated with studying for exams may contribute to the development of 'school
myopia'. Hence the findings of the present study may be due to variations in the groups'
psychological response to the task. One would anticipate, however, that differences
would exist at all stimulus locations yet the cognitive induced shifts in accommodation |

are almost identical for the -1 D stimulus and significant differences only exist for the -3

and -5 D stimuli.

An alternative explanation is that the results reflect variations in physiological response to
the psychogical stress of the task. In the previous section it was shown that at low levels
of accommodative demand the imposition of mental effort induces a
parasympathetically-mediated increase in accommodation for the majority of emmetropic
subjects whilst at higher levels a sympathetically-rnediated decrease in accommodation.

Tn a small number of the experimental group, however, the imposition of mental effort

induced increases in accommodation at all stimulus locations. In these subjects
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sympathetic blockade had no effect on the cognitive induced shifts in accommodation.
For the myopic group in the present study the imposition of mental effort induces
increases in accommodation at all stimulus vergences. The inference is, therefore, that
these shifts are parasympathetically mediated and that myopes lack an inhibitory

sympathetic input which, in most emmetropes, attenuates such shifts during near-vision.

Previous research has demonstrated that a period of sustained closework induces myopic
shifts in TA (see section 1.5D pps. 50-55). Such tonic after-effects have been termed
accommodative ‘hysteresis' or 'adaptation of tonic accommodation' and Ebenholtz
(1983) proposes that accommodative hysteresis may be a precursor to induced myopia.
Furthermore Gilmartin and Hogan (1985a) suggested that the sympathetic input to the
ciliary muscle serves to attenuate myopic shifts in TA and that induced myopia may
develop due to an inadequate inhibitory sympathetic input. The present study has
demonstrated that at near, emmetropes show evidence for sympathetic innervation to the
ciliary muscle whilst myopes show no evidence for such an input. These findings
would, therefore, support the hypothesis that myopes have a reduced inhibitory

sympathetic facility.

6.3 - DISCUSSION ON MENTAL EFFORT AND THE STEADY-STATE

ACCOMMODATIVE RESPONSE

As indicated earlier, the existing experimental evidence concerning mental effort and
accommodation is somewhat contradictory. Kruger (1980) found that when 20 subjects
changed from passive reading of a series of two-digit numbers at 40 c¢m to adding the
numbers the level of accommodation increased by a mean of 0.28 D. Conversely
Malmstrom ez al. (1980) demonstrated that a written backward-counting task could

induce hyperopic shifts of 0.25-0.75 D from a 3.00 D target stimulus.
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Birnbaum (1985) postulated that the conflicting results of Malmstrom et al. (1980) and
Kruger (1980) may be explained by optical factors. Kruger's concurrent‘mental task was
centred on the visual stimulus for which accommodation was measured. The need for
greater attention to the task may have, therefore, required more accurate accommodation.
In the study of Malmstrom and his co-workers a written backwards counting task was
employed to induce high levels of mental effort. This may have diverted the subject's

attention away from the fixation target thus causing accommodation to relax towards

some intermediate resting position.

Attempts were made in the present study to limit the influence of optical factors by
keeping the visual nature of the task identical for both the passive and active conditions.
In addition the angular subtense of the targets was constant for all stimulus vergences.
Furthermore, instillation of the drugs employed in section 6.1, viz. salihe and timolol
should not influence pupil size (Gilmartin er al., 1984). If optical factors do influence the
shifts in accommodation induced by mental effort, one might expect similar trends for
both the saline and timolol trials. Inspection of the results, however, shows that for the
-5 D stimulus the imposition of mental effort induces a mean decrease in accommodation
for the saline trial and a mean increase for the timolol trial. It would appear, therefore,
that psycho-physiological and not optical factors are responsible for the cognitive

induced changes in the accommodative response.

Finally it is possible that the significant difference in cognitive induced shifts at near for
the two refractive groups may explain why the results of previous investigations have
conflicted (Kruger, 1980; Malmstrom et al., 1980). Inspection of the results of the
present study shows that for the -5 D stimulus the imposition of mental effort induces a
mean decrease in accommodation for the emmetropic group but a mean increase for the
myopic group. It is feasible, therefore, that the conflicting results found in previous

studies may be due partly to the refractive error of the subjects selected.
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CHAPTER 7

THE ADAPTATION OF TONIC ACCOMMODATION IN

EMMETROPIA AND LATE-ONSET MYOPIA

7.1 - INTRODUCTION

The evidence for environmental and genetic influences in the development of refractive
errors has been reviewed in section 1.7 (pps. 61-71). The particular aspect of refractive
error of interest to this thesis is the development of late-onset myopia. Goldschmidt
(1968) and Stevenson (1984) suggested that myopia which is late in onset is related to
particular visual functions such as excessive near-work and is influenced little by genetic
factors. Various workers have suggested that accommodation plays an important role in
the development of myopia (e.g. Bedrossian, 1966; Young, 1975). Furthermore,
McBrien and Millodot (1986a) proposed that if accommodation is a factor in myopia
development then one would expect fundamental differences in accommodative
responses between various refractive groups. This proposal is supported by the findings
that late-onset myopes have lower values of tonic accommodation (TA) than emmetropes
(see Chapter 5 pps. 141-149) and also show a greater lag of accommodation for near

visual stimuli (see Chapters 6).

It is well established that a period of sustained fixation can produce significant changes
in a subject's TA (see section 1.5D pps. 50-55). Ebenholtz (1983) demonstrated that 8

minutes of monocular fixation at the far point (FP) produced a mean decrease in TA of

_0.21 D whereas a similar period of near point (NP) fixation produced a mean increase in
TA of 0.34 D. He noted, however, that the FP target was, on average, 5.12 D closer

than the subject’s resting position, whilst the FP target was 0.98 D beyond the subject's
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TA and it might have been expected, therefore, that the effect of NP fixation on TA
would be some five times that of the FP target. Ebenholtz proposed that this
non-linearity was evidence for the existence of two sub-sytems for the control of
accommodation, one controlling accommodation for near vision and one for distance
vision, although he did not speculate on the nature of these systems. Ebenholtz's results
led Gilmartin and Hogan (1985a) to suggest that the non-linearity of hysteresis effects
was a result of an enhanced inhibitory sympathetic input associated with the high level of
concurrent parasympathetic activity during near point fixation and that the inhibitory

sympathetic input to the ciliary muscle may serve to attenuate task-induced increases in

TA.

The study reported in chapter 3 (pps. 107-125) demonstrated that, in emmetropes,
inhibitory sympathetic innervation of ciliary smooth muscle provides the facility to
attenuate the magnitude and duration of the positive shifts in TA induced by a sustained
near-vision task. The facility was, however, restricted to those individuals having
relatively high levels of pre-task TA. Furthermore, it was found that concurrent
parasympathetic activity was a pre-requisite for the operation of sympathetic inhibition.
This work was supplemented by the findings that late-onset myopes have values of TA
which are lower than those of emmetropes (see Chapter 5 pps. 141-149; McBrien and
Millodot, 1987). A prediction from the studies described in Chapters 3 and 5 would be
that the myopic group would be more susceptible than emmetropes to positive shifts in

TA induced by a sustained near visual task since their relatively low levels of TA may

restrict the operation of an inhibitory sympathetic input.

Whether or not short-term task-induced changes in TA accumulate to an extent whereby
the manifest refractive state of the eye is modified remains speculative. If, however,
excessive tonic adaptation is a precursor to myopia one might predict significant
differences between the adaptational facility of late-onset myopes and emmetropes.

Indeed, if late-onset myopia has developed as a result of excess tonic adaptation it might
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be predicted that such a group of myopes would be more susceptible to TA after-effects.

It was decided, therefore, to conclude the programme of experimental work with a

comparison of the adaptation of TA to near-vision tasks in emmetropes and late-onset

myopes.

An important methodological consideration of the study was the method used to open the
accommodative loop. In a recent study, Schor et al. (1986) demonstrated that the
imposition of darkroom conditions immediately following a task effectively masks the
adaptation of TA that has been induced by a sustained near-vision task. TA after-effects
were investigated under three open-loop conditions; Maxwellian view (pin-hole pupil),
empty-field (Ganzfeld) and darkness. Following 1 minute of sustained fixation at -2 D,
TA regressed to baseline levels after a few seconds in darkness. For the empty-field and
Maxwellian view conditions,'however, several minutes was required for TA to reach
pre-task levels. Furthermore, if allowed to regress in darkness, TA would return to its

adapted state when Maxwellian view conditions were reinstated.

Wolfe and O'Connell (1987) compared the adaptation of TA under darkroom and bright
empty-field conditions in 21 subjects using a vernier optometer. They found that the
adaptation of TA was significantly greater for the empty-field condition than for the
darkroom condition (difference = 0.43 D, t = 2.24, p < 0.05). These differences in
adaptation were, however, due entirely to a subset of subjects (N = 5) who showed
much larger TA after-effects (> 2.5 D) for the empty-field condition. Wolfe and
O'Connell also found that pre-task TA values measured under empty-field conditions

were significantly higher than those measured under darkroom conditions.

The study reported in Chapter 3 (pps- 107-125) adopted darkness as the method of

opening the accommodative loop. It was decided, however, 10 investigate further the

influence of the method of opening the accommodative loop on the time-course and

duration of TA after-effects. This chapter consists, therefore, of two studies. The first
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investigates the adaptation of TA for two open-loop conditions in a group of 10 subjects.
The second experiment is a more extensive investigation of the nature of tonic adap‘tation
in late-onset myopes and emmetropes. The results of the first study would help to decide
the method of opening the accommodative loop used in the second experiment. It was

also felt appropriate to adopt a similar experimental design for both studies to that

described in Chapter 3 (pps. 107-125).

7.2 - MEASUREMENT OF ADAPTATION OF TONIC
ACCOMMODATION UNDER TWO OPEN-LOOP CONDITIONS

7.2A - Method

Ten male subjects participated in the study. All subjects were aged between 19 and 25
years (mean = 21.9) and 5 were classed as emmetropic and 5 were classed as myopic.
The emmetropic subjects had refractive errors between plano and +0.25 best sphere
(mean = +0.08 D) with no more than 0.25 dioptres of astigmatism. All myopes
participating in the experiment had developed myopia after the age of 15, the mean age of
onset being 18.2 years (s.d. = 3.2 years). The myopic subjects had refractive errors
between -0.75 and -2.25 diopters best sphere (mean = -1.42 D) with no more than 0.50
dioptres of astigmatism and were corrected using ultra-thin soft lenses!. Twenty minutes
were allowed between lens insertion and the commencement of the experiment to allow
adequate adaptioh. Smail errors of refraction were determined prior to accommodation
measurements being taken by accurate distance subjective refraction. All subjects, when

corrected, could achieve a distance visual acuity of 6/5. All measurements of

accommodation were made using the Canon R-1 autorefractor and were made on the left

eye only.

+ Hydron 06 Soft contact lenses: Hydron Europe Limited, Camberley Surrey, UK.
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Subjects were randomly allocated to six experimental sessions each of which lasted
approximately 30 minutes. Each session comprised a combination of 1 of 2 open-loop
conditions (empty-field or darkness) and 1 of 3 task conditions (-1D, -3 Dor-5D). The
ganzfeld (empty-field condition) was produced by placing an opaque white screen
against the semi-silvered mirror on the Canon R-1, which is around 12 cm from the
subject's eye. The screen was back illuminated by four 40 watt bulbs mounted one metre

from the subject while the room lights were extinguished. The luminance of the field was

measured as 60 cd/m?. The ganzfeld so produced subtended 35 degrees horizontally by
20 degrees vertically. Any contours visible to the subject beyond this eccentricity should
have little or no influence on accommodation (see Section 2.3 pps. 93-101). The right
eye was occluded to avoid possible vergence interactions and subjects were instructed to

relax, to look straight ahead and not to make any effort to focus on the white screen.

An experimental session commenced with an initial 10 minute period in one of two
open-loop conditions to limit the effect of pre-task influences on initial TA values. After
this "wash-out" period 10 TA measurements were taken every minute for 5 minutes and
later averaged to give a pre-task estimate of TA. This was followed by a 10 minute task
at either -1, -3 or -5 D. While viewing through the semi-silvered mirror of the infra-red
optometer subjects were required to add together a series of black numbers on a white
background (90% contrast). The targets were scaled for each task location such that the
digits subtended 0.4 degrees at the eye. The task was employed so that active
accommodation was required for the duration of the task and furthermore provided a
specific level of mental effort. Following the task, open-loop conditions were reinstated
and TA was immediately measured at approximately 1 second intervals over a 90 second

period. Five seconds was allowed following the imposition of open-loop conditions for

slight re-alignment of the instrument.

7.2B - Results

The mean values of pre-task tonic accommodation (TA) for each experimental condition
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are given in Table 7.1. All individual TA values have been adjusted for each subject's

small residual refractive error. The mean values of TA are similar for the darkroom and
empty-field conditions, indeed statistical analysis revealed that the method of opening the
accommodative loop has no significant influence on the the value of TA recorded (t =
1.58, d.f. = 9, p = 0.15). Furthermore, by plotting the values obtained for the
empty-field condition against those recorded for the darkroom condition (see Fig. 7.1), it

can be seen that the two sets of values are well correlated (r = 0.89, p = 0.001).

TABLE 7.1 - Mean pre-task tonic accommodation (TA) for each

experimental condition (N = 10). Figures in brackets represent standard
deviations.

LIGHT DARK
-1.00 . 1.02 (0.38) 0.95 (0.43)
-3.00 1.07 (0.42) 0.93 (0.47)
-5.00 0.89 (0.32) 0.82 (0.40)
MEAN 0.99 (0.30) 0.90 (0.38)

The post-task TA data was summarised for each subject using the procedure described in
chapter 3 (pps. 107-125): the means and standard deviations were calculated for the nine
sets of 10 data points that were symmetrically placed about the 10, 20, 30.......... 90
second points; the respective pre-task level of TA was subtracted from each of these

mean values and graphs of mean post-task shift in TA were plotted against time for each

experimental condition (see Figs. 7.2,7.3 and 7.4).

