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PURPOSE. Amblyopia is the commonest visual disorder of child-
hood. Yet the contributions of the two principal treatments
(spectacle wear and occlusion) to outcome are unknown. This
study was undertaken to investigate the dose–response rela-
tionship of amblyopia therapy.

METHODS. The study comprised three distinct phases: baseline,
in which repeat measures of visual function were undertaken
to confirm the initial visual deficit; refractive adaptation: an
18-week period of spectacle wear with six weekly measure-
ments of logarithm of the minimum angle of resolution
(logMAR) visual acuity; occlusion: in which participants were
prescribed 6 hours of “patching” per day. In the latter phase,
occlusion was objectively monitored and logMAR visual acuity
recorded at 2-week intervals until any observed gains had
ceased.

RESULTS. Data were obtained from 94 participants (mean age,
5.1 � 1.4 years) with amblyopia associated with strabismus (n
� 34), anisometropia (n � 23), and both anisometropia and
strabismus (n � 37). Eighty-six underwent refractive adapta-
tion. Average concordance with patching was 48%. The rela-
tionship between logMAR visual acuity gain and total occlusion
dose was monotonic and linear. Increasing dose rate beyond 2
h/d hastened the response but did not improve outcome. More
than 80% of the improvement during occlusion occurred
within 6 weeks. Treatment outcome was significantly better
for children younger than 4 years (n � 17) than in those older
than 6 years (n � 24; P � 0.0014).

CONCLUSIONS. Continuous objective monitoring of the amount
of patching therapy received has provided insight into the
dose–response relationship of occlusion therapy for amblyo-
pia. Patching is most effective within the first few weeks of
treatment, even for those in receipt of a relatively small dose.
Further studies are needed to elucidate the neural basis for the
dose–response functions. (Invest Ophthalmol Vis Sci. 2004;45:
3048–3054) DOI:10.1167/iovs.04-0250

Amblyopia is the commonest childhood vision disorder,
with a prevalence of 1% to 5%.1 It carries an increased

lifetime risk (at least three times that of the general population)

of serious vision loss of the fellow eye.2 The condition is
characterized by reduced visual functions and, usually but not
invariably, affects one eye. Amblyopia is found in association
with one or more of the following: refractive error (which may
be unilateral or bilateral); strabismus; or, more rarely, condi-
tions that preclude the formation of a clear retinal image (e.g.,
infantile cataract). Primate models of amblyopia have repeat-
edly shown the primary visual cortex (area V1) to be dysfunc-
tional.3 Functional imaging studies confirm processing abnor-
malities in area V1 of humans and hint at deficits within higher
cortical areas.4

Research in the 1960s and 1970s demonstrated that the
developing visual system is highly sensitive to deprivation.5

This led to the concept of a visual sensitive period, ending at
approximately 6 to 7 years, which, if interrupted by any ob-
stacle such as blurred vision and/or strabismus, results in am-
blyopia. The clinical upshot of this research was the belief that
amblyopia should be both identified and treated in early child-
hood. This critical notion has influenced health service man-
agement in many countries, so that in the United Kingdom at
least, national screening for strabismus and amblyopia is rec-
ommended in children aged between 4 and 5 years6 and
overall, approximately 90% of children’s eye services work is
amblyopia related. Such a massive investment requires that
amblyopia therapy be both effective and efficient.7

The mainstay treatment for more than 250 years has been
occlusion of the better eye by an opaque patch (“patching”), to
promote visual function in the amblyopic eye. Therapeutic
regimens lack standardization and range from patching for a
few minutes a day to all waking hours. Treatment may last
many months.

To date, no study has been able to provide quantitative
insight into the dose–response relationship of occlusion ther-
apy, an important precursor to establishing the effectiveness of
a treatment regimen. We consider this observation to be attrib-
utable to a lack of consideration of the following factors:
refractive adaptation, objective measurement of occlusion
dose, and appropriate definitions of treatment outcome.

First, most children with amblyopia require refractive cor-
rection by spectacles as well as patching. Both interventions
may generate considerable visual improvement; however, until
recently,8 the period over which what is referred to as either
adaptation to spectacle wear or refractive adaptation occurs
was not defined. Although the importance of fully differentiat-
ing the beneficial effects of spectacle wear from those of
occlusion is now recognized,9 in practice both treatments are
often prescribed concurrently.

Second, objective measurement of concordance (compli-
ance) with treatment has only recently become available.10–12

Hitherto, any notion of treatment dose was subjective and
unquantifiable with regard to the amount of actual patching
received (as opposed to that prescribed).

