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Abstract

Purpose—To describe a modified bell retinoscopy (MBR) method for quantifying accommodative
lag in children, and to assess its repeatability and comparability to other techniques.

Methods—In MBR, the target is advanced toward the patient until the retinoscopic reflex is
neutralized. A “standardized 40 cm target estimate” of lag was derived for each child using data from
three retinoscope distances. Within-visit repeatability was assessed in normal children 5-23 months
of age, a heterogenous group of clinic patients, and a group of children with Down syndrome. Clinic
patients were tested on separate days for between-visit repeatability, and also with Nott retinoscopy
(NR) and the monocular estimate method (MEM) on Day 2.

Results—MBR correlated with NR (R=0.84) and MEM (R=0.82). MBR and NR estimates were
lower than MEM for high lags. Within-visit repeatability of the standardized 40 cm target estimate
of MBR in normal children and clinic patients varied with the amount of lag (p<0.0001). The
repeatability index (RI) for 0.50 D lag was 0.49 D, and for 1.00 D lag it was 0.80 D. Repeatability
was similar in children with Down syndrome. In clinic patients, the between-visit Rl for 0.50 D lag
was 0.60 D for the second estimate of each day, with lower repeatability for the first measure of each
day. Repeatability did not vary with age or refractive error. The decrease in repeatability with high
lag may be attributable to spatial measurement error.

Conclusions—MBR estimates of accommaodative lag correlate with traditional dynamic
retinoscopy measures over a wide range of lags, and show comparable repeatability. MBR may be
a useful addition to the repertoire of clinical tools available for assessing accommodation in young
children.
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“Dynamic” retinoscopy techniques quantify accommodative lag by assessing the refractive
state of the freely-accommodating eye at a single point in time. Traditional techniques include
Nott retinoscopy (NR),! the monocular estimate method (MEM) 2: 3 and bell retinoscopy. 4
Clinical applications of measuring accommodation include optimizing refractive correction in
children at risk of accommodative deficits, from Down syndrome, 5+ 6 7 cerebral palsy, 8 9 or
retinal disorders, 10 and evaluating asthenopia and convergence insufficiency. 11
Accommodative deficits may be important to identify in children with amblyopia, 12 13, 14,
15 since hyperopic or bifocal correction could theoretically enhance treatment in these children.
16,17 Accommodative lag may also help distinguish between well-compensated hyperopes and
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those requiring correction to prevent esotropia or amblyopia; 18: 19: 20 3 straight-eyed hyperope
who is accommodating well may not need spectacles, 17 21 whereas habitual under-
accommodation in a hyperope may foreshadow esotropia 22 and/or bilateral amblyopia. 23: 24

Dynamic retinoscopy is challenging, however, in young children. With a moving or inattentive
child, it is difficult to introduce MEM lenses briefly enough not to influence accommodation.
NR, using a fixed target, is inconvenient to perform in a typical clinic setting without an
assistant. The examiner’s withdrawal can distract the patient, and the retinoscopic reflex seen
from a distance becomes hard to judge when lag is high. Hunter 17 proposed evaluating
accommodation in children qualitatively by starting from a fixed retinoscope position, and
advancing the target toward the child until the retinoscopic reflex is neutralized. The present
article describes a similar, but quantitative procedure for assessing accommodation. Because
the underlying principle is the same as that in bell retinoscopy, # the procedure is called
modified bell retinoscopy (MBR). This study includes an assessment of the repeatability of
measurements of accommodative lag in young children using MBR, and an evaluation of the
comparability of MBR to other dynamic retinoscopy methods.