The -1 D task produced no significant change in post-task TA for either open-loop
condition. The -3 and -5 D tasks produced, however, an increase in mean post-task TA

of around +0.50 which dissipated after around 60 seconds consistent with the ﬁndings
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of Chapter 3 (see Figs. 7.3 and 7.4). Inspection of Figs. 7.3 and 7.4 indicates that the
the regression of TA towards pre-task values is similar for darkroom and empty-field
conditions. A comparison of the regression patterns for the two refractive groups was
not made in the present study (see section 7.3 pps. 184-194). Inspection of the results

revealed, however, no interaction between refractive group and the method of opening

the accommodative loop.

Four- factor analyses of variance [i.e. condition (empty-field vs. darkroom), vergence
(1, 3 or 5 D), time and subject] were carried out on the post-task shifts in TA illustrated
in Figs. 7.2, 7.3 and 7.4). F-ratios for main treatment effects and second-order
interactions were computed using denominators that took account of the interactive
effects with respect to subjects. For example, F-ratios for vergence effects would be
calculated by dividing the mean square for vergence by the mean square for the
vergence/subject interaction (Willemsen, 1974). Analyses indicated sigr;ificant effects for
subjects (F = 21.03; p < 0.001; df = 9, 486), time (F = 17.30; p < 0.001; df = 8, 486)
and vergence (F = 7.63; p < 0.001; df = 2, 486). Condition was found to be
insignificant indicating that the magnitude of the post-task shifts in TA are independent
of the open-loop condition adopted. Vergence/time interactions and condition/time
interactions were also significant (F = 4.17; p < 0.001; df = 16, 486) and (F=3.37;p<
0.05: df = 8, 486) respectively. This indicates that the open-loop condition adopted have

a minor influence on the time-course of the post-task shifts in TA.

7.2C - Discussion
The significant correlation found in the present study between pre-task tonic

accommodation (TA) values obtained under darkroom and bright empty-field conditions

Supports previous studies (Westheimer, 1957, Heath, 1962, Phllhps, 1974, Leibowitz

and Owens, 1975a). Leibowitz and Owens (1975a) compared TA in darkroom and

empty-field conditions using a laser optometer. They found the two accommodative

states to be well correlated (r = 0.68, p < 0.001). Wolfe and O'Connell (1987) found,
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however, that estimates of TA under empty-field conditions were significantly higher
than those measured under darkroom conditions (difference = 0.50 D, t = 4.40, d.f. =
20, p < 0.001). They do not offer any convincing explanation for these differences but
propose the existence of two resting states; the accommodative system being at rest in the
dark but maintaining a more vigilant state when any light is present. It is important to
note that in the present study 7 out of 10 of the subjects showed more myopic resting
positions under empty-field conditions. A further study comparing estimates of TA

under the two open-loop conditions in a larger number of subjects would contribute

further to the existing experimental data.

The results of the present study demonstrate similar patterns of regression of TA towards
pre-task levels following a sustained near-visual task for both darkroom and empty-field
conditions. This fails to support the findings of Schor er al. (1986) who proposed that
the duration of tonic after-effects is dependent on the method of opening the
accommodative loop. Schor et al. (1986) found that following 1 minute fixation of a
target at -2 D, the duration of TA after-effects for the Maxwellian view (pin-hole pupil)
and empty-field conditions was several minutes and contrasted with the several seconds
required for the darkroom condition. Furthermore, if allowed to regress in darkness, TA
would return to its adapted state when Maxwellian view conditions were reinstated.
Schor et al. (1986) concluded, therefore, that rather than decaying more rapidly in
darkness, tonic adaptation was masked by darkness. No attempt was made in the present
study to reinstate empty-field conditions following regression of TA in darkness but it

would not be unreasonable to assume that the masking effects described by Schor ez al.

(1986) would not be observed.

Ciuffreda and Kenyon (1983) cite the data of Phillips (1974) who, like Schor et al.
(1986), compared the regression of accommodation towards its resting position for

darkness, empty-field and Maxwellian view conditions and found time constants of 4, 6

and 10 seconds respectively. He found that, under darkroom conditions, accommodation
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took around 15 seconds to reach the resting

position whereas under Maxwellian view

conditions 40 seconds was required. No data is provided, however, concerning the
duration of accommodation prior to open-loop conditions being introduced. These
results show similar trends to those of Schor et al. (1986) yet the decay time for
Maxwellian view conditions is twice that for darkroom conditions compared with Schor -
and his co-workers who found that tonic after-effects took some ten times longer to

dissipate for Maxwellian view and empty-field conditions than for darkroom conditions.

Wolfe and O'Connell (1987) report findings that concur with those of Schor et al.
(1987). They used a vernier optometer to compare the adaptation of TA under darkroom
and bright empty-field conditions in 21 subjects. They found that the adaptation of TA
was significantly greater for the empty-field condition than for the darkroom condition
(difference = 0.43, t = 2.24, p < 0.05). This differences in adaptation were, however,
due entirely to a subset of five subjects who showed much larger TA after-effects (> 2.5
D) for the empty-field condition. Wolfe and O'Connell term these subjects
'superadaptors'. It possible, therefore, that the subjects used by Schor and his
co-workers were all superadaptors while the subjects who participated in the present
study were from the remaining population. It is appropriate, however, to consider other
possible reasons for the discrepancies between the present study and those of other
studies (Phillips,1974; Schor ez al., 1986; Wolfe and O'Donnell, 1987). Little is known
about the experimental protocol of Phillips (1974) so the remaining dicussion will be

confined a comparison of the results of Schor ez al. (1986) and the present study.

There are certain methodological differences between the studies which should be

considered. First, Schor and his co-workers employed monocular fixation to produce

adaptation of TA whereas in the present study changes in TA were produced by a

binocular task. It is possible, therefore, that the interaction of accommodation and

vergence may account for the conflicting results of the two studies. This explanation

seems unlikely, however, since Schor ez al. (1986) and Wolfe and O'Connell (1987)

182




have shown that both vergence accommodation and accommodative vergence produce
adaptation of TA. A second possible explanation for the differences in results is that
Schor er al. (1986) employed a 1 minute fixation period at -2 D compared with the ten
minute task at -5 D adopted in the present study. Wolfe and O'Connell (1987) suggested
that TA after-effects are found only if strong adapting stimuli are used. It may prove

fruitful, therefore, to compare the adaptation of TA under the two open-loop conditions

for various task durations.

An additional factor which may influence the time taken for post-task TA to regress to
pre-task levels is the age of the subjects participating in the study. Patients in their late
thirties frequently complain of a reduction in the speed of their accommodation (Allen,
1956). It is possible, therefore, that this increased accommodation response time is
reflected in TA after-effects taking longer to dissipate in older subjects. Subjects
participating in the present study were aged between 19 and 25 years and although Schor
et al. (1986) do not disclose the age of their volunteers, it is understood that at least two

were over thirty years of age (Kotulak, personal communication).

Finally, it is should be noted that Schor et al. (1986) employed a badal optical system to
produce the Maxwellian view and empty-field conditions. Such apparatus may induce
proximal accommodation for these conditions since a large amount of experimental
apparatus is visible to the subject but not for the darkroom condition (Schober ez al.,
1970). Hence, more sustained TA after-effects might be found for the Maxwellian view
and empty-field conditions. It would be interesting, therefore, to cdmpare the adaptation

of TA using different techniques to produce bright empty-field conditions.

Whatever the reasons for the discrepancies between the present study and that of Schor

et al. (1986) the present study found little or no difference between the regression of TA

towards pre-task levels for darkroom and empty-field conditions. The following section

i i - myopes and it was decided
compares the adaptation of TA in emmetropes and late-onset myop
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to adopt darkroom conditions for the measurement of TA since this technique has been

employed in Chapters 2 to 5.

7.3 - THE ADAPTATION OF TONIC ACCOMMODATION IN
EMMETROPIA AND LATE-ONSET MYOPIA

7.3A - Method

Thirty subjects (26 male and 4 female) participated in the study. All subjects were aged
between 19 and 25 years (mean = 21.5) and 15 were classed as emmetropic and 15 were
classed as myopic. The emmetropic subjects had refractive errors between plano and
+0.50 best sphere (mean = +0.15 D) with no more than 0.50 dioptres of astigmatism.
All myopes participating in the experiment had developed myopia after their 15th
birthday, the mean age of onset being 17.5 years (s.d. = 2.3 years). The myopic
subjects had refractive errors between -0.50 and -2.25 diopters best sphere (mean =

-1.42 D) with no more than 0.50 dioptres of astigmatism and were corrected using

ultra-thin soft lensest. Twenty minutes were allowed between lens insertion and the
commencement of the experiment to allow adequate adaption. Small errors of refraction
were determined prior to accommodation measurements being taken by accurate distance
subjective refraction. All subjects, when corrected, could achieve a distance visual acuity

of 6/5. All measurements of accommodation were made using the Canon R-1

autorefractor and were made on the left eye only.

Subjects were randomly allocated to three experimental sessions each of which lasted
approximately 30 minutes. Each session commenced with an initial 10 minute period in

darkness to limit the effect of pre-experiment influences on initial TA values. Following

this "wash-out" period 10 TA readings were taken every minute for 5 minutes

 Hydron 06 Soft contact lenses: Hydron Europe Limited, Camberley Surrey, U.K.
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and later averaged to give a pre-task estimate of TA. This was followed by a 10 minute
task at either -1, -3 or -5 D. While viewing through the semi-silvered mirror of the
infra-red optometer subjects were required to add together a series of black numbers on a
white background (90% contrast). The targets were scaled for each task location such
that the digits subtended 0.4 degrees at the eye. The task was employed so that active
accommodation was required for the duration of the task and furthermore provided a
specific level of mental effort. The accommodative response was measured at one minute
intervals during the task. Following the task, the room lights were extinquished and TA
was immediately measured at approximately 1 second intervals over a 90 second period.
Five seconds was allowed following extinction of the room lights for slight re-alignment

of the instrument.

7.3B - Results

The mean pre-task values of TA for each task condition are given in Table 7.1. All
individual TA values have been adjusted for each subject's small residual refractive
error. The mean TA value for the myopic group is significantly lower than that of the
emmetropic group (myopic mean = 0.75 D, s.d. = 0.19; emmetropic mean = 1.10 D,

s.d. = 0.36; t = 3.25, d.f. = 28, P = 0.003).

The mean accommodative response during the task is also given for each task location
and for each refractive group. Two-factor analyses of variance [task location and

refractive group (emmefropes vs. myopes)] were carried out for the values of

accommodative response recorded during the task, given in Table 7.1. The effect of task

location and refractive group were both found to be significant (F = 1078.14; p < 0.001;

df = 1. 84 and F = 5.336; p < 0.05; df = 2, 84 respectively). This is consistent with

previous studies which have demonstrated that, at near, myopes show increased

accommodative lag (McBrien and Millodot, 1986a; see section 6.2 pps. 160-168).
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E?I%E 7b2 - Mean pre-task tonic accommodation (TA) for each group
sudJe_cts and for each experimental condition. The mean
accommodative response during the task is also shown for each group

and for each experimental conditi i i
1e - 1tion. Figures in brack
standard deviations. EMM = Emmetropes. i eKets represent

PRE-TASK TA (D) ACCOMMODATIVE
RESPONSE (D)
EMM MYOPES EMM MYOPES

-1.00 1.16 (0.41) 0.73 (0.24) 1.04 (0.28) 0.96 (0.21)
-3.00 1.04 (0.40) 0.83 (0.25) 2.69 (0.16) 2.55 (0.29)
-5.00 1.05 (0.36) 0.66 (0.23) 4.40 (0.20) 4.33 (0.40)

MEAN 1.08 (0.36) 0.75 (0.19)

The post-task TA data was summarised for each subject using the procedure described in
chapter 3: the means and standard deviations were calculated for the nine sets of 10 data
points that were symmetrically placed about the 10, 20, 30.......... 90 second points; the
respective pre-task level of TA was subtracted from each of these mean values and
graphs of mean post-task shift in TA were plotted against time for each experimental

condition and for both refractive groups (see Figs. 7.5, 7.6 and 7.7).

For the -1 D task location the myopic group show a small mean increase in post-task TA
whereas the emmetropic group show a mean decrease (see Fig. 7.5). It is possible that
this is due to the task location being proximal to the mean pre-task TA of the myopic
group (0.75 D) whilst it is slightly distal to that of the emmetropic group. For the -3 and
-5 D tasks the emmetropes show a regression of accommodation towards pre-task TA
th control levels being reached in around 40 s (see Figs. 7.6 and 7.7). This is

levels, wi

consistent with the results of an earlier study reported 1n Chapter 3. The myopic group,

however. show a much flatter regression patterm than the emmetropic group, particularly

for the -5 D task (see below for statistical analysis).
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Three-factor analyses of variance (i.e. refractive group, task location, and time) were
carried out on the post-task shifts in TA. Analyses revealed significant effects for
refractive group (F = 5.967; p < 0.025; df = 1, 756), task location (F = 22.209; p <
0.001; df = 2, 756) and time (F = 22.164; p < 0.001; df = 8, 756). Furthermore,
interactions between refractive group and task location (F = 6.308; p < 0.005; df = 2,
756), refractive group and time (F = 3.562; p < 0.005; df = 8, 756) and task location
and time (F = 2.873; p < 0.001; df = 16, 756) were all significant. This demonstrates
significant differences between the adaptation facility of late-onset myopes and

emmetropes to sustained near-vision.

It can be seen from Figs. 7.6 and 7.7 that the gradient of the post-task regression
patterns are markedly different for the two refractive groups and this may be examined
by further statistical analysis. Inspection of the data suggests that the ‘regression of
accommodation towards pre-task TA values is quasi-linear. Linear regression analysis
was, therefore, carried out for each individual subject’s regression patterns and for each
task location. The mean values of the slopes for each refractive group are shown in Table
7 3. Student t-tests were carried out on the mean values the slopes and it can be seen that
the myopic group have significantly flatter regression patterns than the emmetropes for

both the -3 and -5 D task locations (see Table 7.3).

TABLE 7.3. - Mean slopes of post-task regression patterns for each
task location and for each refractive group. Figures in brackets
represent standard deviations. Computed values of t and p are also

given for each task location.