Third, critical to evaluation of therapeutic effectiveness is a
meaningful definition of treatment outcome. Published success
rates span a broad range from 19% to 93%,13–20 but in the
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absence of an agreed convention of recording outcome, they
cannot be rigorously compared. Two broad approaches to
quantifying outcome have been employed. The first defines
outcome by visual acuity achieved at the end of treatment,
often 20/20, 20/30, or 20/40. The attainment of 20/20 presup-
poses, incorrectly, that visual acuity is a single value, rather
than a range. The use of subnormal values (20/30 or 20/40) is
arbitrary. The second approach defines outcome by the num-
ber of visual acuity chart lines of treatment-generated improve-
ment, but has the drawback that it offers no indication of how
close outcome is to “normal,” or how much of the amblyopia
deficit has been corrected. We consider that the optimum
outcome of amblyopia therapy for unilateral amblyopia is the
achievement of equal visual acuity in both eyes, on the basis
that binocular vision is best promoted by equal visual input
from each eye. Utilizing this approach informs both how close
to normal acuity the treatment achieves and the proportion of
the visual deficit that is corrected.21

Herein, we present the results of the Monitored Occlusion
Treatment of Amblyopia Study (MOTAS), with the purpose of
determining the dose–response relationship of occlusion ther-
apy as a function of age and type of amblyopia. Most studies
have yielded low-grade evidence of treatment effectiveness,
generating a plea22 for randomized controlled trials (RCTs).
Four such studies have now been completed23–26; however,
given that treatment success has been claimed for such a wide
range of unmonitored occlusion doses, those regimens chosen
for evaluation by RCT can only have been selected on a prag-
matic basis. We propose that knowledge of the dose–response
function gleaned by a study incorporating objective treatment
monitoring (MOTAS) would greatly inform the design of future
RCTs while providing interim guidance on clinical best prac-
tice.

This study is the first to investigate treatment dose–re-
sponse in amblyopia therapy and was innovative in that it fully
differentiated the effects of refractive adaptation from those of
patching, used objective monitoring of occlusion, and used
rational methods of quantifying outcome.

METHODS

Study Design

The design for this prospective study has been reported in detail
elsewhere.27 Briefly, it comprised three phases: baseline, refractive
adaptation, and occlusion, depicted in detail in Figure 1.

Before study entry, all children had a full ophthalmic assessment
including cycloplegic retinoscopy and fundoscopy. The baseline phase
comprised a minimum of two consecutive assessments to be certain
that the first measure of function was robust. Children who needed
spectacle correction entered the refractive adaptation phase. Those
not needing spectacle correction entered the occlusion phase. Chil-
dren were instructed to wear spectacles (where prescribed) full time
and were scheduled to return for vision assessment at 6-weekly inter-
vals from week 0 (onset of spectacle wear) until 18 weeks of refractive
adaptation was completed—a period that our published pilot research
indicated would allow for all significant improvement attributable to
spectacle wear to have occurred.8 Children remaining eligible, by still
meeting the study’s operational definition of amblyopia (described
later), entered the occlusion phase and were prescribed 6 hours’
occlusion per day. Occlusion episodes were recorded to the nearest
minute by an occlusion dose monitor (ODM).10 The ODM, a device
developed and extensively piloted by us, consists of an eye patch with
two small electrodes attached to its undersurface that are connected to
a battery-powered data logger by a plastic-encapsulated wire
lead.10,11,28 In this phase, both visual function and monitored occlu-
sion dose were recorded at 2-week intervals until acuity ceased to
improve (two inflections in an acuity-against-time plot or identical

measurements on three consecutive visits).27 On completion of the
occlusion phase, participants returned to standard clinical care.

Study Participants

Children were recruited from two London hospitals between January
2000 and December 2001. Inclusion eligibility criteria were: 3 to 8
years of age; anisometropia and/or strabismus; an interocular acuity
difference of at least 0.1 logarithm of the minimum angle of resolution
(logMAR; e.g., right 20/20; left �20/25, in Snellen notation); and no
history of previous occlusion therapy, ocular disease, or learning dif-
ficulties. Rationale of inclusion criteria and definitions of anisometropia
and strabismus are discussed elsewhere.27 Written parental consent
was a prerequisite of enrollment. The study was administered accord-
ing to the Helsinki Declaration II and approved by Hillingdon and St.
Marys Hospital National Health Service (NHS) Trusts Local Research
Ethics Committees.

Outcome Measures

Assessment of Visual Function. The primary measure of
visual function outcome measurement was logMAR visual acuity,29,30

scored by letter. Three letter logMAR visual acuity charts were used:
ETDRS, crowded, and single logMAR charts. The chart used depended
on the reading ability of the child and was generally age dependent.
The visual acuity test used at the first study session was used through-
out the study period.

