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Abstract 
The animal models are not, strictly speaking, valid for clinical 
application to children, primarily because of the large differences in 
the duration of the critical or sensitive period. However, they do 
provide a useful conceptual framework to follow, especially while 
determining the waxing and waning of the amblyopia in each eye by 
preferential looking or visual evoked potential acuity methods. These 
methods allow us to detect or determine the degree of amblyopia 
and guide the treatment or prevention of stimulus deprivation 
amblyopia in each child by direct measurement. The reciprocal effect 
of amblyopia found by Thomas, Mohindra and Held in infants by the 
preferential looking method and confirmed and extended in age by 
our group with the visual evoked potential acuity method could have 
been predicted by the animal modelers from the cross-suturing 
experiments. It appears that more harm than good may be done by 
patching infants for the treatment of amblyopia without measuring the 
acuity of each eye to avoid the significant loss of connections to the 
patched eye and to both eyes (binocular units). 
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There is a curious clinical binocular phe- methods of  measuring visual acuity in in- 
nomenon in young children. I f  one eye is fants. One method uses pattern visual 
occluded, i ts  visual acuity falls while a t  the evoked  potential^.'-^ Another method is the 
same t ime if the other eye i s  amblyopic, i ts  preferential looking technique as modified 
vision improves. This  reciprocal effect has and used b y  He ld  and his who 
been shown by two completely different originally discovered the phenomenon in 

infants.''-l6 This  f inding in babies came as - 
Charles F. Prentice Award Lecture presented at the a surprise because of  tacit assumptions in 

Annual Meeting of the American Academy of Optom- the the animal findings 

etry, Orlando, Florida, December 13, 1981. the clinical situation, as w i l l  be  explained 
Received November 12, 1981. later. The  animal experimenters have no t  
* Optometrist, Ph.D., Member of Faculty, F.A.A.O. asked identical questions o f  their prepara- 
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MONTHS OF AGE 
FIG. 1. Patient had a congenital dense polar cat- 

aract which was extracted at 6 weeks of age. After 
the final contact lens correction at 4 months, visual 
acuities were measured. Patching had been intermit- 
tent for 1 % months before testing. Closed circles 
represent the normal patched eye. Redrawn from 
Odom et aI.= The reciprocal effect is clearly seen after 
the patch is removed at 4% months and is better 
shown, occurring several times, in Fig. 4. 
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tions. When they do, they will likely find a 
similar phenomenon. 

As may be seen in Fig. 1, the acuity of a 
4-month-old infant who has just been fitted 
with a correcting contact lens over an 
aphakic eye shows about 6/30 (20/100) in 
the normal eye and 6/90 (20/300) in the 
corrected aphakic eye, which had been de- 
prived of a clear optical image since birth. 
This previously deprived eye shows a 
marked increase of visual acuity to 6/12 
(20/40) when the normal eye is occluded by 
a patch. The patched normal eye often 
shows a fall in acuity, although in this in- 
stance there is no significant change. When 
the patch is removed, a reverse, reciprocal 
phenomenon takes place. The normal, for- 
merly patched eye gaining and the origi- 
nally deprived but now corrected aphakic 
eye falling so that their acuities are once 
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again reversed. (The reciprocal effect oc- 
curs several times in Fig. 4.) Could this 
have been ~redicted bv the animal model? 
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Because thk discountkg of this reciprocal 
phenomenon by clinicians conflicts with the 
animal model. it seems time to auestion it 
and ask whether this model is d i d  or even 
useful. It is also time to question whether 
our understanding of the prevention and 
treatment of amblyopia can be more effi- 
ciently and effectively learned in the clinic 
than in the laboratory. 

Normal 
eye 
patched 
6-8 hr j  
dally 

STIMULUS DEPRIVATION AMBLYOPIA I I - 

- 

- 
- 0  

Amblyopia, a reduction of visual acuity 
(which can be considered a partial blind- 
ness), afflicts 1 to 5% of people.17 Based in 
part on animal models, the bulk of this 
anomaly is believed to be caused by a dep- 
rivation of normal pattern or form stimu- 
lation early in life (exanopsia, occlusion, 
strabismus, anisometropia, etc.). The dep- 
rivation can be total or ~ar t ia i .  I t  can be 

- 
- 

monocular, because of a patch over one eye 
or because of other monocular visual stim- 
ulus deprivation, for example, that caused 
by a cataractous lens. It is not yet clear 
whether stimulus deprivation amblyopia 
can be binocular because of a thera~eutic 
bandage over both eyes, or, for example, 
because of dense bilateral cataracts or even 

patched 
eye 

nondense ~ a r t i a l  ones. The animal model is 

- 
- 

I I 
- 

equivocal.-~he commonly observed nystag- 
mus in children which supervenes makes 
assessment of visual acuity difficult. The 
deprivation can be spherically refractive 
because of, for example, the large refractive 
error resulting from the removal of the crys- 
talline lens to eliminate a cataract, or even 
from moderate anisometropia. It can be 
meridional,l8, lg although the animal model 
of meridional amblyopia is less than clean- 

'' (Optical correction may eliminate 
it in anirnal~,~' but at least it does not occur 
before the 1st year or so in a baby's life, 
according to Held.7) Finally, it may be di- 
rectional a t  least in 

The thesis of the animal model is that 
visual deprivation during a neurally modi- 
fiable period, the so-called sensitive or crit- 
ical period, will have a deleterious effect on 
the visual synapses or neurons, causing a 
reduction of acuity or, in a word, amblyopia. 