Modified Bell Retinoscopy, Nott Retinoscopy and MEM

In MBR, the retinoscopist maintains a fixed distance from the child; the target is advanced
until the retinoscopic reflex is neutralized (Figure 1). The target is attached to the end of
retractable tape measure, which is attached to the retinoscope head, to measure the distance
advanced. The accommodative demand, accommodative response, and accommodative lag are
calculated from the known, fixed distance between retinoscope and child (D2 in Figure 1), and
the final recorded distance between retinoscope and target. D1 in Figure 1 is the difference
between D2 and the recorded retinoscope-target distance; the inverse of D1 is the dioptric
viewing distance between child and target, and is henceforth termed the accommodative
demand. When the retinoscopic reflex is neutralized, the dioptric distance between child and
retinoscope (inverse of D2) is the accommodative response corresponding to that demand. The
difference between accommodative demand and response is the accommaodative lag.

The variable in MBR is the accommodative demand yielding a given accommodative response,
with the response defined by D2, set by the examiner. A measurement at one retinoscope
position yields one point on the child’s accommodative demand-response function, as in NR.
NR differs from MBR only in that the demand is fixed by the examiner, and the corresponding
response is the measured variable. The nomogram for MBR shown in Figure 2 illustrates how
a given combination of retinoscope distance (D2) and target advancement corresponds to a
given accommodative demand and associated lag of accommodation.

The MBR target, an internally-illuminated cube ° with high-contrast black-and-white cartoon
images containing a range of spatial frequencies, or letter/number optotypes for older children,
was viewed in dim illumination, drawing attention to the illuminated images. The tape-measure
on the retinoscope was used to establish the distance between child and examiner. Holding the
target at the retinoscope, the examiner evaluated the retinoscopic reflex, eliciting the child’s
attention with verbal cues and by wiggling the target. “Against-motion” (accommodative lead)
was recorded, but not quantified (the target could not be moved further away from the child
than the retinoscope). If “with-motion” was observed, the target was first advanced toward the
child until the motion was neutralized or reversed, then withdrawn again until “with-motion”
was just seen. The final retinoscope-target distance was recorded. Secondary withdrawal of
the target was designed to avoid overestimating lag, in children who were initially inattentive
but then showed a step increase in accommodation in response to the moving target.
Withdrawal identified the low neutral point once the child’s attention was engaged.
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The variable assessed in MBR is the accommodative demand, so different measurements from
the same child recorded at a given retinoscope distance reflect not only different amounts of
lag, but different accommodative demands (see Figure 2). Because lag may vary with
accommodative demand, 9+ 2° this study used normalized measurements. Lag was measured
at three retinoscope distances (33 cm; 50 cm; 67 cm), giving three different points on the
accommodative demand-response curve (targets rotated between measures to maintain
interest). Regression was used to derive an accommodative demand-response function, and a
lag estimate for a hypothetical 2.50 D demand. This is termed a “standardized 40 cm target
estimate,” while the measurement obtained at a single retinoscope distance, e.g. 67 cm, is a
“67 cm retinoscope measure.”

The nominal distance between child and retinoscopist may in reality vary, causing
measurement variability in both accommodative response (calculated from the retinoscopy
distance) and accommodative demand (calculated from the retinoscopy distance and the tape
measure reading). Orthogonal rather than linear regression was therefore used to derive
accommodative demand-response functions. 26

For NR, the same target was used, viewed at 40 cm in dim illumination. The examiner drew
attention to it verbally and by wiggling the target’s fixed support, and withdrew until the
retinoscopic reflex was neutralized, measuring the distance with a string. The accommodative
response was the inverse of the final distance between child and examiner.

The MEM target consisted of stickers (range of spatial frequencies similar to the NR/MBR
target images), and letter/number optotypes for older children, on a black background
surrounding a central aperture, attached to the front of the retinoscope, with the examiner
viewing through the aperture. This was presented at 40 cm with normal illumination. The
examiner was masked to the lenses, drawing lenses from a shuffled set of 4 boxes each
containing a 1.00 D range in 0.25 D increments. *“Against-motion” with the first lens, or “with-
motion” with the last, prompted selection of another box. The lowest-neutral lens value
represented the accommodative lag.

Retinoscopy was performed in the horizontal meridian, usually the more hyperopic in the
population of children studied.