Objective Monitoring of Occlusion. The occlusion dose
was monitored with an ODM as described earlier. At the start of the
occlusion phase, the investigator explained to the parents and child

FIGURE 1. An organization flow chart showing progression of partic-
ipants through the study.
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the practicalities of wearing the monitor. At each subsequent visit, data
from the ODM were downloaded to a computer, and parents were
given the opportunity to review their child’s concordance.

Definition of Optimum Outcomes. Visual outcome was
expressed in two ways: first, by calculating the residual amblyopia
(acuity difference between the amblyopic and fellow eye at outcome);
and second, by calculating the proportional improvement (proportion
of the visual deficit corrected). This second method sets the visual
acuity of the fellow eye as the target to be achieved and also accounts
for natural visual development during the study period. This approach
informed us how close to normal the treatment brings the eye with
amblyopia and also how much of the amblyopic visual deficit is
corrected.21 A score of 100% proportional improvement and 0.0 log
units residual amblyopia represented the optimum outcomes, where
the amblyopic deficit had been fully corrected, and the visual acuities
of the two eyes were equal.

Statistical Analysis

The principal objective of the statistical analysis was to identify the
functional form of the dose–response relationship between occlusion
dose and improvement in logMAR acuity of the amblyopic eye. The
most general formulation involves recording the total (accumulated)
occlusion dose (D), and the total improvement in visual acuity (y); the
dose–response relationship is then encapsulated in the function (f)
where y � f(D), which depends on unknown parameters and explan-
atory variables such as type of amblyopia, age at occlusion, and initial
visual acuity. In addition, a calibration mechanism through fellow eye
logMAR measurement at the start and end of occlusion may be intro-
duced. We considered both dose and dose rate (dose per day) as
important predictors of response.

Statistical Models and Methods

In this article, we consider the nonparametric modeling of the dose–
response function, using locally weighted scatter plot smoothed (LOW-
ESS) regression.31 Uncertainty intervals are obtained using bootstrap
resampling. We also consider parametric linear and nonparametric
regression modeling. To identify significant terms in the model, we use
parametric tests (analysis of variance) and nonparametric tests that
allow the parametric assumptions to be relaxed. The nonparametric
tests are performed in an exact setting using permutation methods
(SPlus; Mathsoft, Inc., Cambridge, MA).32

In this analysis, we provide a summary of the data and inference
results, using the simplest models in an attempt to give a general
overview of the various relationships uncovered. In particular, we use
a multiple linear regression for the overall treatment response, using
amblyopia type as a discrete factor, and age and total dose as covari-
ates. We inspect R2 values to assess adequacy of fit, and coefficient
estimates, and standard errors. Note that all probabilities are two-sided.
A stringent criterion is adopted, because of the noise present in the
data, and because of the multiple testing of hypotheses in our report:
we deem a significance level of 1% to be appropriate in our analyses,
but report probabilities exactly.

To assess whether the dose–response differed as a function of
amblyopia type we have to capture the difference in an appropriate
goodness of fit measure, based on residual sums of squares (RSS),
between the best-fitting models. The spline regression (fit using the
LOWESS function in a statistical package [SPlus; Mathsoft, Inc.] on a
default specification) can be used to obtain a model fit, and hence the
RSS, for any data subset. Therefore, let R be the RSS for the whole data
set, and let R1, R2, and R3 be the RSS for each of the three data subsets
defined by anisometropia, mixed (anisometropia and strabismus), and
strabismus, respectively. An appropriate measure of the improvement
in fit from fitting amblyopia type as a factor in the regression is T � (R1
� R2 � R3)/R. We use T as a test statistic in a spline-ANOVA type
assessment. We compute the exact null distribution of the test statistic
using simulation-based methods, in particular, randomization tests,
based on randomization of the type label among the dose–response

data. We test in the left tail of the randomization distribution only, and
compute the simulation probability in the usual way by evaluating the
proportion of sampled (permuted) results no larger than the observed
test statistic.

RESULTS

Of the 126 eligible participants, 94 (75%) parents gave consent
for their children to participate at a mean (SD) age of 5.2 � 1.4
years. Amblyopia was associated with anisometropia in 23
participants (5.6 � 1.2 years), strabismus in 34 (4.7 � 1.2
years), and mixed (anisometropia with strabismus) in 37 (5.3 �
1.5 years). The 32 children whose parents refused consent
were not significantly different (P � 0.78) in age (4.9 � 1.4
years) or in severity of amblyopia (P � 0.56) than the consent-
ing group mean (range) 0.59 � 0.34 (1.3–0.15) and 0.65 �
0.41 (1.6–0.14), respectively.