While measuring amblyopia objectively 
in children. we have found an amazing mod- " 
ifiability or sensitivity of the neurovisual 
system. I t  does not seem to be directly 
comparable to experiments performed on 
cats and monkeys, which form the bases of 
the animal model. This may be because the 
animal physiologists (with one notable ex- 
ception discussed later) have not seemed to 
try to design their experiments in a form 
where the application to clinical problems 
would be readily apparent. (In all fairness, 
many of the early animal experiments were 
directed toward other issues.) I t  may also 
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be a matter of species differences. At the 
present time the questions to ask are: is the 
current animal model appropriately applied 
for children, and is it useful? 

The Animal Model of Monocular 
Stimulus Deprivation Amblyopia in Cats 

In a series of papers starting in 1963, 
Wiesel and HubelZ4 demonstrated how a 
loss of visual function in kitten may be 
caused by various kinds of stimulus depri- 
vation. Monocular deprivation caused a 
lack of response by striate cortical neurons 
normally stimulated through the deprived 
eye. Artificially induced strabismus did the 
same through the deviating eye.25 Binocular 
deprivation by means of binocular patching 
or dark rearing did increase the number of 
abnormally responding cells, although the 
two eyes responded well and equally.26 Al- 
ternating strabismus or alternating patch- 
ing of the eyes provided a picture of the 
loss of binocular neurons, that is, a loss of 
striate cell activity which responds to both 
eyes. 

Although there was some cell shrinkage 
in those layers of the lateral geniculate 
nucleus which are associated with the de- 
prived eye:' the deprivation-induced defi- 
cit was placed in or shortly after the first 
synapse in the visual cortex where the path- 
ways from the two eyes join synaptically. It 
is important to note that in order for the 
deprivation to have an effect it must occur 
during the kitten's sensitive period. This 
period of neurovisual system pliability ap- 
pears to start at the 3rd week and disap- 
pears at the 3rd month after birth, after 
which there is little change:', 29 even behav- 
i~rally.~' As will be discussed later, the pe- 
riod has been extended somewhat. 

Of special concern is the method of de- 
termining function in these animal experi- 
ments. Activity of single neural units was 
measured rather than functional visual acu- 
ity. The active neurons of the striate cortex 
were represented by a histogram showing 
the number of units vs. the degree of rep- 
resentation of input to each of the two eyes, 
one bin for each of the eyes alone or mon- 
ocular response (numbers 1 and 7), one bin 
for an equal binocular response (number 4), 
and the rest graded in between (bin num- 
bers 2, 3, 5, 6), as seen in Fig. 2A, panel L. 
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FIG. 2. Eye dominance, deprivation, and the sen- 
sitive period in cats. (Redrawn from Vaegan et aLe6 
which was redrawn from Olson and Freeman."") A: 
panels A to K are eye dominance histograms for cats 
raised normally until they were monocularly deprived 
from 9 to 11 days at progressively later ages and 
recorded immediately after the deprivation. The age 
at onset of deprivation in days is on each graph. The 
right eye was deprived in all kittens and recordings 
were from the left hemisphere. Neurons in bin 1 were 
driven only by the contralateral eye, which had been 
deprived; neurons in bin 7 were driven by the ipsilat- 
era1 eye. Bin 4 contains those neurons which re- 
sponded equally to both eyes. The other bins are 
graded in between. L shows the pooled data from four 
normal cats recorded at 45, 48. 55, and 135 days. B: 
the sensitive or critical period for monocular depriva- 
tion derived from the data in Fig. 2A. The "deprivation 
effect" is the normalized proportion of cells not re- 
sponding from stimulation of the deprived eye relative 
to the normal controls. The peak sensitivity comes at 
about the 29th day and falls rapidly after 38 days. 

This is called an ocular or eye dominance 
histogram. 

Binocular cells (dominance bins 2 
through 6) most likely govern binocular 
functions such as stereopsis and fusion. 
Thev suffered most from alternating occlu- 
sion: almost as much from alternatGg stra- 
bismus, much from monocular deprivation 
as seen in Fig. 2A, panels A to K, and 
relatively little if any from binocular occlu- 
sion. 
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It was postulated that deprivation of one 
eye provides an advantage to the fellow eye 
in the binocular competition for synaptic 
representation where the paths from the 
two eyes meet synaptically in the striate 
cortex. This has been abundantly con- 
firmed, most recently by to 
whom the reader is referred for a discussion 
of the evidence and references. 