TASK SLOPE (x 10 D.SEC™) T-TEST
LOCATION

MMETROPES MYOPES t D
-1.00 185 (494)  -0.89 (4.19) 0.58 0.568
-3.00 931 (5.03) 439 (4.67) 278 0.010
-5.00 997 (5.97) 321 (5.93) 311 0.004
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7.3C - Discussion

Several previous workers have investigated the relationship between tonic
accommodation (TA) and refractive error, most of whom have produced inconclusive
results (see section 1.7C pps. 63-68). The study reported in chapter 5 (pps. 141-149)
demonstrated, however, that late-onset myopes have lower values of TA than
emmetropes (myopic mean = 0.81 D, s.d. = 0.46; emmetropic mean = 1.14 D, s.d. =
0.46; t = 2.00, d.f. = 28, p = 0.05) and the results of the present study support these
findings (myopic mean = 0.75 D, s.d. = 0.19; emmetropic mean = 1.10 D, s.d. = 0.36;
t =3.25, d.f. = 28, p = 0.003). It is interesting to note that the difference in TA between
the two refractive groups is similar for both studies, yet the results of the present study

achieve greater significance due to the narrower distribution of the two groups.

It is clear from the post-task regression patterns shown in Figs. 7.6 and 7.7 that, for the
-3 and -5 D tasks, the myopic group show significantly flatter regression slopes than the
emmetropes. It is not unreasonable to assume, therefore, that the post-task shifts in TA
takes longer to dissipate in the myopic group. It is proposed that differences in the
adaptational facility of the two refractive groups imply that there is a relationship between
excessive near-work and myopia. It is fundamental to such a proposal, however, that the
differences between the two groups are greatest for task locations requiring the greatest

levels of accommodation. It is important, therefore, to note that the difference between
the regression characteristics of the two groups is greatest for the task requiring the

highest level of accommodation, viz. the -5 D task (see Table 7.3).

In a recent report McBrien (1987) compared pre- and post-task values of TA for 11

hyperopes, 16 emmetropés, 10 early-onset myopes and 10 late-onset myopes using the

Canon R-1 autorefractor, post-task TA being monitored for a 15 minute period. Subjects

participated in four experimental sessions, performing a visual counting task at four

locations viz. 6m, their pre-task TA position, 37cm and 20cm. McBrien found that

late-onset myopes showed significant positive post-task shifts in TA for both near task
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locations which did not decay during the 15 minute post-task period. Conversely,
hyperopes showed transient decreases in TA for both near tasks while emmetropes and
early-onset myopes showed little change in TA. McBrien's results, therefore, show
similar trends to those of the present study, post-task shifts taking longer to decay in

late-onset myopes. McBrien suggests that changes in TA may play a role in refractive

development.

In a similar experiment, Fisher et al. (1987b) examined the effect of a 10 minute period
of monocular fixation at the near point on TA. Subjects consisted of 12 hyperopes, 12
emmetropes, 12 low myopes and 12 high myopes and measures of TA, far point and
near point were made using a subjective Hartinger optometer. The task produced
significant increases in both TA and near point, the largest changes being recorded for
the high myope group. It is generally considered that myopia which is early in onset
reaches higher levels than late-onset myopia (Goldschmidt, 1968). It would appear,
therefore, that the results of McBrien (1987) and Fisher ez al. (1987b) are contradictory:
McBrien claiming that late-onset (presumably low) myopes show larger sustained
post-task shifts in TA whilst Fisher and her co-workers report that high (probably
early-onset) myopes are more susceptible to adaptation of TA. It would be prudent,
however, to avoid further comparison of these two studies until the results are published

in full.

Inspection of the post-task data of the present study, reveals that the myopic group show
a increase in mean TA of around +0.15 D following the -1 D task which shows little
regression towards pre-task values. This may be explained by the findings of Baker et
al. (1983) who investigated the time-course of TA following 5 seconds fixation at 0, -1,
-2 and -3 D using an infra-red optometer. They proposed the existence of a zone of
inactive accommodation’ within which accommodation was relatively stable in

darkness. rather than a single resting position. Following fixation at stimulus levels

within the rest zone there would be little change in accommodation when the lights were
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extinguished. It is possible, therefore, that the -1 D stimulus lies within the rest zone for

the myopic group and that consequently accommodation shows little regression towards

pre-task levels when the lights are extinguished.

The proposals of Baker et al. (1983) may be applied to the data for the -5 D location.
Their results demonstrated that following fixation proximal to the rest zone TA drifted
towards the near edge of the zone. In the present study the -5 D task induces a mean
increase in TA for both refractive groups but the increase is more sustained for the
myopic group. It is possible, therefore, that this is due to the myopic group having a
larger zone of inactive accommodation than the emmetropic group. This proposal could
be examined by measuring changes in post-task TA for a larger number of task locations

close to the zone of inactive accommodation.

It is interesting to note that during the first 30 seconds following the -3 and -5 D tasks
the emmetropic group show a greater increase in TA than do the myopic group.
Although the initial shifts in TA are smaller for the myopic group, they take longer to
dissipate. A possible explanation for this difference in regression patterns is that the
initial increase in TA for the emmetropic group initiates counter-adaptive mechanisms,
i.e. processes which result in a more rapid decay of post-task shifts in TA. The mean
TA value for the emmetropic group 10 seconds immediately post-task approaches 2.00
D, whereas the mean TA value for the myopic group is around 1.25 D. It is possible that
the higher level of TA triggers mechanisms that result in the adaptation of TA dissipating
more swiftly in the emmetropic group. The study in chapter 3 (pps. 107-125)
demonstrated that, in emmetropes, inhibitory sympathetic innervation of ciliary smooth

muscle provides the facility to attenuate the magnitude and duration of the positive shifts

in TA induced by a near-vision task. The facility was, however, restricted to those

individuals having relatively high levels of pre-task TA. It is feasible, therefore, that

since the myopic group have lower levels of pre-task TA and, indeed, lower levels TA

immediately following the task, the lack of inhibitory facility results in more sustained
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adaptation effects.

The cognitive demand of the visual task may play a role in the differences in post-task
regression patterns of the two refractive groups. The results described in chapter 5 (pps.
141-149) demonstrate that the imposition of mental effort induces a significant increase
in TA (mean = +0.35 D) for late-onset myopes compared with emmetropes (mean =
+0.07 D). No attempt was made in the present study to influence or monitor mental
activity during the post-task measurement period but the mental effort exerted during the

task may have a prolonged effect on a subject's TA although this remains speculative.

This study has demonstrated significant differences in the adaptational facility of
late-onset myopes and emmetropes and that increases in TA induced by a sustained
near-vision task take longer to decay in late-onset myopes than emmetropes. It remains
speculation, however, as to whether an accumulation of short-term task induced changes
in TA can result in a myopic shift in the refractive state of the eye. Further aspects of
adaptation of TA and the development of late-onset myopia are discussed in the final

chapter.
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CHAPTER 8

GENERAL DISCUSSION AND CONCLUSIONS

8.1 - REVIEW OF EXPERIMENTAL RESULTS

Infra-red optometry has been employed to investigate various aspects of the
accommodative response. The majority of the experiments conducted have been
published or are in press. A brief review of the contributions made by the current
programme of research is given below.

1. Laser optometry and infra-red optometry provide estimates of tonic accommodation
(TA) which are well correlated (see section 2.2 pps. 80-93 and Bullimore et al., 1986).
2. Near retinoscopy results can be mathematically adjusted to yield reasonable estimates
of TA (see section 2.2 pps. 80-93 and Bullimore et al., 1986).

3. The accuracy of the accommodative response decreases with increasing retinal target
eccentricity. This decrease in accuracy can be attributed to the increase in minimum angle
of resolution associated with increasing retinal eccentricity (see section 2.3 pps. 93-102
and Bullimore and Gilmartin, 1987b and 1987d).

4. Following a ten minute visual task at -5 D emmetropes show a +0.40 D increase in
TA which dissipates in around 50 seconds (see Chapter 3 pps. 107-125 and Gilmartin
and Bullimore, 1987).

5. In emmetropes inhibitory sympathetic innervation of ciliary smooth muscle provides

the facility to attenuate the magnitude and duration of positive shifts in TA induced by

sustained near-vision tasks. This facility is, however, restricted to those individuals with

relatively high levels of pre-task TA. In addition, concurrent parasympathetic activity is a

pre-requisite for the operation of sympathetic inhibition (see Chapter 3 pps. 107-125 and

Gilmartin and Bullimore, 1987).

6. The imposition of mental effort can induce concurrent changes in TA which are
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largely positive in magnitude and predominantly due to an increase in parasympathetic
innervation to the ciliary muscle (see Chapter 4 pps. 126-140 and Bullimore and
Gilmartin, 1987a).

7. Late-onset myopes have significantly lower values of TA than emmetropes (see
Chapter 5 pps. 141-149, section 7.3 pps. 184-194 and Bullimore and Gilmartin, 1986a
and 1987e).

8. The imposition of mental effort induces a concurrent increase in TA in late-onset
myopes which is significantly greater than that in emmetropes (see Chapter 5 pps.
141-149 and Bullimore and Gilmartin, 1986a and 1987¢ ).

9. In emmetropes the imposition of mental effort induces a concurrent increase in
accommodative response for a -1 D stimulus, no change in response at -3 D and a
reduction in response at -5 D. In myopes the imposition of mental effort induces an
increase in accommodative response at all stimulus locations (see section 6.2 pps.
160-168).

10. In emmetropes sympathetic inhibition can modify the effect of mental effort on the
near accommodative response (see section 6.1 pps. 150-159 and Bullimore and
Gilmartin, 1986b).

11. Late-onset myopes have significantly lower values of steady-state accommodative
response than emmetropes (see sections 6.2 pps. 160-168 and 7.2 pps. 184-194).

12. Estimates of TA obtained under bright empty-field conditions are well correlated
with those obtained under darkroom conditions. There is little or no difference in the
regression of TA towards pre-task values between darkroom and empty-field post-task
conditions (see section 7.2 pps. 173 ).

13. Significant differences in the post-task shifts in TA induced by sustained near-vision

tasks exist between late-onset myopes and emmetropes. The post-task shifts in TA take

longer to dissipate in the myopic group (see section 7.3 pps. 184-194 ).

8.2 - DISCUSSION OF EXPERIMENTAL RESULTS

The present thesis has considered the factors affecting the accommodative response
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during sustained visual tasks, in particular the adaptation of tonic accommodation (TA).

These studies have considered five main areas:

1. The evaluation of objective techniques of TA measurement.

2. An investigation of the time course of the adaptation of TA to sustained
visual tasks.

3. An evaluation of the role of the sympathetic innervation of the ciliary
muscle in the adaptation of TA.

4. An investigation of the contribution of cognitive demand of the task to
the adaptation properties of TA.

5. A comparison of the the adaptation of TA in emmetropia and late-onset

myopia.

8.2A - The evaluation of objective techniques of TA measurement

The methodological studies described in Chapter 2 (pps. 80-93) compared the
measurement of TA by three techniques; infra-red optometry, He-Ne laser optometry and
near retinoscopy. Measurements of TA made by infra-red optometry, using the Canon
R-1 autorefractor, correlated well with those obtained by the more established technique
of laser optometry. This is at variance with the study of Post er al. (1984) who found a
poor agreement between infra-red and laser techniques. This discrepancy may be
partially explained by the laser speckle exposure times adopted by the two studies, which
is thought to be a contaminant of laser estimates of TA (Hogan and Gilmartin, 1984bj;
Kothe et al., 1987). Furthermore, it was found that reasonable estimates of TA could be
tical adjustment of near retinoscopy Tesults. Hence optometrists

determined by mathema

in practice can use near retinoscopy to gain access to the refractive data which may aid

the clinical management of the anomalous myopias and ocular problems associated with

VDU work.

197




The question of correction factors for laser and infra-red optometry was also addressed
in Chapter 2 (pps. 88-93 and 102-106). An attempt was made to determine the correction
factor necessary to obtain an 'absolute' value of accommodation for the Canon R-1. This
was estimated to be +0.20 D. All measures of accommodation in subsequent chapters
were adjusted to account for this factor. Finally the relationship between retinal target
eccentricity and the accommodative response was examined. It was found that the
accuracy of the accommodative response diminishes with increasing target eccentricity
and that targets more than 10 degrees from the fovea have little influence on
accommodation. It is likely that this decrease in accommodative accuracy is due to the
decrease in visual acuity with increasing retinal eccentricity. It is proposéd that in future
studies of the accommodative response experimenters should avoid using apertures with

radii less than ten degrees.

8.2B - The time-course of the adaptation of TA

Previous studies of the adaptation of TA and accommodative hysteresis have produced
somewhat conflicting results concerning the duration of TA after-effects. Ebenholtz
(1983), using laser optometry, estimated that the increases in TA produced by an 8
minute period of near point fixation should take 10.26 hours to decay. Tan and O'Leary
employed similar experimental apparatus and found that the increases in TA produced by
a one hour reading task at -3 D were still present at the end of a 6 hour post-task
measurement period. Conversely, Wolf et al. found that TA, measured with a

haploscope optometer, returned to baseline levels within 3 minutes of the cessation of a

45 minute binocular reading task at -5 D.

The work described in Chapter 3 (pps. 107-125) investigated the time-course of the

adaptation of TA. It was found that a ten minute visual task at -5 D induced a post-task

increase in TA of around +0.50 D. Accommodation returned to pre-task levels,

however, within around 50 seconds. These findings agree with those of Schor et al.

(1986) who employed infra-red optometry to demonstrate that under darkroom
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conditions TA regressed to baseline values in around 5 to 10 seconds following one
minute fixation at -2 D. It should be noted that studies which have employed laéer
optometry (e.g. Ebenholtz, 1983; Hogan, 1985; Tan and O'Leary, 1986) have found
more sustained TA after-effects than those using infra-red optometry (Schor et al., 1986;
see Chapter 3 pps. 107-125). It is proposed, therefore, that the interactive nature of the
laser optometer enhances the duration of post-task increases in TA. Furthermore it could
be argued that the cognitive demand associated with laser optometry contributes to the
increased decay-times found by Ebenholtz (1983) and Tan and O'Leary (1986). The

influence of cognitive demand on accommodation is discussed further in section 8.2D.