Subject Populations and Procedures

The “screening” population consisted of 5- to 23-month-old children in Early Head Start,
Women Infants and Children centers, and community medical clinics in Los Angeles County.
MBR was performed at retinoscope distances of 33 cm, 50 cm, and 67 cm; the sequence was
repeated, yielding two standardized 40 cm target estimates. Cycloplegic (cyclopentolate/
mydriacyl) retinoscopy was then performed.

The “clinic” population comprised 30 patients <16 years undergoing MBR on a routine visit,
returning 3-30 days later for MBR, NR and MEM, performed in randomized sequence. On
Day 2, the examiner was masked to Day 1 findings. Two measures were taken with each method
(2 standardized 40 cm target estimates, for MBR). Children were usually tested uncorrected,
maximizing lag from hyperopia and astigmatism, to assess a wide range of accommodative
lags. The right eye was measured, with 3 exceptions for media opacity or strabismus. The same
eye and spectacle-wear conditions were used for all methods on both days.

MBR was also performed in a cohort of 11 children with Down syndrome, without refractive
correction, to evaluate repeatability in children with a high prevalence of accommodative
deficiency.

Optom Vis Sci. Author manuscript; available in PMC 2010 December 1.
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This research followed the tenets of the Declaration of Helsinki, and was approved by the
institutional review board of Childrens Hospital Los Angeles. After the nature of the study was
explained, written informed consent for participation was obtained from parents, and assent
was obtained from children who were able to provide assent.

Statistical Analysis

RESULTS

The repeatability index (RI) of a measurement is the half-width of the 2-sided 95% agreement
limits: 1.96 times the standard deviation (SD) of the inter-measurement difference. Stratified
R1 were calculated for lag <0.50 D and lag >0.50 D. Corresponding 95% agreement limits are
shown as horizontal dashed lines in Bland-Altman plots.

A regression method described by Bland and Altman 27 was used to describe inter-
measurement agreement continuously as a function of measurement amplitude and other
parameters of interest (see Appendix, Supplemental Digital Content 1, which describes the
method in detail). This approach determines whether systematic inter-measurement difference
(bias) and/or residual inter-measurement variability (repeatability) change as a function of a
parameter of interest. It was used to (1) describe bias as a function of measurement amplitude
when comparing dynamic retinoscopy methods, (2) assess inter-measurement agreement for
MBR as a function of age and refractive error, and (3) assess inter-measurement agreement for
MBR as a function of measurement amplitude. In the latter context, the analysis models the
95% limits of agreement as functions of measurement amplitude (sloping dotted lines in Bland-
Altman plots), defining an amplitude-specific RI for any given lag (“modeled RI”).

The R programming environment was used for orthogonal regression analysis. 28 Excel was
used for linear regression, and online software for t-tests and Rl 95% confidence intervals (Cl)
(http://graphpad.com/quickcalcs).

MBR was attempted in 203 children aged 5-23 months, a majority of whom (59%) were of
Hispanic ethnicity. Six were uncooperative. Two sets of 3 retinoscope distances were
completed in 176 children (87%), and two sets of >2 distances in 186 children (92%). Twelve
children with unmeasurable lags (retinoscopic reflex not neutralizable with target
advancement) and two showing leads were excluded, leaving a screening cohort of 172 children
(median age 12 months). Ophthalmic findings were mostly normal (2 cases of strabismus, 5
of anisometropia). Mean right eye spherical equivalent (SE) refractive error was 0.68 D (SD
1.03 D).

The clinic cohort comprised 30 children (median age 60 months, range 15 months to 16 years)
tested with MBR on two separate days, and NR and MEM on Day 2 (NR unavailable for one
child). Amblyopia and/or matility disorders were present in 69% of children. Mean right eye
SE was 1.99 D (SD 1.74 D).

The Down syndrome cohort comprised 11 children (median age 45 months); one was excluded
for accommodative lead, and one did not cooperate with repeat measurement.