What does a sample of the active single 
neuron population in the striate cortex tell 
about visual acuity or amblyopia? If there 
is a normal population of cells it is a rea- 
sonable assumption that functional acuity 
is normal. But even when the count is ab- 
solute rather than relative it does not mea- 
sure the visual acuity nor the degree of 
amblyopia, inasmuch as the quantitative 
relation of neural unit populations to acuity 
is unknown, although this problem is being 
in~estigated.~~. 32 Thus the eye dominance 
histogram is undoubtedly related to acuity 
and therefore to amblyopia but the quan- 
titative relation is not known. 

Since the pioneering work of Hubel and 
W i e ~ e l , ~ ~ - ~ ~  there has been abundant confir- 
mation of the sensitive period in cats as 
seen in Fig. 2B, followed by some modifi- 
cation and much cogent addition. It is clear 
that the critical period for different func- 
tions is not exactly the same even in the 
same species.33* The sensitive period for 
monocular deprivation (one eye patched) 
may well be different from that for binoc- 
ular vision deprivation (alternate eye 
patching). Environmental factors can mod- 
ify the period as pointed out in a thorough 
review by M i t ~ h e l l . ~ ~  

Although most of the data have come 
from cats, monkey experiments have fur- 
ther added to our understanding, providing 
a primate model which can perhaps be 
more accurately extrapolated to man. The 
"animal model" should be referred to, then, 
as the "animal models." We will concen- 
trate both on the cat because most work 
has been done on it, and the monkey be- 
cause of its closeness to man, rather than 
on numerous other species such as lambs.36 
A recent review of animal data is found in 
Movshon and Van S l ~ y t e r s . ~ ~  

THE HISTORY OF AMBLYOPIA 
In medieval times it was believed that 

strabismus was caused by the muscles of 

the eye. In the 16th century, Georg Bar- 
t i s ~ h ~ ~  of Saxony, in one of the first books 
on ophthalmic surgery, devised a mask to 
force the squinting eye to look straight 
ahead or not see at all (Fig. 3). The mask is 
said to have been first developed by the 
ancient Greeks. 

However, in the 18th century, the great 
French naturalist George Louis Leclerc, 
Comte de B ~ f f o n , ~ ~  suggested that unequal 
vision in the two eyes, or amblyopia, leads 
to squint, which is not a result of neuro- 
muscular dysfunction. As he said almost 
poetically, ". . . l'inegalitk de force dans les 
yeux est une espece de strabisme innee 
. . ." (Inequality of acuity in the two eyes is 
a kind of innate strabismus.) Treatment 
called for patching " . . . il me paroit que le 
plus simple, le plus naturel, et peut-Qtre le 
plus efficace de tous les moyens, serait de 
couvrir le bon oeil pendant un temps . . . " 

The 19th century introduced modern and 
rational concepts of amblyopia and squint 
through Louis Emile Javal (n6e Jacob). 
Their development from the last century to 
modern times has been summarized by 
Duke-Elder and Wybar.40 

FIG. 3. Strabismus mask of Bart i~ch.~' 
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THE MODERN CONCEPT 

According to Duke-Elder and Wybar,40 
the object is to gain normal binocular vision 
by whatever means necessary and possible: 
good refraction, prevention or cure of am- 
blyopia, and/or eccentric fixation. Of 
course, the measurement of visual acuity 
and the application of orthoptics must wait 
until the child is old enough to cooperate. 
They relate that the treatment of ambly- 
opia should begin not later than 2 years of 
age. If fusion is not achieved during the 
first 3 years of life, it never will be. It is 
progressively harder to treat amblyopia 
after the age of 5, and especially after age 
7 or 8. In amblyopia, the normal eye is 
occluded (as was first enunciated by Le- 
clerc3') at the earliest possible age. In alter- 
nating occlusion between the two eyes, the 
goal is to maintain equal vision in the two 
eyes inasmuch as prolonged occlusion of 
one eye causes amblyopia, which can be 
corrected by shifting the occluder to the 
other eye. Overcoming the amblyopia but 
not the squint may, when occlusion is re- 
moved, induce anomalous correspondence, 
so orthoptics or surgery must be applied to 
straighten the eyes. 

A distinction is made between the ambly- 
opia of "arrest," which is the visual acuity 
that developed before stimulus deprivation 
stopped further development, and ambly- 
opia of "extinction," which is the fall of 
visual acuity from some higher value. (It 
can be seen from the animal model that 
there is no simple amblyopia of arrest be- 
cause there is always amblyopia of extinc- 
tion). 