8.2C - The role of the sympathetic innervation of the ciliary muscle in the
adaptation of TA

The influence of the non-selective beta receptor antagonist timolol maleate on the
post-task shifts in TA produced by sustained visual tasks was investigated in Chapter 3
(pps. 107-125). The regression of TA towards pre-task values was examined over a 90
second measurement period following a ten minute visual counting task at far (-0.3 D)
and at near (-5.0 D) subsequent to the instillation of timolol or saline. Beta-antagonism
induced significant differences between far and near regression patterns during the 50
second period immediately following the task. This demonstrates that inhibitory
sympathetic innervation of the ciliary muscle provides the facility to attenuate the
magnitude and duration of the positive shifts in TA induced by sustained near-vision.
The facility was restricted, however, to those individuals having relatively high levels of

pre-task TA. It is proposed, therefore, that subjects with relatively high values of TA

have a sympathetic facility that is augmented by substantial levels of concurrent

parasympathetic activity.

The above findings support the original proposal of Gilmartin and Hogan (1985a) that

the sympathetic input to the ciliary muscle serves to attenuate task-induced increases in

TA. This proposal was based on the studies of Ebenholtz (1983) and Hogan (1985).
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Hogan (1985) investigated the effect of a 15 minute interactive task at 2.75, 1.00 and
0.33m on TA and tonic vergence (TV) in 27 subjects. For the far and intermediate tasks,
post-task changes in TA and TV were biased towards the task position and proportional
to the dioptric distance between the task and the subject's pre-task resting position. For
the near task, however, the positive shifts in TA and TV were reduced significantly
when the difference between the task location and initial TA and TV positions was
greater than 1.5 D and 3.5 degrees respectively, i.e. for relatively low values of TA and
TV. This led Gilmartin and Hogan (1985a) to propose that this attenuation of post-task
increases in TA may be mediated by the inhibitory sympathetic input to the ciliary
muscle. The findings of Chapter 3 demonstrate, however, that subjects having relatively
Jow levels of pre-task TA do not have access to an inhibitory sympathetic facility. It
would appear that although the original postulate of Gilmartin and Hogan has been
shown to be correct, it is subjects with relatively high levels of TA that have access to an
inhibitory sympathetic facility. It should be acknowledged, however, that study of
Hogan (1985) was conducted using a subjective laser optometer which may affect the

categorization of pre-task levels of TA.

8.2D - The contribution of cognitive demand of the task to the adaptation
of TA

The study described in Chapter 4 (pps. 126-140) demonstrated that a task involving
relatively high levels of mental load can produce significant shifts in TA. These shifts are
mainly positive and appear to be predominantly parasympathetically mediated, although

there is evidence than the inhibitory sympathetic innervation to the ciliary muscle may

attenuate these changes at higher levels of TA.

A comparison of the influence of the imposition of a mental effort on TA was made for

emmetropes and late-onset myopes and reported in Chapter 5 (pps. 141-149). Under the

passive condition late-onset myopes (mean TA = 0.81 D, s.d. = 0.46 D) were found to

have lower values of TA than emmetropes (mean TA = 1.14 D, s.d. = 0.46 D). The
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imposition of mental effort, however, induced a positive shift in TA for the myopic
group (mean = +0.35 D, s.d. = 0.31 D) which was significantly higher than that for the
emmetropic group (mean = +0.07 D, s.d. = 0.27 D). It is possible, therefore, that the
cognitive demand associated with the subjective laser optometer may mask the difference
in TA between the two groups. This would pﬁrtially explain why the majority of

previous workers have found no convincing relationship between refractive error and

TA.

The influence of mental effort on the steady-state accommodative response was
investigated in Chapter 6 (pps. 150-169). For a group of emmetropic subjects the
imposition of mental effort induced a significant increase in mean respose fora-1D
stimulus, a response equivalent to the passive condition at - 3 D stimulus and a reduction
in response at -5 D. Mental effort induced similar responses for the -1 and -3 D locations
when sympathetic innervation to the ciliary muscle was blocked with timolol. Responses
for the -5 D location were, however, significantly increased and it is proposed that
sympathetic inhibition can modify the effect of mental effort on the near accommodative

response.

The effect of mental effort on the steady-state accommodative response was compared in
emmetropes and late-onset myopes. For the passive condition the myopic subjects
showed a significantly lower accommodative response than the emmetropic group. For
the emmetropic subjects the imposition of mental effort induced a significant increase in

mean respose for the -1 D stimulus, a response equivalent to the passive condition for

the - 3 D stimulus and a reduction in response at -5 D. For the late-onset myopes the

imposition of mental effort induced an increase in accommodative response for all

stimulus locations. The results for the myopic subjects were consistent with those for

emmetropic subjects who showed parasympathetically-mediated cognitive induced shifts

in accommodative response and no evidence for an inhibitory sympathetic input. This

finding supports the proposal that ]ate-onset myopes do not have access to an inhibitory
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sympathetic facility.

The above studies have demonstrated conclusively that the imposition 'of mental effort
can influence a subject’s TA and steady-state accommodative response. This finding has
ramifications for any study of accommodation which employs a subjective optometer
since the value of accommodation recorded by the instrument may have been artificially
elevated or depressed due to the cognitive demand inherent in the method of
measurement. Although it was found in section 2.2 (pps. 80-93) that estimates of TA in
emmetropes recorded by infra-red optometry correlated with those determined by laser
optometry, the findings of chapter 5 (pps. 141-149) would suggest that a poorer
relationship would be found if the experiment was repeated with late-onset myopes,

since they have been shown to be more susceptible to cognitive induced shifts in TA.

8.2E - The adaptation of TA in emmetropia and late-onset myopia

One of the most challenging proposals addressed in this thesis is that of Ebenholtz
(1983) who postulated that accommodative hysteresis or the adaptation of TA is a
precursor to induced myopia. It is well established that a sustained near-vision task can
result in increases in TA (see section 1.5D pps. 50-55). It is unclear, however, if, and
how, these short-term task-induced changes in TA accumulate to an extent whereby the

manifest refractive state of the eye is altered.

It was proposed in Chapter 7 (pps. 170-194) that, if late-onset myopia is the result of

excessive tonic adaptation, individuals with myopia which is late in onset would be more

susceptible to increases in TA induced by a sustained near-vision task. This proposal

was investigated by comparing the regression of TA towards pre-task values following a

ten minute visual counting task at -1,-3and-5D1n fifteen late-onset myopes and fifteen

emmetropes. Significant differences in the post-task shifts in TA were found between the

two refractive groups. Although the nitial increase in post-task TA is greatest for the
g .

emmetropic group, the myopic group show more sustained shifts in TA as evinced by
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significantly flatter post-task regression patterns. It may be assumed, therefore, that the
post-task shifts in TA take longer to dissipate in the myopic group. It is also important to
emphasise that the difference between the regression characteristics of the two groups
was shown to be greatest for the task requiring the highest level of accommodation.
These results provide further evidence for the role of accommodation in the development

of refractive errors, principally late-onset myopia.
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8.3 - CONCLUSIONS AND POSSIBLE AREAS FOR FUTURE
RESEARCH

The thesis has considered various factors associated with the adaptation of tonic
accommodation (TA). Certain fundamental aspects of the adaptation process need to be
considered further, particularly with respect to the development of late-onset myopia.
The present study has shown that post-task shifts in TA take longer dissipate in the
myopic group than in the emmetropic group. If short-term task induced changes in TA
are culmulative one might expect late-onset myopes to have higher values of TA than
emmetropes. The findings of Chapter 3 and 7 demonstrate, however, that late-onset
myopes have lower TA values than emmetropes. A possible explanation is that late-onset
myopes show more sustained adaptation of TA for distance vision as well as for
near-vision. A period of sustained distance fixation, e.g. sitting in a lecture, would thus
induce a more sustained reduction in TA in myopes. It would prove interesting, therefore

to compare the adaption of TA for distance vision in the two groups.

If we assume that all of the subjects participating in this programme of research
undertook a similar amount of near-work it might be expected that the individuals who
are more susceptible to TA after-effects would show an increase in TA over a given time.
It is interesting to note than Owens and Harris (1986) have recently reported that
subjects’ TA values increase during the first year of college and propose that this is
associated with the amount of near-work. It would be very interesting to conduct a
longitudinal study comparing changes in TA and refractive error in emmetropes and

late-onset myopes. The results of such a study would hopefully contribute to the

understanding of adaptation of TA.

The possible mechanisms by which accommodation results in myopia have been

reviewed in section 1.7C (pps. 63-68). If excessive tonic adaptation 1s a precursor to

late-onset myopia, then it is clearly important that the processes by which the cumulative

increases in TA become manifest myopic shifts in refraction are understood. Recent
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work has suggested that the changes in refractive error in late-onset myopia are due to an

increase in axial length (Adams e al., 1986; Adams, 1987) and preliminary studies
within this department would support this hypothesis. How then do changes in ciliary
tonus induce increases in axial length? It is possible that changes in vitreous pressure
play an important role in the mechanism (Young, 1975). Young (1975) demonstrated
that, in monkeys, near-point accommodation induces an increase in vitreous pressure of
around 6-7mmHg. It is possible, therefore that an increase in TA may produce a small
but significant elevation increase in vitreous pressure. It is interesting to note that
Westheimer and Blair (1973b) found that during sleep accommodation assumes its tonic
resting position. It is feasible, therefore, that increases in TA following a day of
sustained near-vision contribute to the elevation of vitreous pressure during sleep.
Further physiological research into accommodation and intraocular pressure during sleep

may provide interesting results concerning the mechanisms of axial elongation.

It is important to acknowledge that the premise that task-induced increases in TA lead to
myopia (Ebenholtz, 1983) is inconsistent with the theory of emmetropization as
proposed by Van Alphen (1961). Ebenholtz postulated that increases in ciliary tone
might accumulate to an extent whereby the manifest refractive state of the eye is altered.
Conversely, under Van Alphen's model myopia is brought about by low
ciliary-choroidal tone. It seems difficult, therefore, to find any common ground between
these two theories of refractive error development. The findings of this thesis would‘
support Van Alphen's prediction that myopes have lower ciliary tone than emmetropes.

Van Alphen postulated, however, that this was the result of a strong sympathetic input to

the ciliary muscle yet the findings of Chapter 3 (pps. 107-125) would suggest that

individuals having low values of TA do not have access to an inhibitory sympathetic

input.

The present research programme has demonstrated that a sustained near visual task can

induce transient increases in TA, supporting the original findings of Ebenholtz (1983).
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The changes in TA found in the present studies were, however, less sustained than those
reported by Ebenholtz. He predicted that the increase in TA produced by 8 minutes
near-point fixation would take over 10 hours to decay whereas the results of Chapters 3
and 7 (pps. 107-125 and 170-194 respectively) demonstrate that, in emmetropes, the TA
after-effects produced by a 10 minute task dissipate within 60 seconds. Ebenholtz also
postulated that the adaptation of TA was a precursor to induced myopia. It is

encouraging, therefore, to note that TA after-effects are more sustained in late-onset

myopes.

A final problem that should be addressed is whether those individuals who have
developed late-onset myopia show the same accommodative characteristics as when they
were emmetropic or indeed hyperopic. Did they, for example, always have low values of
TA or is this a product of the myopic shift in refraction. It is possible that thé different
accommodative characteristics found in late-onset myopia are a form of oculomotor
adaptation to the change in refractive error. Alternatively, the increase in axial length may
have weakened the choroid and sclera which has subsequently lowered the ciliary tone.
This would seem unlikely since ciliary muscle tone is almost certainly neurogenic in
origin (Van Alphen, 1961; Lograno and Reibaldi, 1986). An appropriate approach to this
problem would be to conduct a longitudinal study of refraction and TA in teenagers.
Indeed, it would be interesting to discover whether emmetropes with low values of TA
are more predisposed to developing late-onset myopia than those with high TA values.
The findings of this study would suggest that those subjects with low TA values would

be more likely to become myopic, possibly due to a lack of inhibitory sympathetic

facility.
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APPENDIX I

THE MEASUREMENT OF TA BY LASER OPTOMETRY, INFRA-RED

Table L1 - Values of tonic accommodation (in dioptres) as measured by laser optometry,
infra-red optometry and near retinoscopy for 25 subjects. Laser measures do not

OPTOMETRY AND NEAR RETINOSCOPY

incorporate a correction factor for chromatic aberration.

SUBJECT

LASER
OPTOMETRY

2.26
0.73
1.34
0.60
1.10
0.76
3.43
1.52
1.04
0.62
1.55
0.78
0.30
2.04
-0.06
1.29
0.79
1.54
1.60
0.79
1.03
0.27
0.85
0.25
0.98

207

INFRA-RED
OPTOMETRY

2.69
1.02
1.67
0.28
1.16
0.74
4.03
1.38
1.06
1.27
1.21
1.33
0.74
1.36
-0.13
0.61
1.38
1.38
1.36
0.92
0.56
0.34
1.00
0.38
1.10

NEAR
RETINOSCOPY

1.62
0.62
1.50
0.75
1.00
0.75
2.00
1.25
1.12
0.87
1.25
0.93
0.75
1.25
0.50
1.12
1.50
1.62
2.00
0.75
0.75
0.62
0.75
0.38
0.87




chromatic aberration.

SUBJECT

IT
BC

CT

LASER OPTOMETRY

-0.21
0.32
0.30
0.66

-0.05
0.07
0.24
0.16
0.06
0.12
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Table 1.2 - Values of tonic accommodation/c i i in di

' ycloplegic refraction (in dioptres) as
mea_sureqcliay flaser’ optometry and infra-red optometry following the ins(tillatior? of O).S%
tropicamide for 10 subjects. Laser measures do not incorporate a correction factor for

INFRA-RED OPTOMETRY

-0.10
0.03
0.39
0.28
0.32
0.31
0.52
0.55
0.11
0.11
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Table 1.3 - Con i -
secutive values of tonic accommodation (in dioptres) as measured by

infra-red optometry for ten subje ]
cts f : .
represents mean of readings takeaner tenosresox?c;];elrrilgcllme period. Each value of TA

TIME
(secs)

10

20

30

40

50

60

70

80

90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300

MEAN
S.D.