MBR accommodative demand-response functions in the screening cohort appeared linear, and
minimally impacted by testing sequence (see Appendix, Supplemental Digital Content 1, for
analysis of linearity and of the effect of testing sequence). The mean slope of the
accommodative demand-response function was 0.98 (SD 0.22), not significantly different from
1.00 (t(171)=1.19; p=0.23). Seventy-eight percent of children had slopes between 0.80 and
1.20.
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http://graphpad.com/quickcalcs

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tarczy-Hornoch

Page 5

In pair-wise comparisons between clinic cohort measurements using MEM, NR and MBR
(standardized 40 cm target estimates), all methods were correlated (Pearson’s R=0.84, 0.82,
and 0.80, respectively, for MBR and NR, MBR and MEM, and NR and MEM) (Figure 3A—
C). The difference between MBR and NR was independent of lag (Figure 3D) (see Table,
Supplemental Digital Content 2, detailing analysis of variability of inter-measurement
agreement). MBR averaged 0.32 D (SD 0.37 D) less lag than NR (t(28)=4.66; p<0.0001). The
difference between MBR and MEM or NR and MEM increased with increasing lag (Figure
3E-F) (p<0.0001; see Table, Supplemental Digital Content 2, detailing analysis of variability
of inter-measurement agreement). For lag around 1.00 D, MEM estimates averaged 0.78 D
higher than MBR and 0.31 D higher than NR; for 2.00 D lag, they averaged 1.59 D higher than
MBR and 1.14 D higher than NR.

For MBR (standardized 40 cm target estimates), the impact of age and astigmatic and SE
refractive error on within-visit inter-measurement agreement was studied in the screening
cohort (Figure 4) (see Table, Supplemental Digital Content 2, detailing analysis of variability
of inter-measurement agreement). Neither bias nor repeatability varied with age or
astigmatism.

Repeatability did not vary significantly with SE refractive error, but bias did (p=0.0005); for
higher SE, the second estimate showed slightly less lag on average than the first (0.13 D less
lag for a SE of 2.00 D).

To analyze within-visit repeatability of MBR as a function of lag, screening and clinic (Day
1) cohorts were pooled, excluding 2 clinic outliers (see Appendix, Supplemental Digital
Content 1, which describes analysis justifying pooling of cohorts). Figure 5 shows the Bland-
Altman plot for sequential standardized 40 cm target estimates. The stratified Rl was 0.33 D
(95% CI 0.30-0.38 D) for lag <0.50 D, and 0.69 D (95% CI 0.58-0.90 D) for lag >0.50 D
(dashed lines, Figure 5). Measurement repeatability decreased with increasing lag (p<0.0001;
see Table, Supplemental Digital Content 2, detailing analysis of variability of inter-
measurement agreement). Figure 5 shows 95% limits of agreement as a function of lag (sloping
dotted lines). The modeled RI was 0.49 D for 0.50 D lag, and 0.80 D for 1.00 D lag. Bias did
not vary with lag (middle dotted line, Figure 5) (see Table, Supplemental Digital Content 2,
detailing analysis of variability of inter-measurement agreement). The first estimate of lag
slightly exceeded the second by an average of 0.04 D (SD 0.24 D) (t(199)=2.58; p=0.01).

For children with Down syndrome, within-visit MBR repeatability was comparable to other
cohorts, after accounting for lag level. The overall Rl was 0.69 D (95% CI 0.47-1.32 D), for
lag averaging 1.48 D (range 0.92-3.41 D).

Within-visit repeatability of MBR was also assessed for individual 33 cm, 50 cm and 67 cm
retinoscope measures, for which the overall (unstratified) within-visit Rl (screening and clinic
cohorts pooled) were 1.24 D (95% CI1 1.10-1.35 D), 0.98 D (95% CI 0.88-1.06 D), and 0.68
D (95% CI 0.61-0.74 D), respectively. The distribution of lag measured at each distance,
meanwhile, was the same: mean (SD) lags were 0.45 D (0.75 D), 0.43 D (0.65 D), and 0.45 D
(0.70 D), respectively. Thus, for a given distribution of accommodative lags, greater proximity
of the retinoscope resulted in decreased repeatability.