Ophthalmologists have been divided in 
adopting animal models. For example, Jam- 
polski4' has been skeptical of the classical 
animal models. This may have arisen in 
part because his original proposal of a dis- 
tinction between occlusion and diffusion 
amblyopias was not supported in the early 
animal studies. von N ~ o r d e n ~ ~  is the leading 
ophthalmologist in applying the animal 
model to the prevention and treatment of 
amblyopia in children. He has been able to 
extract data from both children in the clinic 
and monkeys in the laboratory. He says 
that "Amblyopia is a unilateral or bilateral 
decrease of visual acuity caused by form 
visual deprivation and/or abnormal binoc- 
ular interaction for which no organic cause 

can be detected by physical examination of 
the eye and which in appropriate cases is 
reversible by therapeutic measures." 

von Noorden4* is careful to point out that 
"the interpretation of the animal data cited 
and its application to human amblyopia is 
still speculative." But he expects that an 
experimental model will eventually lead to 
a better understanding of amblyopia as well 
as to more effective models of therapy. He 
observes that the sensitivity in children is 
greatest during the first 2 years of life, 
although it extends to perhaps age 4%. He 
suggests patching the sound eye 3 days out 
of 4 during the 1st year of life, then 4 days 
followed by 1 day of patching the amblyopic 
eye during the 2nd year. In 3- to 4-year-old 
children the occlusion period of the fixating 
eye can be lengthened, provided the visual 
acuity of each eye is monitored a t  frequent 
intervals. According to von Noordq4'  the 
value in occluding the amblyopic eye 
(which is not in accord with the animal 
model) is, first, it reinforces the dominant 
eye and, second, the amblyopiogenic factors 
become active when both eyes are open and 
prevented from reversing any gains made 
by the therapy. This point is difficult to 
understand in light of the way binocular 
units are lost in cats and monkeys. 

The Cat Model and Modern Clinical 
Concepts 

With one notable exception, the animal 
models agree qualitatively with modern 
clinical concepts of stimulus deprivation 
amblyopia. (This agreement does not, of 
course, necessarily mean that the model is 
a valid one for children.) The animal 
models can provide a quantitativeness that 
the clinical concept lacks, especially in the 
timing of the period of neurovisual modifi- 
ability, the sensitive period. 

The original sensitive period of kittens, 
from the end of the 3rd week to the end of 
the 3rd month, has been both confirmed 
and also modified in both directions, even 
to 1 year in the cat,35 but these modifica- 
tions do not seem to be very significant for 
our purpose, which is to determine the sen- 
sitive period in children. I t  is important to 
know this sensitive period, the argument 
goes, in order to apply an animal model. It 
is clear to clinicians that the sensitive pe- 
riod of children must be longer than that of 
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kittens. On the basis of clinical experience 
and experiments, this period lasts until 5 to 
10 years of age (von N ~ o r d e n , ~ ~  5% years; 
Vaegan and Taylor,44 9 to 10 years; and 
A ~ a ~ a , ~ ~  8 to 9 years), although some cli- 
nicians think this period lasts longer. 

While the original animal investigations 
were made on cats, the animal modelers 
had long felt that a more valid estimate for 
children could be obtained from species 
closer to man, such as the monkey. 

The Monkey Model 

Monkey data are less plentiful than those 
from Strabismus occurs naturally 
in this species,50 and presumably so does 
amblyopia. Strabismus induces strabismic 
a~nbl~opia .~ '  It is now fairly well established 
that the monkey sensitive period is stable 
from birth to 7 weeks, after which it de- 
clines, and is virtually ended at 9 weeks.49. 52 

This is based on changes in cortical layer 
IVc because the period may extend to at 
least 1 year in other cortical layers.49352 
There is a need for behavioral data to clar- 
ify these functions. 

Can this mean that the infant's sensitive 
period is similar to that of the monkey, only 
a couple of months long? There is, after all, 
a difference in the rate of development of 
the two s~ecies. Teller et a1.53 have shown 
that the development of visual acuity takes 
4 times longer in infants than in the mon- 
key. Using this factor, the human sensitive 
period would be (4 x 9) about 36 weeks, or 
roughly 9 months. These data do not seem 
to be in accord with clinical observations 
and experiments, which give a value of 5 to 
10 years. 

There may be differences in the response 
to deprivation between cats and monkeys. 
Crawford et al.46 found that the monkey 
striate cortex is even more vulnerable to 
binocular deprivation than that of Hubel 
and Wiesel's ~ a t s ~ ~ - ~ ~  (but monocular dep- 
rivation showed no apparent differences). 
After 4 weeks of binocular deprivation, not 
only were there fewer binocular units, but 
51% of all cells tested were visually unre- 
sponsive. This could be the basis of a kind 
of binocular amblyopia if visual acuity were 
reduced. Recently, Kaye et al.54 found that 
if the dark-reared cat is recorded immedi- 
ately after deprivation, the ocular domi- 

nance histogram is normal, but binocular 
units suffered if recorded after a subsequent 
year or two of light rearing. Monkeys need 
to be tested under similar conditions. 