0.28
0.29
0.28
0.33
0.26
0.29
0.36
0.39
0.34
0.36
0.31
0.28
0.29
0.34
0.32
0.34
0.38
0.28
0.37
0.50
0.33
0.30
0.30
0.28
0.30
0.31
0.36
0.40
0.28
0.28

0.32

0.77
0.62
0.67
0.74
0.77
0.79
0.74
0.66
0.72
0.73
0.58
0.54
0.59
0.60
0.60
0.37
0.44
0.51
0.35
0.42
0.39
0.50
0.51
0.43
0.50
0.55
0.56
0.51
0.51
0.38

CT
0.32
0.15
0.22
0.10
0.01
0.05
0.09
0.00
0.25
0.09
0.04
0.04
-0.05
-0.10
-0.03
0.07
0.31
0.17
0.03
0.18
0.16
0.02
0.00
0.10
0.22
0.27
0.20
0.16
0.13
-0.02

0.61
0.62
0.58
0.46
0.35
0.45
0.45
0.46
0.47
0.49
0.41
0.41
0.40
0.37
0.53
0.33
0.43
0.53
0.42
0.53
0.41
0.38
0.41
0.64
0.56
0.63
0.65
0.43
0.57
0.47

SUBJECT

JR

0.13
0.14
0.10
0.10
0.07
0.17
0.11
0.17
0.09
0.09
0.12
0.06
0.12
0.04
0.02
0.03
0.02
0.02
0.09
0.02
0.05
0.04
0.08
0.02
0.02
0.07
0.09
0.17
0.10
0.03

NC

0.34
0.32
0.26
0.26
0.28
0.35
0.30
0.30
0.27
0.32
0.34
0.37
0.16
0.23
0.25
0.21
0.27
0.28
0.25
0.36
0.33
0.11
0.17
0.18
0.12
0.04
0.16
0.25
0.25
0.11

0.25
0.08

™

0.36
0.40
0.40
0.38
0.45
0.55
0.55
0.58
0.53
0.55
0.67
0.60
0.50
0.40
0.37
0.39
0.19
0.35
0.40
0.12
0.02
0.00
0.29
0.35
0.49
0.30
0.11
0.28
0.25
0.54

0.37
0.18

BC

0.09
0.16
0.14
0.19
0.19
0.20
0.16
0.18
0.21
0.20
0.15
0.08
0.12
0.16
0.10
0.08
0.09
0.14
0.19
0.15
0.09
0.21
0.16
0.16
0.16
0.23
0.15
0.15
0.16
0.19

0.15

MP

0.15
0.27
0.22
0.26
0.20
0.23
0.23
0.26
0.29
0.27
0.31
0.31
0.22
0.20
0.31
0.16
0.15
0.29
0.18
0.26
0.22
0.24
0.19
0.18
0.19
0.13
0.21
0.17
0.16
0.22




~ APPENDIX II

THE INFLUENCE OF RETINAL TARGET ECCENTRICITY ON THE
ACCOMMODATIVE RESPONSE

Table IL1 - Values of accommodative response (in dioptres) for seven subjects
viewing targets of six retinal eccentrity at five stimulus vergences. RTE = retinal target
eccentricity (in degrees), SV = stimulus vergence (in dioptres).

SUBJECT
RTE SV
RL BF RD HS JH JL TB MEAN S8.D
0 -0.16 078 072 0.70 094 0.85 0.66 0.64 0.34
-1 036 1.02 145 126 120 125 1.10 1.09 0.32
0.5 -2 129 198 229 204 191 202 196 193  0.28
-3 1.87 2.66 3.15 297 276 290 2385 274  0.38

4 260 360 393 407 359 4.14 381 368 048

0 015 032 077 082 091 091 042 061 029

1 055 082 124 126 091 133 111 103 026

10 2 127 139 209 226 122 190 195 173 039
3 206 216 311 294 229 291 301 264 042

4 270 342 409 400 3.52 409 384 367 047

0 -0.8 057 071 087 088 073 057 059 0.34

1 029 056 126 140 096 123 101 096 037

50 2 132 176 221 207 113 204 165 174 037
3 184 261 278 296 231 287 263 257 036

4 292 291 381 427 143 416 3.62 330 091

0 -011 039 071 066 085 1.04 043 057 035

5 026 043 098 107 1.09 139 062 083 0.38

20 2 041 018 164 161 129 198 155 124  0.63
5 164 023 281 248 210 281 248 208 085
1% 003 364 321 291 332 349 272 098

01 041 047 082 092 108 041 059 034

O 0% 036 060 120 106 126 064 075 040

so 2 063 06 1l6 173 119 192 129 122 0.6
2 1% 066 218 267 1.04 283 230 185 079

2 i 076 324 304 133 334 312 232 102

] 58 052 126 089 1.66 076 075 0.55

9 o0 023 037 140 087 130 056 078 044

00 2 014 043 091 155 082 173 057 088 05
0 2 030 003 161 134 074 145 096 093 0.0
3 038 001 243 168 085 151 186 122 0483
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APPENDIX III

THE ROLE OF SYMPATHETIC INNERVATION IN THE ADAPTATION
OF TA

Table IIL1 - The effect on the TA (in dioptres) of fifteen subjects of a ten minute
sustained visual task at -0.30 D following the instillation of saline. Each value of

post-task change in TA represents the mean of ten seconds of readings symmetrically
placed about each ten second point.

FAR SALINE
SUBJECT INITIAL POST-TASK CHANGE IN TA
TA
10 20 30 40 50 60 70 80 90
JH 1.01 -0.11 -0.03 +0.01 +0.05 -0.03 -0.09 -0.20 -0.35 -0.28
DJ 1.7  +0.10 +0.89 +0.34 +0.33 +0.11 +0.09 -0.08 +0.04 -0.13
M 1.87 +0.66 +0.13 +0.05 +0.02 -0.19 -0.06 -0.02 +0.06 +0.06

RDF 101 -0.26 -0.27 -0.20 -0.14 +0.03 -0.04 -0.19 -0.12 -0.04

B 038 +0.03 +0.12 +0.05 -0.04 -0.09 +0.04 -0.08 -0.03 -0.09
pPC 0.13 +0.38 +0.36 +0.34 +0.28 +0.27 +0.24 +0.34 +0.41 +0.35
BF 0.70 +0.13 +0.09 +0.24 +0.08 -0.18 -0.29 -0.35 -0.23 -0.26
SB 0.14 +0.50 +0.22 +0.13 +0.05 +0.07 +0.07 +0.07 +0.01 +0.06
RD 091 -0.09 -0.04 -0.08 +0.10 +0.07 +0.05 0.00 -0.07 +0.07
JE 089 -0.02 -0.04 0.0 0.00 +0.02 +0.08 +0.03 -0.35 -0.35
ND 179 -0.45 -0.45 -0.49 -0.63 -0.55 -0.39 -0.37 -0.46 -0.26
AD 081 -0.23 -0.05 -0.19 -0.37 -0.28 -0.20 +0.06 +0.04 -0.08
IT 0.33 +1.34 +0.74 +0.58 +0.36 +0.24 +0.23 +0.12 -0.07 +0.10
SS 1.04 +0.41 +0.36 0.00 +0.25 +0.03 -0.14 -0.20 +0.03 +0.14

™ 0.68 +0.30 +0.37 4036 +0.41 +0.32 +0.37 +0.44 +0.41 +0.41

0,18 40.16 +0.08 +0.05 -0.01 -0.03 -0.03 -0.05 -0.02

8
Sp 04> T034 026 027 022 020 022 024 0.22

S.D.

o9
g
O
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Table IIL.2 - The effect on the TA (in dioptres) of fifteen subjects of a ten minute
sustained visual task at -0.30 D following the instillation of timolol. Each value of

post-task change in TA represents the mean of

placed about each ten second point.

SUBJECT INITIAL

JH
DJ
M
RDF
TB
PC
BF

SB

JE

IT
SS

MEAN
S.D.

TA

1.01
1.17
1.55
1.13
0.40
0.24
0.52
0.11
1.07
0.74
1.44
0.81
0.41
0.81
0.56

10

+0.04
+0.50
+0.09

-0.10
+0.17
+0.44
+1.23
+0.21
+0.04
+0.08

-0.43
+0.05
+1.01
+0.30
+0.01

+0.24
0.41

20

+0.04
+0.76
-0.23
-0.04
+0.03
+0.21
+0.90
+0.32
+0.07
-0.17
-0.35
-0.11
+0.89
+0.06
+0.01

+0.16

FAR TIMOLOL

POST-TASK CHANGE IN TA

30 40

-0.03 -0.15
+0.50 +0.25
-0.27 -0.36
+0.06 +0.03
+0.15 +0.14
+0.24 +0.20
+0.17 +0.35
+0.29 +0.16
+0.01 +0.13
-0.12 -0.14
-0.42 -0.34
-0.60 -0.38
+0.51 +0.44
-0.03 +0.25
-0.15 -0.16

+0.02 +0.03

50

-0.12
+0.19
-0.28
+0.05
+0.06
+0.11
+0.24
+0.20
+0.12
+0.05
-0.44
-0.09
+0.37
+0.03
0.00

+0.03

0.38 030 026 022

212

60

-0.17
+0.21
-0.32
+0.04
+0.08
+0.15
+0.35
0.00
+0.04
-0.09
-0.51
+0.10
+0.37
+0.12
0.00

+0.02
0.22

70

-0.18
-0.10
-0.18
+0.14
+0.20
+0.08
+0.36
+0.03
-0.13
-0.05
-0.53
+0.25
+0.13
+0.23
+0.09

+0.02
0.22

80

-0.24
-0.13
-0.31
+0.24
+0.19
+0.24
+0.19
+0.18
-0.14
+0.01
-0.46
+0.09
+0.19
+0.20
+0.17

+0.03
0.22

ten seconds of readings symmetrically

90

-0.24
-0.22
-0.09
+0.27
+0.09
+0.40
+0.07
+0.08
-0.13
+0.06
-0.43
+0.04
+0.15
+0.20
+0.01

+0.02
0.21




Table II1.3 - The effect on the TA (in dio
sustained visual task at -5.00 D following
post-task change in TA represents the mean

placed about each ten second point.

SUBJECT INITIAL

TA
JH 1.19
DJ 1.03
M 1.87
RDF 1.14
TB 0.42
PC -0.08
BF 0.62
SB 0.30
RD 0.74
JE 0.80
ND 1.59
AD 0.70
IT 0.13
SS 1.14
™ 0.71
MEAN 0.82
S.D. 0.51

10

+0.08
0.00
+0.95
-0.05
+0.57
+0.21
+0.03
+0.27
+0.15
+0.60
+0.66
+0.49
+0.89
+0.87
-0.07

+0.38
0.35

NEAR SALINE

POST-TASK CHANGE IN TA

20 30

+0.09 -0.12
-0.03 -0.09
+0.34 +0.08
-0.02 +0.05
+0.26 +0.36
+0.40 +0.65
+0.03 +0.13
+0.14 +0.04
+0.11 +0.13
+0.09 -0.05
+0.30 +0.05
+0.18 +0.03
+0.33 +0.18
+0.65 +0.07

+0.12 +0.11

+0.21 +0.12
0.18 0.20

213

40

-0.14
-0.15
-0.03
+0.21
+0.13
+0.34
-0.16
-0.05
+0.01
-0.14
+0.10
+0.37
+0.24
-0.25
+0.39

+0.07
0.24

50

-0.31
-0.18
-0.39
+0.16
+0.18
+0.27
-0.11
-0.05
-0.10
-0.24
+0.17
+0.25
+0.22
-0.43
+0.12

-0.02
0.24

60 70

-0.35 -0.22
-0.21 -0.14
-0.60 -0.53
+0.26 +0.03
-0.03 +0.17
+0.28 +0.27
-0.19 -0.05
-0.05 +0.01
+0.02 -0.17
-0.13 -0.16
+0.05 +0.08
+0.09 -0.22
+0.17 +0.19
-0.10 +0.04

+0.23 +0.49

-0.03
0.23

0.00
0.18

ptres) of fifteen subjects of a ten minute
the instillation of saline. Each value of
of ten seconds of readings symmetrically

80 90

-0.10 +0.03
-0.06 +0.01
-0.47 -0.40
021 -0.44
+0.16 +0.08
+0.16 +0.19
-0.02 -0.08
-0.03 -0.05
-0.04 -0.07
+0.18 +0.07
+0.13 +0.22
-0.18 -0.16
+0.04 +0.17
-0.23 -0.15

+0.24 +0.40




Table II1.4 - The effect on the TA (in dio
sustained visual task at -5.00 D fol]
post-task change in TA represents th

placed about each ten second point.

SUBJECT INITIAL

JH
DJ
IM
RDF
TB
pPC
BF
SB

JE

IT
SS

MEAN
S.D.

TA

1.08
0.99
1.87
1.35
0.44
0.31
0.52
0.30
1.05
0.76
1.49
0.78
0.19
1.25
0.85

10

+0.15
+0.30
+1.02

-0.28
+0.88
+0.22
+0.81
+0.22
+1.06
+0.21
+1.19
+0.43
+0.77
+1.04
+0.04

+0.54
0.44

NEAR TIMOLOL

20
+0.21
+0.86
+0.90
-0.01
+0.42
+0.30
+1.17
+0.13
+0.62
+0.14
+0.77
+0.35
+0.41
+0.58
-0.06

+0.45
0.34

POST-TASK CHANGE IN TA

30
+0.13
+1.26
+0.33
+0.10
+0.28
+0.41

-0.01
+0.11
+0.57

-0.05
+0.44
+0.34
+0.33
+1.30

-0.15

+0.36
0.41
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40
+0.07
+0.82
+0.12

-0.08
+0.10
+0.27
+0.19
+0.09
+0.46

-0.07
+0.30
+0.23
+0.31
+1.28
+0.07

+0.27
0.34

50
+0.05
+0.20

-0.17

-0.03
+0.06
+0.23
+0.03
+0.05
+0.17
+0.04
+0.01
+0.62
+0.18
+0.36
+0.11

+0.09
0.12

60
+0.11
+0.10

-0.31
+0.02
+0.17
+0.26
+0.20
+0.11
+0.20
+0.03
+0.04

-0.28
+0.18
+0.34
+0.06

+0.08
0.17

70
+0.12
+0.15
+0.09
+0.28
+0.04
+0.23

-0.17
+0.09
+0.12

-0.13
+0.25

-0.22
+0.16
+0.30

-0.02

+0.07
0.15

80
+0.12
+0.30
-0.54
+0.18
+0.06
+0.27
-0.29
+0.06
-0.13
-0.17
+0.19
-0.11
+0.15
+0.27
+0.11

+0.03
0.23

_atoptres) of fifteen subjects of a ten minute
owing the instillation of timolol. Each value of
€ mean of ten seconds of readings symmetrically

90
+0.11
+0.07

-0.45
+0.19
+0.09
+0.27

-0.41
+0.03

-0.08

-0.03
+0.26
+0.01
+0.13
+0.23

-0.03

+0.02
0.20




Table ITL5 - The effect on the TA (in dioptres) of fifteen subjects of a ten minute period

in darkness following the instillation of salin
represents the mean of ten seconds of readi

second point.