Of the 94 participants, 86 (91%) had refractive errors requiring
correction. Twenty-two (25%) had undergone full refractive ad-
aptation before study entry and passed straight from baseline to
the occlusion phase. Thus, 64 (75%) participants underwent re-
fractive adaptation before entering the occlusion phase.

Refractive Adaptation Phase

In this phase, the mean � SD (range) visual acuity for ambly-
opic eyes improved from 0.65 � 0.41 (1.6–0.14) to 0.43 �
0.37 (1.3 to �0.08) logMAR, a mean � SD (range) improve-
ment of 0.22 � 0.18 (0.0–0.6) log units (Fig. 2). Visual acuity
change was not significantly different (P � 0.29) for each type
of amblyopia (anisometropia 0.22 � 0.13 log units; mixed
0.18 � 0.14 log units; strabismic 0.27 � 0.24 log units) nor
were there significant differences (P � 0.38) for each age
group (under 4 years, 0.23 � 0.18 log units; 4 to 6 years, 0.24 �
0.20 log units; more than 6 years, 0.16 � 0.23 log units). During
refractive adaptation, visual acuity in 14 children improved to an
extent that they were no longer eligible for occlusion.

Occlusion Phase

Eighty children entered this phase. Eight left the study (five
disliked wearing the ODM and three did not attend) leaving
complete data for 72 participants. Mean � SD (range) visual
acuity in the amblyopic eye improved from 0.50 � 0.36 (1.6–
0.0) to 0.15 � 0.25 (1.02 to �0.15) logMAR, a change of
0.35 � 0.19 (0.0–1.2) log units (Fig. 2). With the exception of
three participants, all improvement took place in the first 12
weeks with most of this occurring by the first 4 weeks (46% by
week 2, 65% by 4 weeks, 82% by 6 weeks, 93% by 8 weeks).
The mean � SD improvement in visual acuity (log units)
increased significantly with decreasing age (under 4 years [n �
17], 0.43 � 0.25; 4 to 6 years [n � 31], 0.29 � 0.19; over 6
years [n � 24], 0.19 � 0.12; P � 0.0014). After age had been
taken into consideration, mean � SD change in visual acuity
(log units) was not significantly different (P � 0.03) for each
type of amblyopia (anisometropia 0.18 � 0.16; mixed 0.34 �
0.22; strabismic 0.30 � 0.20).

Concordance. Mean concordance with the prescribed oc-
clusion dose rate (6 h/d) was 2.8 hours (48%). Only 10 (14%)
of participants achieved an average concordance within 30
minutes of the prescribed dose rate. Inter- and intraparticipant
variation was considerable (0%–100%; Fig. 3).

Dose–Response. The total occlusion dose required to
achieve the observed gains in logMAR visual acuity was de-
scribed by a monotonic function, which for all categories of
amblyopia appeared to be linear with an approximate dose–
response rate of 0.1 log unit (1 chart line) improvement per
120 hours of occlusion (Fig. 4A). The overall response did not
differ significantly for each amblyopia type (P � 0.1).
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Dose rates of 2 h/d and over had a similar impact on
outcome (Fig. 4B), but greater dose-rates reduced the number
of weeks of occlusion necessary to achieve the best acuity.

Regression Model. In an exploratory linear regression
analysis with age, visual acuity at start of study, total occlusion
dose, and amblyopia type as predictors, a reasonable fit to the
data was obtained with a multiple linear regression (R2 �
0.87). Wald tests of the coefficients in the model indicated that
total dose, visual acuity at start of study, and age were all
influential predictors, but that there was no difference be-
tween amblyopia types.

Visual Outcome. Considering the outcome of all study
participants, the amount of deficit corrected was full in 30% of
participants, 75% to �100% in 24%, 50% to �75% in 23%, and
25% to �50% in 13%; whereas in 10%, less than 25% of the
amblyopic deficit was corrected.

In general, total doses over 200 hours were associated with
residual amblyopia less than 0.2 log units and more than 75% of
the deficit corrected (Table 1).

Outcome by Intervention. The contribution to outcome
attributable to the refractive adaptation and occlusion phases,
and the amount of amblyopia that remained at study outcome
is shown in Table 2. The contribution by refractive adaptation
was greater in anisometropic amblyopia than in the other
amblyopia types, and the final outcome for this group was also
better. Although study participants with strabismic and mixed
amblyopia showed some improvement with refractive adapta-
tion (correcting 27%–30% of the deficit) occlusion had a pro-
portionately greater effect.