Hyvarinen et a1.55 showed that in the 
parietal cortex of monkeys there is a cross- 
sensory model deprivation effect in dark- 
reared animals. Little recovery was ob- 
served after several months. This too is in 
contrast to the recovery observed in 
~ a t s . ~ ~ - ~ ~  Mitchell et al.58 have demon- 
strated in the cat that cross-suturing is not 
necessary to obtain almost complete recov- 
ery of visual acuity in the originally de- 
prived eye, closed from birth to 40 or 60 
days. In the monkey, however, reverse su- 
turing is essential for h is t~logical~~ or phys- 
iological recovery.59 These experiments 
demonstrate that there is a t  least one im- 
portant species difference between cat and 
monkey other than the obvious ones of hue 
discrimination and resolution. They also 
demonstrate that extrapolation of these 
conflicting models to children cannot be 
done with confidence. 

DEPRIVATION PERIODS IN ANIMALS 
AND CHILDREN 

The early work on cats showed that mon- 
ocular deprivation, usually by suturing 
closed the lids of one eye, need be for only 
a matter of daysz9 or even hours60. 61 during 
the height of the sensitive period to produce 
an irreversible deficit of active cortical 
neural units. This finding has been con- 
firmed and also subjected to some modifi- 
cation. If the cats are allowed a normal 
visual environment before and after the 
deprivation, the effect is not as severe62 and 
may even show no effect.63 Thus by keeping 
cats in the dark except during monocular 
deprivation, the modelers have been asking 
a question that has no counterpart in the 
clinically important monocular deprivation 
of infants. The monkey data have been 
similarly misleading in this regard. A mon- 
key monocularly deprived for 14 days be- 
ginning a t  1 month of age by Harwerth et 
al.'j4 and then allowed a normal visual en- 
vironment exhibited a deep and lasting am- 
blyopia. However, simple conclusions can- 
not be drawn from this experiment, as will 
be discussed later. 

As mentioned earlier, Teller et a1.53 found 
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that the ratio of development of visual acu- 
ity in macaque monkeys relative to children 
is about 1:4; that is, the development of 
monkey acuity at 6 weeks is similar to that 
of a child of 6 months. Using this factor of 
4 for the difference in the rate of develop- 
ment would translate the Harwerth data to 
a model of a child of 4 months, deprived for 
2 months, resulting in a severe loss of acuity 
in the occluded eye. What evidence is avail- 
able to support this model? 

Effect of Monocular Deprivation on 
Visual Acuity in Children 

Most evidence for stimulus deprivation 
amblyopia is retrospective. One exception 
is seen in Jacobson et al.15 

Awaya and his colleagues65 found in cases 
of sequential patching after entropion sur- 
gery that about 2% of the infants became 
amblyopic as a result. This figure is based 
on one amblyopic child (out of a sample of 
51 children) who was operated on at the 
age of 6 months. The 2% statistic has been 
widely misinterpreted to be 100% of those 
children patched for 1 week a t  less than 1 
year of age.4' 43' 66 In a much larger sample 
(which was the basis of the misinterpreta- 
tion!, Awaya and his colleagues65 did not 
have complete statistics but did note that 
the eye patched last always corresponded 
to the amblyopic eye, providing evidence of 
cause and effect. Furthermore, according to 
Awaya et al.,65 the 2% figure is higher than 
would be expected in the normal population 
when one considers that all types of stim- 
ulus deprivation amblyopia comprise about 
3% of the population (including form dep- 
rivation, strabismus, anisometropia, and 
ametropia). The 2% value is from form dep- 
rivation alone (Awaya et al.67.6s; personal 
communication, 1981.) Hartwig et al.69 also 
found about a 3% incidence. They examined 
the records of the duration of unilateral 
occlusion in 32 children from 11 days to 3% 
years of age who had been bandaged after 
surgery, burns, or trauma of the lids and 
conjunctiva. The children were recalled and 
30 of them were found to have good visual 
acuity and binocular vision. One had nor- 
mal acuity but was an intermittent alter- 
nating exotrope. Only one child had ambly- 
opia, a 6%-year-old boy who was monocu- 
larly occluded a t  2% years of age for 9 

weeks. Vision was 6/24 (20/80) and was not 
improved by pleoptics. Squint was not ob- 
served, although eccentric fixation devel- 
oped afterwards. The authors concluded 
that unilateral occlusion at least up to 10 
days duration does not lead to deprivation 
amblyopia. 