SUBJECT INITIAL

JH
DJ
M
RDF
TB
pPC
BF
SB

JE

SS

MEAN
S.D.

TA

1.28
1.46
1.47
0.91
0.46
0.14
0.79
0.46
0.91
0.72
1.60
1.05
0.42
0.99
0.46

10

+0.16
+0.03
+0.05
+0.47
+0.07
+0.13
+0.18
-0.01
-0.17
0.00
+0.10
-0.05
+0.06
+0.15
+0.14

+0.09
0.14

CONTROL SALINE

20

-0.14
+0.11
+0.20
+0.09
+0.06
+0.10

-0.01
+0.03

-0.10
+0.32
+0.05
+0.16

-0.10
+0.09
+0.07

+0.06

POST-TASK CHANGE IN TA

30

-0.10
+0.03
+0.06
+0.36
+0.09
+0.26

0.00
+0.19

-0.08
+0.05
+0.09
+0.08

-0.19
+0.20
+0.05

+0.07

40

-0.20
+0.01
+0.18
+0.44
+0.07
+0.17

-0.08
+0.07
+0.08
+0.23

-0.10
+0.24

-0.20

-0.01

0.00

+0.06

0.12 0.14 0.17
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50

-0.02
-0.19
+0.11
+0.20
+0.06
+0.17
-0.17
+0.09
+0.08
+0.06
-0.01
+0.19
-0.06
-0.10
+0.17

+0.04
0.12

60

-0.10
-0.37
+0.09
+0.39
+0.07
-0.04
-0.11
+0.15
+0.01
+0.06
+0.20
+0.09
-0.24
-0.10
+0.15

+0.02
0.18

70

-0.17
-0.27
-0.10
+0.17
+0.12
+0.04
+0.05
+0.21
-0.11
+0.10
+0.08
+0.06
+0.07
-0.09
+0.17

+0.02
0.13

80

-0.05
-0.04
-0.13
+0.25
+0.06
-0.07
-0.01
+0.10
-0.03
+0.12
+0.10
+0.14
+0.12
-0.07
+0.18

+0.04
0.11

e. Each value of post-task change in TA
ngs symmetrically placed about each ten

90

+0.01
-0.32
-0.02
+0.26
+0.06
-0.03
-0.22
+0.16
-0.08
+0.16
-0.03
+0.04
-0.24
-0.03
+0.28




Table I11.6 - The effect on the TA (in dio
in darkness following the instillation of
represents the mean of ten seconds of

second point.

SUBJECT INITIAL

JH
DJ
M
RDF
TB
PC
BF
SB

JE

IT
SS

MEAN
S.D.

TA

1.21
1.10
1.46
1.16
0.70
0.13
0.70
0.57
0.84
0.68
1.46
0.80
0.39
1.11
0.79

10

+0.24
+0.19
+0.28
-0.68
+0.02
-0.16
-0.01
+0.04
-0.12
-0.15
+0.05
-0.16
+0.07
-0.12
-0.26

-0.05
0.23

CONTROL TIMOLOL

20

+0.04
+0.38
+0.37
-0.36
+0.09
+0.02
+0.03
-0.06
-0.14
-0.18
-0.09
+0.42
-0.16
-0.09
-0.27

-0.03
0.20

POST-TASK CHANGE IN TA

30

-0.04
+0.02
+0.24

-0.52
+0.10

-0.09

-0.02

-0.04

-0.01

-0.13

-0.12
+0.17

-0.18
+0.01
-0.29

-0.09
0.18
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40

-0.02
-0.13
+0.49
-0.63
+0.15
0.00
+0.04
-0.17
+0.01
-0.16
+0.07
+0.16
-0.38
+0.06
-0.11

-0.04
0.24

50

+0.19
-0.37
+0.58
-0.45
+0.16
0.00
+0.15
-0.04
-0.09
-0.11
+0.12
+0.34
-0.12
+0.03
-0.09

+0.02
0.25

60

-0.02
-0.23
+0.52
-0.52
+0.11
0.00
+0.19
-0.03
-0.06
-0.04
+0.03
-0.04
+0.24
+0.10
+0.04

+0.02
0.22

70

+0.03
-0.14
+0.32
-0.48
+0.02
-0.28
+0.06
-0.08
-0.03
+0.02
+0.23
+0.20
+0.24
+0.12
-0.04

+0.01
0.20

80

+0.01
-0.13
+0.03
-0.36
+0.28
-0.14
-0.11
+0.05
+0.21
0.00
+0.12
+0.09
+0.23
+0.06
+0.06

+0.03
0.16

ptres) of fifteen subjects of a ten minute period
timolol. Each value of post-task change in TA
readings symmetrically placed about each ten

90

+0.03
-0.28
-0.07
+0.02
+0.07
-0.16
-0.10
+0.03
+0.03
+0.08
0.00
+0.04
+0.10
+0.09
+0.16

0.00
0.11




APPENDIX IV

MENTAL EFFORT, TONIC ACCOMMODATION AND CILIARY
MUSCLE INNERVATION |

Table IV.1 - Values of tonic accommodation (in di i

c . optres) f

condition for 20 subjects for both saline and timofol trialls)‘ 'FISA) 1 —_(—)rpreea—%l;u?(%i 1%12;11
ggit;drug TA, TA3 = post-drug TA during counting task, CS = Counting s%eed,per two

SALINE TIMOLOL
SUBJECT  TAl TA2 TA3 CS TA1 TA2 TA3 CS
™ 036 050 036 150 072 0.75 0.60 160
BF 059 051 075 140 057 047 079 290
PC 029 040 036 180 033 052 023 200
RD 126 128 178 240 132 131 173 260
SS 097 085 072 220 125 102 129 250
JH 073 0.76 1.80 150 123 097 205 130
JE 099 0.78 1.18 250 089 085 1.11 260
ND 170 151 174 260 198 167 1.69 260
SB 022 049 072 190 035 040 069 215
SC 139 155 127 210 178 186 178 200
AD 107 113 106 100 111 097 0.86 130
AN 061 064 067 200 053 060 0.60 190
JR 040 035 1.02 280 030 009 078 270
HS 107 1.02 127 185 098 087 130 280
TB 045 029 035 350 065 075 090 225
TT 204 1.89 151 310 161 1.68 159 300
BC 059 074 069 180 077 096 0.60 225
AM 163 177 168 110 159 133 1.81 110
DJ 186 1.88 231 300 118 125 192 200
RB 173 1.60 1.68 200 118 136 1.66 270
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APPENDIX V

MENTAL EFFORT AND TONIC ACCOMMODATION IN EMMETROPIA
AND LATE-ONSET MYOPIA

Table V.1 - Values of tonic accommodation (in dioptres) for each experimental condition

for 15 lgte-onset myopes. TA1 = Passive TA, TA2 = Active TA, CS = Counting speed
per 2 mins.

LATE-ONSET MYOPES EMMETROPES

SUBJECT RX TAl TA2 CS SUBJECT RX TAl TA2 CS

PS  -1.00 1.08 1.61 100 AN 000 102 096 250
CD -1.50 0.88 0.88 130 AM 000 165 190 130
KP  -1.62 055 0.79 220 SB 000 024 057 160
AC  -2.62 057 097 165 PC  +0.62 056 029 280
MW  -3.50 1.72 222 310 DJ 0.00 1.10 1.63 280
CB  -3.00 145 229 260 SS  +025 097 135 290
AL 225 013 0.79 180 RD 000 159 1.23 190
RL  -225 0.07 036 85 SC 000 1.88 1.68 240
AW =275 0.74 0.86 340 RD +0.50 1.78 1.48 200
MH -1.87 079 0.85 100 BC +037 090 1.26 220
RC  -0.75 058 0.60 - BF  +0.37 059 0.71 260
MM 225 074 079 - NH 000 1.19 1.14 220
JH  -050 0.76 1.80 150 JE 0.00 1.04 1.09 400
GD -1.37 087 129 150 RB +0.25 1.60 1.66 200
RY -125 118 1.28 235 HS 000 1.02 127 185
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APPENDIX VI

THE INFLUENCE OF MENTAL EFFORT ON THE STEADY-STATE

ACCOMMODATIVE RESPONSE

Table VI.1 - Values of accommodation (in dioptres) for each experimental condition for

12 emmetropic subjects for the saline trial.

SUBJECT

NH
JE
SC
HS

RD
BC
AN
TT
DJ
SS

CS
TB

1.00D
READ

1.11
0.95
1.19
0.79
0.87
0.92
0.69
0.81
0.82
0.57
0.89
0.88

1.00 D
ADD

1.23
1.09
1.42
0.83
0.98
0.94
0.72
0.88
0.88
0.63
1.02
0.97

SALINE
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3.00D
READ

2.47
2.71
2.71
2.35
2.67
2.50
2.55
2.67
2.67
2.28
2.57
2.86

3.00D
ADD

2.53
2.60
2.61
2.31
2.66
2.52
2.53
2.74
2.74
2.30
2.58
2.87

5.00D
READ

4.37
4.40
4.49
4.09
4.60
4.47
4.42
4.51
4.51
4.21
443
4.71

5.00D
ADD

4.35
4.37
4.32
3.84
4.68
4.46
4.35
4.57
4.57
4.15
4.41
4.77




Table VI.2 - Values of accommodation (in
12 emmetropic subjects for the timolol trial,

SUBJECT

NH
JE
SC
HS

RD
BC
AN
TT
DJ
SS

CS
TB

1.00D
READ

0.94
1.10
1.44
0.79
0.76
0.59
0.80
0.94
0.87
0.59

- 0.84

0.91

1.00D
ADD

1.09
1.11
1.60
0.86
0.84
0.65
0.81
0.97
0.90
0.55
0.96
0.92

TIMOLOL
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3.00D
READ

2.54
2.65
2.94
241
2.50
2.46
2.57
2.52
2.57
2.43
2.70
2.78

3.00D
ADD

2.55
2.67
2.98
231
2.57
2.48
2.57
2.51
2.63
2.37
2.70
2.90

dioptres) for each experimental condition for

500D 500D

READ ADD
4.23 4.35
4.44 4.47
4.67 4.74
3.99 3.99
451 4.60
4.22 4.29
4.55 4.59
4.19 4.24
4.54 4.58
4.13 4.21
4.59 4.51
4.70 4.71




Table VI.3 - Values of accommodation

14 emmetropes.

SUBJECT

NH
JE
SC
HS
RD
BC
AN
TT
DJ
SS
CS-
TB
PC
RB

1.00 D
READ

1.11
0.95
1.19
0.79
0.87
0.92
0.69
0.81
0.82
0.57
0.89
0.88
0.82
0.79

EMMETROPES
1.00D 3.00D
ADD READ

1.23 2.47
1.09 2.71
1.42 2.71
0.83 2.35
0.98 2.67
0.94 2.50
0.72 2.55
0.88 2.67
0.88 2.67
0.63 2.28
1.02 2.57
0.97 2.86
1.01 2.74
0.76 2.56
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3.00D
ADD

2.53
2.60
2.61
231
2.66
2.52
2.53
2.74
2.74
2.30
2.58
2.87
2.66
2.55

5.00D
READ

4.37
4.40
4.49
4.09
4.60
4.47
4.42
4.51
4.51
421
4.43
4.71
4.67
4.29

(in dioptres) for each experimental condition for

5.00D
ADD

4.35
4.37
4.32
3.84
4.68
4.46
4.35
4.57
4.57
4.15
4.41
4.77
4.66
4.34




SUBJECT

CB
KP
JH
MM
RC
GD
CD
PS
RE
MH
HP
AB
LP

1.00D
READ

0.57
0.78
0.77
0.88
1.07
1.04
0.59
1.10
0.61
0.65
0.87
0.96
0.57

Table V1.4 - Values of accommodation
14 late-onset myopes.

LATE-ONSET MYOPES

1.00D
ADD

0.69
0.95
0.87
1.01
1.12
1.13
0.59
1.09
0.68
0.71
0.90
1.14
0.57
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3.00D
READ

2.44
2.31
2.57
2.51
2.37
2.46
243
2.95
2.46
2.46
2.39
2.77
2.38

3.00D
ADD

2.49
2.44
2.74
2.64
2.47
2.51
2.40
2.95
2.58
2.48
2.50
2.83
2.34

500D
READ

4.17
4.29
443
4.39
4.13
4.19
4.12
4.76
4.07
4.14
4.07
4.75
4.18

(in dioptres) for each experimental condition for

5.00D
ADD

4.18
4.43
4.54
4.37
4.11
4.30
4.28
4.83
4.31
4.10
4.07
4.86
4.17




MEASUREMENT OF THE ADAPTATION OF TA UNDER TWO

APPENDIX VII

OPEN-LOOP CONDITIONS

Table V{Ibl - The effect on the TA (in dioptres) of ten subjects of a ten minute visual
task at -1.00 D measured under empty-field conditions. Each value of post-task change

in TA represents the mean of ten seconds of readings symmetrically placed about each
ten second point.