DISCUSSION

In this study, we quantified the dose–response function(s) of
amblyopia treatment and the contributions to outcome attrib-
utable to refractive adaptation and occlusion. Objective moni-
toring of occlusion found overall concordance with treatment
to be 48%, but there was considerable variation within and

FIGURE 2. Box plots of visual acuity
at start and end of refractive adapta-
tion (n � 64) and occlusion (n � 72)
phases. Fourteen participants gained
equal visual acuity with refractive ad-
aptation and did not enter the occlu-
sion phase, hence apparent deterio-
ration of visual acuity between the
end of refractive adaptation and the
start of occlusion. Thirty participants
were added at the start of occlusion;
22 had undergone full refractive ad-
aptation before study entry, and 8
did not require any spectacle correc-
tion. Circles: the mean, central bars:
median values; whiskers: the 97.5
and 2.5 percentiles.

FIGURE 3. Box plots of occlusion
doses worn over the duration of
treatment for each study partici-
pant. Central bars: median values;
whiskers: the 97.5 and 2.5 percen-
tiles.
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between participants. The relationship between visual acuity
and treatment dose was monotonic, with 82% of the improve-
ment being achieved by 6 weeks of patching, but with some
further improvement up to 12 weeks. Children younger than 4
years of age fared better than those older than 6 years.

In current clinical practice, dose rates range from 10 min-
utes a day to all waking hours, and treatment may take many
months.10,19,20,23,33 We have found that dose rates of 2 to 6 h/d
generate equal final outcomes, although those with a high dose
rate achieved a successful outcome more rapidly. This finding
is in agreement with a recent trial in which it was reported that
daily prescribed patching of 2 hours generates a similar final
improvement to that of 6 hours.23 This study did not include

full refractive adaptation, and the patching was not objectively
monitored. Thus, as was acknowledged by the authors,23 the
actual dose received by the child was unknown.

Although it is a long-held clinical belief that amblyopia
therapy is more successful in the earlier stages of visual devel-
opment,34 there is little supportive evidence of this.19,35 In-
deed, Hiscox et al.13 and Lea and Rubenstein36 demonstrated
no significant difference in the effectiveness of occlusion treat-
ment commencing at any time between 3 and 7 years of age.
We have provided further evidence that treatment age is a
factor that influences the effectiveness of occlusion, although
sample size limitations do not allow us to stratify this effect in
detail. Nonetheless, our findings may contribute to the current

FIGURE 4. Change in visual acuity of
the amblyopic eye as a function of
(A) total dose accumulated to
achieve best acuity for the first time
and (B) dose rate. Fitted lines: de-
fault LOWESS line of best fit, with
95% confidence intervals (computed
point-wise using 5000 bootstrap re-
samples from the original data) in-
cluded for guidance.
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debate on the best age(s) at which to conduct childhood vision
screening.

Refractive adaptation is a distinct component of amblyopia
treatment and, in some cases, the only modality needed. We
recognize that not everyone would use the term amblyopia to
describe the visual deficit that improves slowly with refractive
correction, but currently we have no better term. It is specu-
lated that the response during refractive adaptation is a non-
competitive activity-dependent process in response to the in-
crease in the high-spatial-frequency content of the retinal
image on correction of refractive error.8 This may explain why
this improvement takes many weeks to complete. Understand-
ing the kinetics of refractive adaptation has practical implica-
tions, for if it is allowed to run its course, children commence
patching at a higher acuity level. This has benefits for the child;
for some, unnecessary patching is avoided. It is less disabling
than if it had been commenced when visual acuity was worse,
and perhaps adverse psychosocial consequences37 of patching
are minimized, potentially enhancing concordance. The meth-
odology of this study has enabled us to differentiate the ther-
apeutic gains due to occlusion from those due to refractive
adaptation and has demonstrated that these two modalities
contribute in an additive fashion to the final outcome. This
suggests that separate neural substrates and mechanisms are
involved in the response by the visual system to each of these
interventions. Future research should be directed toward iden-
tifying the underlying neural activity that underpins these re-
sponses, in which functional neuroimaging has undoubtedly an
important role to play.4

We have described the dose–response relationship of oc-
clusion therapy. This will enable clinicians to discuss the com-
ponents of treatment (spectacle wear and patching) and broad
time scales for each intervention with parents. We now have
knowledge of occlusion doses likely to provide a therapeutic
response. Future RCTs are required to determine optimum
treatment regimens; however, we now have knowledge of
viable regimens to evaluate, and a validated model of method-
ology to incorporate into RCT design.
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