Mackensen70 records a case where, in er- 
ror, there occurred 7 months of continuous 
monocular occlusion of the previously 
sound eye of a 5-year-old boy. Subse- 
quently, with patching of the originally am- 
blyopic eye, the previously sound eye 
jumped from 6/60 (20/200) or less to 6/6 
(20/20) in 4 days. Apparently, the severe 
deprivation amblyopia here was easy to 
overcome, even a t  5 years of age. 

Based on his clinical records, von Noor- 
den7' concluded that the sensitive period in 
children lasted from birth to 4% years as 
compared to his finding of about 2 months 
in monkeys. Recently, von N ~ o r d e n ~ ~  has 
concluded that amblyopia can develop up 
to 5% years of age when deprivation lasts 
for 1 to 36 months. Patching the nonde- 
prived eye brings improvement in acuity if 
the original deprivation began after the age 
of 30 months. 

Held and his  colleague^^^^-^' have mea- 
sured visual acuity of infants by their ver- 
sion of the preferential looking method, 
originated by Fantz7' and also developed by 
Teller73 and her colleagues.74v75 The pri- 
mary limitation of this technique is that it 
is generally restricted to children up to 
about 1 year of age because of the devel- 
opment of changes in the child's behavior, 
although the age limitation has been some- 
what extended.75 Held's has 
shown that the neurovisual system is highly 
modifiable during this period. The changes 
in acuity caused by deprivation are extraor- 
dinarily transient. In fact, although these 
infants may have considerable astigmatism, 
there seems to be no evidence of the devel- 
opment of meridional amblyopia during 
this period.' 

Jacobson et a1.15 have clearly demon- 
strated that amblyopia can result not only 
from anisometropia in infants,76 but also 
from esotropia. Four infants with alternat- 
ing esotropia from birth or shortly after had 
equal or nearly equal monocular acuities 
upon first measurements at an average age 
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of about 15 weeks. A significant acuity dif- 
ference was first found at an average of 
about 20 weeks of age. At this age it took 
only a few weeks to develop a clear differ- 
ence in the acuities of the two eyes. 

There is some indication in children that 
the formerly deprived eye will recover its 
acuity without occluding the normal eye 
(Jacobson et a1..16 case no. 7 )  under what is 
termed "biocular" viewing conditions. If 
this is so, the cat rather than the monkey 
model may be more applicable. 

We have been measuring the visual acu- 
ity of infants and children by means of 
pattern visual evoked potentials (VEP).4 
The age of the child has no bearing on our 
ability to record these measurements. In 
children monocularly deprived until 3 to 5 
months after birth, patching the sound eye 
causes a marked increase in acuity in the 
formerly deprived eye. 

The patched eye rapidly loses acuity as 
the formerly deprived eye gains, in a recip- 
rocal way. Is this loss of acuity in the pre- 
viously nondeprived eye originally observed 
by Held and his group,12-l6 amblyopia? Be- 
cause it is in accord with the definition. it 
can be called "patching amblyopia." It dan 
occur a t  least to 8 years of age, although 
the improvement of acuity in the formerly 
deprived eye may occur only to about 4 or 
5 years.5, 

A maior test of the animal model is to see 
whethe; it predicts quantitatively what we 
have been able to measure on infants. As 
mentioned earlier, patching a monkey at 
one month of age for 15 days elicits a deep 
a m b l y ~ p i a . ~ ~  If the development of the in- 
fant's visual system takes four times longer 
than does the monkey,52 then a child of 4 
months deprived for 2 months or more 
should be severely amblyopic. Fig. 4 shows 
a child of 5 months who had been deprived 
in one eye by a congenital cataract and 
upon its removal at 3 days of age by a large 
hypermetropia until corrected by a contact 
lens starting at 2% months. Measurements 
starting a t  5 months before patching show 
that the amblyopia, about 6/24 (20/80), is 
not very severe despite months of depriva- 
tion compared with that of the monkey,64 
shown as an open triangle. This monkey at 
the end of deprivation was about 6 weeks 
old, a t  which time the sensitivity was begin- 
ning to fall. Perhaps the remaining duration 

and effectiveness of the sensitive period did 
not permit recovery or perhaps it was the 
lack of cross-patching. I t  also had a sizable 
anisometropia, which in the event that all 
other conditions for recovery were favora- 
ble, would still have precipitated the am- 
blyopia. Another example of extreme mod- 
ifiability in a very young child was seen in 
Fig. 1. 

Hence, it may well be that the primary 
difference in vision between monkey and 
baby is only in the duration of the sensitive 
period. This could account for the discrep- 
ancies observed, except for recovery with- 
out cross-patching in infants.16 

Let us assume that the main, highly sen- 
sitive part of the sensitive period in children 
as indicated by both VEP acuity measure- 
ments5r6 and clinical e ~ i d e n c e ~ ~ - ~ ~  lasts to 
about 5 or 10 years. During this period, 
amblyopia could occur but it would be read- 
ily reversible, neglecting the binocular 
units. Then the animal model would indeed 
be useful as long as we did not use it to 
predict the sensitive period duration in chil- 
dren. 