SUBJECT INITIAL

AN

SB
DJ
BF
LP
JH
RC
KH

MEAN
S.D

TA

1.32
1.84
0.62
1.39
0.84
0.87
0.73
0.67
0.81

1.02

10

-0.17
-0.43
+0.03
-0.13
+0.63
-0.06
+0.17
+0.82
+0.35

+0.07
0.28

-1.00 D LIGHT

POST-TASK CHANGE IN TA

20 30

-0.26 -0.36
-0.23 -0.17
-0.07 -0.12
-0.31 -0.57
+0.80 +0.68
-0.04 -0.14
-0.12 -0.20
+0.19 -0.50
+0.21 +0.50

-0.03 -0.08
0.35 0.40
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40

-0.32
-0.30
-0.14
-0.68
+0.08
-0.11
-0.12
-0.59
+0.23

-0.19
0.27

50

-0.30
+0.06
-0.11
-0.57
-0.02
-0.12
-0.11
-0.49
+0.04

-0.16
0.21

60 70

-0.59 -0.61

80

-0.34

+0.04 +0.25 +0.22

0.00 +0.02
-0.57 -0.79
+0.47 +0.09
-0.07 -0.07
-0.14 -0.06
-0.38 -0.38
-0.07 +0.20

-0.12
-0.23
+0.57
0.00
+0.08
-0.47
+0.20

-0.01
0.29

90

-0.26
+0.26
-0.04
-0.77
+0.47
-0.28
+0.27
-0.35
+0.16

-0.06
0.35




Table VIL.2 - The effect on the TA

ek at -3.00 D measured onder emp(m dioptres) of ten subjects of a ten minute visual

ty-field conditions. Each value of post-task change

in TA represents the m : . .

1en an r?d oint ean of ten seconds of readings symmetrically placed about each
-3.00 D LIGHT

SUBJECT H\I&IAL POST-TASK CHANGE IN TA

10 20 30 40 50 60 70 80 90

AN 1.54 +0.04 -0.14 +0.23 +0.39 +0.21 +0.16 -0.04 -0.35 +0.03
ND 1.90 +0.44 +0.22 +0.26 +0.19 +0.15 -0.03 -0.21 -0.25 -0.31
SB 0.54 +0.18 -0.02 -0.04 -0.01 -0.11 -0.17 -0.06 -0.10 -0.04
DJ 1.28 +0.29 +0.16 0.00 -0.20 -0.10 +0.12 -0.39 +0.12 +0.03
BE 0.80 +0.72 +0.53 +0.22 -0.23 -0.20 -0.23 -0.13 -0.18 -0.25
LP 1.17 +0.68 +0.55 +0.51 +0.37 -0.02 -0.16 -0.02 0.00 +0.23
JH 0.91 +0.18 +0.20 +0.08 +0.03 -0.21 -0.08 -0.14 -0.19 -0.09
RC 1.10 -0.05 +0.16 +0.14 +0.25 0.00 +0.03 +0.26 +0.23 +0.48
HP 091 +0.21 0.00 -0.04 -0.05 -0.04 -0.10 -0.16 -0.13 -0.13

KH 0.58 +0.64 +0.56 +0.25 +0.18 +0.28 -0.03 -0.10 -0.12 -0.13

+0.34 +0.24 +0.16 +0.10 0.00 -0.05 -0.10 -0.08 -0.01
3 027 027 016 021 016 0.12 016 0.17 0.22

MEAN
S.D

O =
O
wn
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Tailzt\glgo-DTlgeszectd on the TA (in dioptres) of ten subjects of a ten minute visual
tas \ sured under empty-field conditions. Each value of post-task chanee
in TA represents the mean of ten seco P &

E o second aoint nds of readings symmetrically placed about each
' -5.00 D LIGHT
SUBJECT IN%;\IAL POST-TASK CHANGE IN TA

10 20 30 40 50 60 70 80 90

AN 0.88 +0.69 +0.37 +0.28 +0.19 +0.56 +0.33 +0.29 +0.32 +0.35

ND 1.66 +0.36 +0.33 +0.34 +0.19 +0.32 +0.12 +0.09 -0.01 +0.05
SB 0.43 +0.23 +0.07 +0.01 -0.05 -0.03 -0.12 -0.17 -0.18 -0.13
DJ 0.88 +0.42 +0.63 +0.42 -0.09 +0.01 -0.09 -0.09 -0.41 -0.32
BF 0.63 +2.05 +1.16 +1.29 +1.05 +1.01 +0.46 +0.32 +0.03 +0.07
LP 101 +0.71 +0.45 +0.18 +0.15 +0.13 -0.43 -0.63 -0.38 -0.39
JH 0.85 +0.44 +0.33 +0.13 +0.03 +0.09 +0.15 +0.27 +0.22 +0.33
RC 0.87 -0.05 +0.10 +0.28 +0.34 +0.28 +0.62 +0.06 +0.24 +0.09
HP 091 -0.12 -0.27 -0.16 -0.28 -0.24 -0.34 -0.49 -0.35 -0.39

KH 073 +0.67 +0.45 +0.27 +0.30 +0.52 +0.58 +0.44 +0.48 +0.37

+0.54 +0.36 +0.30 +0.18 +0.26 +0.13 +0.01 0.00 0.00
0 057 036 037 034 034 0.35 0.34 0.30 0.28

MEAN
S.D

W OO
o0
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Table VIL4 - The effect on the TA (in dioptres) of ten subjects of a ten minute visual

task at -1.00 D measured under darkroom con
TA represents the mean of ten seconds of rea

second point.

SUBJECT INITIAL

AN

SB
DJ
BF
LP
JH
RC
HP
KH

MEAN
S.D

TA

0.98
1.85
0.35
1.31
0.94
0.64
1.13
0.45
0.94
0.88

10

+0.11

-0.49

+0.28
+0.38
+0.07
+0.21
+0.12
+0.85
+0.24

+0.20
0.33

20

+0.06

-0.44

+0.23
+0.34
-0.16
+0.16
+0.33
+0.18
+0.35

+0.12
0.25

-1.00 D DARK

POST-TASK CHANGE IN TA

30

-0.10
-0.39
+0.36
-0.09
+0.10
-0.08
+0.24
+0.46
+0.19
0.47

+0.12

40

-0.15
-0.30
+0.52
-0.06
-0.38
+0.09
+0.14
+0.56
+0.07
+0.26

+0.07

50

-0.09
-0.30
+0.71
-0.17
-0.46
-0.04
+0.10
+0.32
+0.10
-0.08

+0.01

027 030 0.31
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60

+0.06
-0.20
+0.15
-0.11
-0.65
-0.04
+0.16
+0.30
+0.10
-0.08

-0.02
0.25

70

+0.01

-0.35
+0.05
+0.01

-0.53

-0.08
+0.25
+0.50
+0.08
+0.06

N O

80

+0.24
-0.22
+0.07
-0.11
-0.15
-0.36
+0.27
+0.70
+0.10
+0.01

0 +0.05

0.29

ditions. Each value of post-task change in
dings symmetrically placed about each ten

90

+0.15
-0.19
+0.08
-0.30
-0.15
-0.15
+0.29
+0.62
+0.16
+0.06

+0.06
0.26




Table VIL.5 - The effect on the TA
task at -3.00 D measured under da
TA represents the mean of

second point.

SUBJECT INITIAL

AN

SB
DJ
BF
LP
JH
RC
HP
KH

MEAN
S.D

TA

0.77
1.90
0.43
1.50
0.72
1.17
0.93
0.68
0.80
0.38

10

+0.31
+0.44
+0.39
+1.18
+0.56
+0.40
+0.79
+0.15
+0.38
+0.75

+0.53

20

+0.01
+0.22
+0.16
+0.88
+0.17
+0.16
+0.39
-0.01
+0.13
+0.77

+0.29

(in dioptres) of ten subjects of a ten minute visual

-3.00 D DARK

POST-TASK CHANGE IN TA

30 40 50

+0.06 0.00 -0.17
+0.26 +0.19 +0.15
+0.16 +0.12 +0.13
-0.05 +0.35 -0.43
+0.31 -0.38 -0.17
-0.16 0.16 -0.07
+0.53 +0.54 +0.52
+0.08 +0.11 +0.02
+0.07 -0.01 -0.04
+0.24 +0.23 +0.30

+0.15 +0.13 +0.02

028 0.29 0.19 023 0.25

227

60

+0.05
-0.03
-0.03
-0.30
-0.43
-0.08
+0.43
-0.03
+0.17
-0.07

-0.03
0.22

70

+0.05
-0.21
-0.13
-0.05
-0.31
-0.27
+0.38
+0.01
-0.02
-0.14

-0.07
0.19

80

rkroom conditions. Each value of post-task change in
ten seconds of readings symmetrically placed about each ten

90

+0.01 -0.09

-0.25

-0.31

-0.02 +0.01

-0.52

-0.63

-0.14 -0.42

-0.42

-0.49

+0.05 +0.23

-0.14 -0.01

-0.08

-0.14

0.00 -0.07




Table VIL.6 - The effect on the TA

task at -5.00 D measured under darkroom c

onditions. Each value of post-task change in
TA represents the mean of ten seconds of readings symmetrically plfced about eacﬁ ten

second point.

SUBJECT INITIAL

AN

SB
DJ
BF
LP
JH
RC
HP
KH

MEAN
S.D

TA

1.17
1.28
0.37
1.45
0.73
0.85
0.74
0.18
0.92
0.53

0.38

10

+1.03
+0.73
+0.61
+0.93
+1.19
+0.83
+1.81
+1.12
+0.48
+0.65

+0.94

-5.00 D DARK

POST-TASK CHANGE IN TA

20 30 40

+0.33 +0.21 +0.71
+0.50 +0.38 +0.29
+0.35 +0.28 +0.27
+0.40 +0.03 -0.24
-0.07 -0.12 -0.16
+0.31 -0.03 -0.09
+0.92 +0.65 +0.38
+0.94 +0.49 +0.45
+0.14 -0.02 +0.01

50

+0.69
+0.30
+0.18
-0.42
-0.11
-0.39
+0.26
+0.44
-0.09

+0.50 +0.51 +0.50 +0.57

+0.43 +0.24 +0.21

+0.14

0.36 0.30 025 030 0.36
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60

-0.02
+0.38
+0.18

-0.43

-0.05

-0.33
+0.13
+0.54

-0.04
+0.77

+0.11
0.35

70

-0.04
+0.44
+0.23

-0.43

-0.05

-0.20
+0.35
+0.39

0.00
+0.77

+0.15
0.34

(in dioptres) of ten subjects of a ten minute visual

80 90

-0.19 -0.23
+0.36 +0.33
+0.08 +0.14
-0.09 -0.17
+0.09 -0.30
-0.52 -0.35
+0.37 +0.37
+0.33 +0.36
+0.07 +0.02
+0.55 +0.77

+0.10 +0.09
0.30 0.35




APPENDIX VIII

THE ADAPTATION OF TA IN EMMETROPIA AND LATE ONSET

MYOPIA

Table VIIL1 - The effect on the TA (in dioptres) of fifteen emmetropi j

: ; pic subjects of a ten
minute visual task at ?1.00 D. Each value of post-task change in TA represeJnts the mean
of ten seconds of readings symmetrically placed about each ten second point.

SUBJECT

AN

SC

SS
SB
DJ
BF
Kw
PP
BC
DC
JE
LS
RB

MEAN
S.D.

INITIAL

TA

0.98
0.71
1.89
1.85
1.25
0.35
1.31
0.94
1.18
1.49
0.64
1.35
1.21
1.08
1.19

10

+0.11
+0.21
-0.16
-0.49
-0.12
+0.57
+0.28
+0.38
+0.36
-0.36
+0.31
+0.11
-0.03
+0.10
+0.09

+0.09
0.28

-1.00 D EMMETROPES

POST-TASK CHANGE IN TA

20 30

40

+0.06 -0.10 -0.15

+0.29 +0.32
+0.04 +0.15
-0.44 -0.39
+0.18 +0.15
+0.46 +0.36
+0.23 -0.09
+0.34 +0.10
-0.23 -0.27
-0.34 -0.25
+0.23 +0.14
+0.26 +0.31
-0.13 -0.11
+0.20 +0.23
-0.01 -0.21

+0.08 +0.02
0.25 0.23

229

-0.45
+0.07
-0.30
+0.07
+0.52
-0.06
-0.38
-0.27
-0.05
+0.08
+0.23
+0.03
0.00
-0.37

-0.07
0.25

50

-0.09
-0.48
0.00
-0.30
-0.01
+0.71
-0.17
-0.46
-0.43
-0.20
+0.19
+0.20
+0.01
+0.16
-0.16

-0.07
0.30

60

+0.06
-0.41
+0.01
-0.20
-0.22
+0.15
-0.11
-0.65
-0.01
-0.04
+0.38
-0.10
-0.06
+0.32
-0.22

-0.07
0.25

70

+0.01
-0.46
+0.11
-0.35
-0.04
+0.05
+0.01
-0.53
-0.10
+0.12
+0.05
+0.05
-0.23
+0.35
-0.15

-0.07
0.23

80 90

+0.24 +0.15
-0.66 -0.43
+0.02 -0.05
-0.22 -0.19
+0.19 +0.41
+0.07 +0.08
-0.11 -0.30
-0.15 -0.15
-0.17 -0.20
+0.2 +00.19
+0.12 +0.13
+0.04 +0.10
-0.32 -0.30
+0.23 +0.13
-0.26 -0.18

-0.05 -0.04
0.24 0.22



AN

SC

SS
SB

DJ
BF

KW
PP
BC
DC
JE
LS
RB

MEAN
S.D.

TA

0.77
0.82
1.86
1.46
0.91
0.43
1.50
0.72
0.56
0.99
0.87
0.77
1.30
1.37
1.27

SUBJECT INITIAL

10

+0.31
+0.60
+0.77
+0.30
+1.32
+0.39
+1.18
+0.56
+1.03
+0.39
+0.21
+1.18
+0.47
+0.71
+0.38

+0.65
0.35

Table VII1.2 - The effect on the TA
minute visual task at -3.00 D. Each

of ten seconds of readings symmetrically placed about each ten second point.