There is an early period of high sensitiv- 
ity in the monkey as seen in the geniculate 
innervation of striate cortical layer IVc 
after monocular deprivation. As mentioned 
earlier, sensitivity of the cells above and 
below layer IV may show some remaining 
neural sensitivity for more than a year,49v 51 

or even as long as 1% to 2 years (T. N. 
Wiesel, personal communication). 

Based on the phylogenetic ratio of 4, this 
could extrapolate to a sensitive period in 
children lasting 6 to 10 years. We are com- 
paring a neurohistophysiological effect in 
the striate cortex of monkey with the visual 
acuity effect in children. Measurement is 
needed of the duration of the sensitive De- 
riod of visual acuity to monocular depriva- 
tion in the monkey. However, now that 
data are being obtained directly from chil- 
dren, the need for animal experiments is 
less pressing. Nevertheless, cross-patching 
experiments in the monkey49r52 show a re- 
ciprocal effect of eye dominance and the 
histology shows a similar reciprocal expan- 
sion and contraction of geniculate afferents, 
both of which at 1 year have lost their 
p l a s t i ~ i t y . ~ ~  It may be that there are corre- 
spondingly two different kinds of sensitive 
periods to monocular deprivation in chil- 
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MONTHS OF AGE 
FIG. 4. Visual evoked potential acuity measurements in monocularly deprived infants. Redrawn from Odom 

et a1.= Congenital cataract of the right eye removed at 3 days of age. Contact lens was fitted between 2.5 and 
5 months. It was not possible to measure the normal eye at the first session at 5 months of age. The dashed line 
indicates an assumption of good acuity at that time. The triangles show the acuity of the two eyes of a monkey, 
which was monocularlv deorived for 2 weeks at 1 month of age.64 This age corresponds to about 4 months in 
the child in terms of aduity'deve~o~ment. 

dren, an early and a late, but we have no 
evidence for it as yet. 

BINOCULAR FUNCTIONS 

The animal models paint a dismal picture 
of the effect of patching on binocular unit 
activity. Monocular patching is bad and 
alternating patching is worse. The latter is 
still practiced by clinicians, apparently with 
little justification. Cross-patching in ani- 
mals does bring back some binocular unit 
function, but only after most or all of it has 
been destroyed by the initial occlusion. The 
cat model predicts that dark rearing (or 
binocular patching) destroys stereo psi^.^^ 
Until we can get data directly from chil- 
dren, it would seem wise and prudent to 
follow the animal models and avoid both 
patching the amblyopic eye and also bin- 
ocular patching. 

Binocular function and unit activity 
await more measurements of the kind now 
possible in ~ h i l d r e n . ~ ~ - ~ ~  There is evidence 
that the sensitive period in children for 
these units is of the order of 2 to 4 years.83p 
It  now amears ~ossible to record VEP cor- 
relates o?'Poggib-~ischer binocular units to 
analyze the responses of the kinds of cells 
involved in stereo and fusion problems.85 

NEUROTRANSMITTERS AND VISUAL 
DEPRIVATION 

A neurochemical model of visual modifi- 
ability has been worked out in cats for 

catecholamines (norepinephrine and its 
toxin, 6-hydroxydopamine)86 and for bicu- 
culline, an antagonist of y-aminobutyric 
acid), which is an inhibitory t r a n ~ m i t t e r . ~ ~  
Although it may not be a transmitter, 4- 
aminopyridine can produce a recovery dur- 
ing the first 3 days of monocular depriva- 
tion in lambs.36 These biochemical models 
might be more elegant than the deprivation 
ones, but they do not yet lead to a clinically 
useful course of prevention or treatment. 
They might provide a rational basis for 
some of the widespread values reported for 
the sensitive period in children. 

ANOTHER KIND OF DEPRIVATION 
AMBLYOPIA 

With clinical problems in mind, it has 
been shown by Ikedag8- and her colleagues 
in their cat models that anisometropic am- 
blyopia can be caused by a loss of functional 
X-type retinal ganglion cells, "X-cell am- 
b l y ~ p i a . " ~  This has been supported in part 
by other cat  experiment^^'-'^ despite excel- 
lent evidence to the contrary in catsg5 and 
in monkeys.96 

The distinction may hinge on possible 
differences between losses caused by blw, 
and losses caused by pattern deprivation.66 
Ikeda88-m (or peripheral) amblyopia does 
not occur with total pattern deprivation (as 
in Hubel and W i e ~ e l ~ ~ '  '' or central ambly- 
opia) but does occur with blur, the most 
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common clinical condition for amblyopia 
(Vaegan, personal communication). 