-3.00 D EMMETROPES

20

+0.01
+0.24
+0.36
+0.13
1.32
+0.16
+0.88
+0.17
+0.58
+0.74
-0.03
+0.39
+0.30
+0.24
+0.13

+0.37

(in dioptres) of fifteen emmetropic subjects of a ten
task change in TA represents the mean

value of post-

POST-TASK CHANGE IN TA

30 40

+0.06 0.00
-0.09 +0.17
+0.31 +0.42
+0.13 -0.07
+0.49 +0.47
+0.16 +0.12
-0.05 +0.35
+0.31 -0.38
+0.25 +0.47
+0.59 +0.08
+0.07 +0.07
+0.16 +0.18
-0.01 -0.14
+0.20 +0.17
+O.Q7 +0.16

+0.18 +0.14

50

-0.17
+0.36
+0.29

-0.10
+0.23
+0.13

-0.43

-0.17
+0.47
+0.14

-0.07
+0.13
-0.18
+0.14
+0.01

+0.05

035 0.18 026 023
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60

+0.05
-0.05
-0.03
-0.46
+0.31
-0.03
-0.30
-0.43
+0.13
+0.24
-0.22
+0.18
-0.20
+0.13
+0.10

-0.04
0.23

70

+0.05
-0.54
-0.26
-0.37
+0.28
-0.13
-0.05
-0.31
-0.18
+0.12
-0.20
+0.36
-0.19
-0.04
+0.16

-0.09
0.24

80

+0.01
0.00
-0.07
-0.32
+0.25
-0.02
-0.52
-0.14
-0.38
+0.16
-0.20
-0.19
-0.26
-0.51
+0.03

-0.14
0.22

90

-0.09
-0.57
-0.13
-0.23
+0.23
+0.01
-0.63
-0.42
-0.23
+0.04
-0.18
-0.02
0.00
-0.61
+0.16

-0.18
0.26



;[I‘igft ;/\ngal- t’g?;: Stff?(t)gr;) t.hgiﬁ v(zilr:l Sioo%)trgsst) of lf}ftee:n emmetropic subjects of a ten
of ten seconds of readings symmetrically plaged :;{;sut(;l;iﬁg;z;n S;E:‘gnrg%giﬁnts the mean

-5.00 D EMMETROPES
SUBJECT IerI"&LAxL POST-TASK CHANGE IN TA
10 20 30 40 50 60 70 80 90
AN 1.17 +1.03 +0.33 +0.21 +0.71 +0.69 -0.02 -0.04 -0.19 -0.23
AD 0.53 +0.73 +0.13 -0.01 -0.10 -0.40 -0.05 +0.01 -0.27 -0.17
SC 1.62 +0.89 +0.26 +0.07 +0.16 -0.21 +0.07 +0.25 +0.01 +0.13

ND 1.28 +0.73 +0.50 +0.38 +0.29 +0.30 +0.38 +0.44 +0.36 +0.33

SS 1.15 +0.69 +0.65 +0.64 +0.64 +0.63 +0.76 +0.35 -0.14 -0.24
SB 0.37 +0.61 +0.35 +0.28 +0.27 +0.18 +0.18 +0.23 +0.08 +0.14
DJ 1.45 +0.93 +0.40 +0.03 -0.24 -0.42 -0.43 -0.43 -0.09 -0.17
BF 0.73 +1.19 -0.07 -0.12 -0.16 -0.11 -0.05 -0.05 +0.09 -0.30

KW 0.68 +1.90 089 032 0.02 015 -027 -042 -051 -0.18
PP 0.90 +1.08 +0.98 +0.84 +0.38 +0.47 +0.31 +0.44 +0.44 +0.22
BC 0.95 +0.21 +0.26 +0.24 +0.14 +0.06 +0.01 -0.02 +0.05 -0.05
DC 0.98 +0.90 +0.62 +0.52 +0.24 +0.27 +0.16 +0.13 +0.11 -0.04

JE 1.39 +0.62 +0.74 +0.91 +0.92 +0.43 +0.08 0.00 -0.16 -0.23
LS 136 +1.28 +0.95 +0.73 +0.24 -0.04 +0.06 -0.45 -0.08 -0.12
RB 1.17 +0.29 +0.11 -0.03 "40.12 +0.18 +0.02 +0.01 +0.06 0.00

MEAN 1.05 +0.87 +0.47 +0.33 +0.24 +0.15 +0.08 +0.03 -0.02 -0.06
S.D. 0.35 0.40 031 032 031 033 027 028 023 0.8

231




LP
JH
HP
SL
CD

IN
RC
NH

SD

HP

KH

PA

MEAN
S.D.

TA

0.64
1.13
0.60
0.43
1.00
0.85
0.86
0.45
0.67
1.04
0.39
0.94
0.88
0.43
0.67

0.73
0.24

Table VIIL.4 - The effect on the TA
minute visual task at -1.00 D. Each val
of ten seconds of readings symmetrically placed a

ue of post-

-1.00 D LATE-ONSET MYOPES

SUBJECT INITIAL

10
+0.07
+0.21
+0.17
+0.21
+0.48
+0.27
+0.31
+0.12

-0.01
+0.04
+0.02
+0.85
+0.24
+0.48
+0.19

+0.24
0.22

20

-0.16
+0.16
+0.33
+0.35
+0.04
+0.09
+0.02
+0.33
-0.02
+0.05
+0.37
+0.18
+0.35
+0.11
-0.03

+0.14

POST-TASK CHANGE IN TA

30
-0.08
+0.24
+0.49
+0.49
+0.17
-0.14
-0.07
+0.46
-0.06
+0.04
+0.10
+0.19
+0.47
-0.04
+0.09

+0.16

40
+0.09
+0.14
+0.55
+0.50
+0.07

-0.43
-0.07
+0.56
-0.18
+0.03
-0.09
+0.07
+0.26
-0.10
+0.03

+0.10

0.16 022 027
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50
-0.04
+0.10
+0.17
+0.60
+0.10
-0.31
-0.13
+0.32
+0.12
+0.30
-0.23
+0.10
-0.08
+0.17
-0.18

+0.07
0.23

60
-0.04
+0.16
+0.33
+0.70
+0.17
-0.34
-0.11
+0.30
+0.01
+0.34
-0.21
+0.01
+0.08
+0.52
-0.14

+0.12
0.27

70
-0.08
+0.25
+0.49
+0.60
-0.06
-0.38
-0.05
+0.50
-0.03
+0.31
-0.28
+0.08
+0.06
+0.64
+0.05

+0.14
0.30

80
-0.36
+0.27
+0.31
+0.72
-0.07
-0.23
-0.19
+0.70
-0.23
+0.31
-0.25
+0.10
+0.01
+0.68
+0.08

+0.12
0.35

(in dioptres) of fifteen myopic subjects of a ten

task change in TA represents the mean
bout each ten second point.

90
-0.15
+0.29
+0.15
+0.47
-0.02
-0.27
-0.13
+0.62
-0.22
-0.03
-0.04
+0.16
+0.06
+0.56
+0.49

+0.13
0.28



Table VIILS - The effect on the TA (in di
minute visual task at -3.00 D. Each value of
of ten seconds of readings symmetrically pla

-3.00 D LATE-ONSET MYOPES

SUBJECT INITIAL

LP
JH
HP
SL
CD

JN
RC
NH
SD

HP

KH

PA

MEAN
S.D.

TA

1.17
0.93
1.04
0.71
0.91
0.82
0.94
0.68
0.49
1.34
0.85
0.80
0.38
0.77
0.61

10

+0.40
+0.79
+0.67
+0.72
+0.45
+0.14
+0.66
+0.15
+0.45
-0.36

-0.19

+0.38
+0.75
+0.67
0.00

+0.41
0.34

20

POST-TASK CHANGE IN TA

30

40

50

+0.16 -0.16 -0.16 -0.07

+0.39
+0.16
+0.82
-0.05
+0.05
+0.78
-0.01
+0.29
-0.16
-0.18
+0.13
0.77
+0.45
0.00

+0.26

+0.53
+0.19
+0.66
+0.26
-0.03
+0.25
+0.08
+0.16
-0.08
-0.19
+0.07
+0.24
+0.17
0.00

+0.15

+0.54
-0.05
+0.70
+0.11
-0.06
-0.13
+0.11
+0.26
+0.23
-0.18
-0.01
+0.23
+0.29
-0.19

+0.11

+0.52

-0.14
+0.65
+0.05
+0.03

-0.34
+0.02
+0.46
+0.14

-0.23

-0.04
+0.30
+0.34
+0.14

+0.12

033 023 026 0.27
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60

-0.08
+0.43
+0.06
+0.73
+0.02

-0.06

-0.50

-0.03
+0.33
+0.12

-0.20
+0.17

-0.07
+0.57

-0.09

+0.09
0.30

70

-0.27
+0.38
+0.07
+0.51

-0.14
+0.01

-0.28
+0.01
+0.17

-0.22

-0.07

-0.02

-0.14
+0.41
+0.10

+0.03
0.24

80

-0.42
+0.05
+0.16
+0.59

-0.23

-0.07

-0.30

-0.14
+0.21

-0.32

-0.04

-0.08

0.00
+0.22
+0.07

-0.02
0.25

optres) of fifteen myopic subjects of a ten

post-task change in TA represents the mean
ced about each ten second point.

90

-0.49
+0.23
-0.07
+0.45
-0.12
-0.14
-0.43
-0.01
+0.20
-0.27
-0.05
-0.14
-0.07
+0.44
-0.03

-0.03
0.26



Table VIIL.6 - The effect on the TA
minute visual task at -5.00 D. Each val
of ten seconds of readings symmetrically placed a

ue of post-

-5.00 D LATE-ONSET MYOPES

SUBJECT INITIAL

LP
- JH
HP
SL
CD

JN
RC
NH
SD

HP

KH

PA

MEAN
S.D.

TA

0.85
0.74
0.71
0.35
0.95
0.67
1.01
0.18
0.57
0.73
0.58
0.92
0.53
0.43
0.73

0.66

10

+0.83
+1.81
+0.71
+0.97
+0.42
+0.07
+0.08
+1.12
+0.05
+0.67
-0.31
+0.48
+0.65
+0.09
-0.24

+0.49
0.55

20

+0.31
+0.92
+0.24
+0.86
+0.25
-0.03
-0.03
+0.94
+0.08
+0.45
-0.36
+0.14
+0.50
0.00
-0.29

+0.27

POST-TASK CHANGE IN TA

30

-0.03
+0.65
+0.56
+0.87
+0.33

-0.02

-0.09
+0.49

-0.02
+0.27

-0.44

-0.02
+0.51
+0.17
+0.10

+0.22

40

-0.09
+0.38
+0.92
+1.00
+0.02
+0.01
+0.00
+0.45
+0.09
+0.30

-0.28
+0.01
+0.50
+0.03
+0.49

+0.26

039 033 036

234

50

-0.39
+0.26
+0.34
+0.72
+0.12

-0.03

-0.09
+0.44
+0.01
+0.52

-0.52

-0.09
+0.57
+0.17
+0.06

+0.14
0.34

60

-0.33
+0.13
+0.44
+0.39
+0.16

-0.04

-0.27
+0.54

0.00
+0.58

-0.53

-0.04
+0.77

0.00
+0.05

+0.13
0.35

70

-0.20
+0.35
+0.24
+0.26
+0.05

-0.05

-0.30
+0.39
+0.14
+0.44

-0.54

0.00
+0.77
+0.04
+0.77

+0.16
0.35

80

-0.52
+0.37
+0.20
+0.43
+0.31

-0.05

-0.32
+0.33

-0.02
+0.48

-0.41
+0.07
+0.55
+0.24
+0.48

+0.14
0.33

(in dioptres) of fifteen myopic subjects of a ten

task change in TA represents the mean
bout each ten second point.

90

-0.35
+0.37
+0.21
+0.34
+0.30

-0.04

-0.21
+0.36
+0.06
+0.37

0.00
+0.02
+0.77
+0.21
+0.09

+0.17
0.27



Table VIIL.7 - Values of accommodatiy
(in dioptres) for each experimental condi

SUBJECT

AN

SC

SS
SB
DJ
BF
KW
PP
BC
DC
JE
LS
RB

EMMETROPES
100D 3.00D
0.92 2.54
1.12 2.87
1.42 2.71
1.70 2.73
0.57 2.51
0.87 2.70
1.22 2.71
0.92 2.62
1.20 2.91
0.69 2.61
0.82 2.41
0.84 2.65
1.17 2.61
1.14 3.10
1.01 2.66

500D

4.34
4.63
4.21
4.46
4.15
4.38
4.42
4.18
4.66
4.08
4.49
4.62
4.59
4.51
420
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LATE-ONSET MYOPES

SUBJECT

LP
JH
HP
SL
CD

IJN
RC
NH
SD

HP
KH

PA

1.00D

0.72
1.29
1.30
0.70
0.96
1.27
0.73
1.02
0.75
1.08
0.77
0.74
0.94
1.17
1.01

5.00D

2.76
3.26
2.73
2.32
2.51
2.74

2.01
2.56
2.58
2.39
2.30
2.24
2.79
2.53

€ response during the visual counting task
tion and for each refractive group.

5.00D

4.53
5.20
4.62
4.07
4.05
4.55

3.86
3.80
4.57
4.23
4.05
3.83
4.62

4.71



APPENDIX IX

CRITERIA FOR ACCEPTANCE AND REJECTION OF DATA FROM
THE CANON AUTOREF R-1

The raw' data obtained from the Canon R-1 was subjected to a following rigorous
selection procedure:
1. All error readings were discarded.
2. Any results where the cylinder was greater than 1.00 D were ignored.
3. Any results where the mean sphere differed significantly (e.g. > 0.75)
from the previous reading were ignored.

An example of a series of readings from the instrument is given below:

SPHERE CYLINDER  AXIS
-0.75 -0.37 97
-1.00 -0.25 108
ERR 1)
-1.00 -0.25 107
+0.50 -2.25 155 (2)
-0.87 -0.50 79
-0.50 -1.12 82 3)
-9.25 4)

The above series is an uncharacteristic example in that it contains a greater percentage of
results that would be rejected than would be anticipated. Result 1 is an error reading due
to the subject blinking or misalignment. Reading 2 would be rejected because of the
cylinder power. Although reading 3 has a mean sphere similar to that of the previous
estimate it would be rejected due to the cylinder power. Reading 4 would be rejected

because it differs significantly from the previous mean sphere value.
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