There is new evidence from man that the 
optic nerve may be involved in some human 
stimulus deprivation amblyopias,97 con- 
trary to the classical model originated by 
Wiesel and H ~ b e l . ~ ~  

The most complete and extensive evi- 
dence has been provided by the Moorfields 
Eye Hospital Electrodiagnostic Clinic of 
Geoffrey B. Arden and his group in London. 
In a convincing series of papers, they show 
that the malfunction of the oatic nerve. 
including perhaps other proxikal cells of 
the retina, may be the cause of a kind of 
human stimulus deprivation ambly- 
opia.66, 98-100 It  is not successfully treated by 
patching the other eye nor by orthoptics, as 
is the amblyopia which is more centrally 
seated. The condition is determined by the 
pattern electroretinogram. It  has also been 
clearly shown in the cat.'O1 The pattern 
electroretinogram is a specific electroretin- 
ographic wave responding to pattern with 
a time to peak of about 50 msec. Arden and 
his colleagues' work on patients has now 
been confirmed.lo2 

Siegfried103 has found visual evoked po- 
tentials from the region of the human tem- 
ple, which may reflect activity of the optic 
nerve. Early wavelets in the visual evoked 
potentials may reflect precortical activity 
in the visual pathway.lo4 These, along with 
new tests of binocular function, will help to 
make us even less dependent on animal 
models, allowing direct evidence of specific 
function or lack of it in each patient. 

CLINICAL APPLICATION 

The clinician has a dilemma after he has 
removed the deprivation by surgery and/or 
contact lenses. Will the vision of the for- 
merly deprived eye now improve sponta- 
neously? As previously mentioned, evi- 
dence from cat experiments indicate it 

but that from monkey, the opposite 
will In either case. one must be 
wary of applying an animal model, espe- 
cially about those aspects where there are 
abrupt species differences; that is, the cat 
appears to fall between monkey and man. 

It may be preferable to avoid any patch- 
ing if possible because the animal models 
tell us (and we have no reason as yet to be 

skeatical) that binocular neurons will al- 
ways suffer. If patching is necessary, the 
degree can be minimized and titrated to 
maintain equal acuity in the two eyes, albeit 
a t  less than the maximum possible acuity 
value for the sound eye. This widely used 
strategy76 105, 106 seems to work well. In the 
Beller76 study, there was an aniseikonia 
from the contact lens-corrected aphakic 
eye. This may amount to as much as 7 to 
18% (J. M. Enoch, personal communica- 
tion). Thus good simultaneous binocular - 
stimulation was not possible and binocular 
cells presumably would be sacrificed any- 
wav. 

mechanical model of stimulus depri- 
vation amblyopia based on VEP acuity 
measurements of amblyopic children is 
being offered by Jastrzebski et Changes 
induced by patching or its cessation are 
considered in terms of sensitivity and elas- 
tic and plastic effects. The same mechanism 
seems to be involved in both amblyopic and 
normal eyes. This analysis suggests that 
patching part-time rather than 12 or more 
hours per day elicits asymmetries between 
eyes in terms of the elastic and plastic 
characteristics of the visual system's sensi- 
tivity to patching, which forms the basis for 
successful treatment. It  also points to a 
sensitive period of about 6 or 7 years for 
this function. 

CONCLUSION 

The evidence generates some skepticism 
of the animal models of the development of 
stimulus deprivation amblyopia for chil- 
dren, despite the powerful, qualitative con- 
ceptual framework with which we have 
been enriched. We have little framework on 
which to base a rational clinical treatment 
other than direct and frequent monitoring 
of visual evoked potentials. The latter are 
not limited by the age of the child. Without 
monitoring, it is possible that "therapeutic" 
patching may do more harm than good. 

Foremost is the large disparity in the 
monocular deprivation sensitive periods of 
the monkey or cat acuity, 2 to 4 months vs. 
5 to 10 years in children. Furthermore, one 
might expect a progression in the length of 
the period from cat to monkey to man, but 
the monkey appears to have the shortest 
one. Furthermore, cats show remarkable 



June 1982 

recovery when simply released from mon- 
ocular deprivation, but monkeys show none 
unless the other eye is (cross) patched. In 
this respect, infants appear to be closer to 
cats than to monkeys. 

There is so little direct evidence as yet of 
the effect of deprivation of binocular cells 
in children that we must continue to use 
the animal model qualitatively until quan- 
titative data are obtained from clinical mea- 
surements in infants. The means and tech- 
niques to do so are now becoming available. 

The animal models, strictly speaking, are 
not entirely valid for children but they have 
powerful and useful concepts that have not 
been fully used by clinicians nor fully inter- 
preted by animal physiologists. These con- 
cepts may be applied as our knowledge of 
human visual function continues to grow 
and until the models are superseded by 
direct knowledge from children gained by 
new electrophysiological and behavioral 
techniques. 
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