For the 67 cm retinoscope measure, stratified RI for lag <0.50 D and >0.50 D were 0.29 D
(95% C1 0.25-0.33 D) and 1.18 D (95% CI 0.98-1.45 D), respectively (Figure 6, dashed lines).
The latter was higher than for standardized 40 cm target estimates, because of a wider
distribution of lags. Repeatability decreased with increasing lag (p<0.0001; see Table,
Supplemental Digital Content 2, detailing analysis of variability of inter-measurement
agreement). The 95% agreement limits as a function of lag are shown in Figure 6 (sloping
dotted lines). The modeled RI was 0.53 D for 0.50 D lag, and 0.80 D for 1.00 D lag (similar
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to standardized 40 cm target estimates). Bias also varied with lag (p<0.0001; see Table,
Supplemental Digital Content 2, detailing analysis of variability of inter-measurement
agreement); the second measurement yielded slightly higher lag estimates than the first, for
high lags (bias of 0.34 D for 2.00 D lag).

The simple average of the 33 cm, 50 cm and 67 cm lag measures (2 outliers excluded) showed
lower within-visit repeatability than the standardized 40 cm target estimate derived through
regression using the same three measures. The modeled Rl was 0.59 D for 0.50 D lag, and 1.03
D for 1.00 D lag.

Between-visit repeatability (standardized 40 cm target estimates) was analyzed in the clinic
cohort. Figure 7 shows Bland-Altman plots for the first estimate of Day 1 compared to the first
estimate of Day 2 (Panel A; two outliers excluded), and the second estimates of Day 1 and Day
2 (Panel B). For lag <0.50 D, the stratified between-visit Rl were 0.45 D (95% CI 0.32-0.70)
and 0.34 D (95% CI 0.24-0.54 D), for first and second estimates of each day, respectively. For
lag >0.50 D, the stratified Rl were 1.74 D (95% CI 1.22-2.81) and 0.87 D (95% CI 0.63-1.32
D) for first and second estimates of each day, respectively. Repeatability for the first estimate
of the day decreased with increasing lag (Panel A, sloping 95% limits of agreement) (p<0.0001;
see Table, Supplemental Digital Content 2, detailing analysis of variability of inter-
measurement agreement). The modeled Rl was 0.84 D for 0.50 D lag, and 1.37 D for 1.00 D
lag. For the second estimate of each day, the relationship between repeatability and lag was
not quite significant (see Table, Supplemental Digital Content 2, detailing analysis of
variability of inter-measurement agreement), and repeatability was better: the modeled RI was
0.60 D for 0.50 D lag, and 0.77 D for 1.00 D lag, similar to within-visit repeatability.

To explore why between-visit repeatability differed for the first and second measurements of
each day, all six pair-wise comparisons of the four standardized 40 cm target estimates obtained
over 2 days were examined. The three comparisons involving the first Day 2 estimate all
showed poor repeatability (overall RI 1.01-1.23 D); the other three showed better repeatability
(overall R1 0.57-0.70 D), indicating that the first Day 2 estimate was anomalous.

Between-visit repeatability was worse for 67 cm retinoscope measures than for standardized
40 cm target estimates: for the first or second measure of each day, or their average, the modeled
RI was 0.83-0.84 D for 0.50 D lag, and 1.23-1.24 D for 1.00 D lag.

Simulation was performed to assess the effect of spatial measurement error on repeatability.
Assuming no source of measurement variability other than error in the presumed distance
between child and retinoscope (D2 in Figure 1), 95% inter-measurement agreement limits were
modeled as a function of lag. For a nominal 67 cm retinoscope distance, the observed slopes
of the agreement limits in the within-visit repeatability data for 67 cm retinoscope measures
(slopes of dotted lines in Figure 6, adjusted for bias function) were matched by a model
simulating 10% error (i.e., 95% of actual values for D2 falling within +/—10% of 67 cm).

DISCUSSION

The modified bell retinoscopy (MBR) technique is easy to use in young children. Lag estimates
correlate strongly with results using other dynamic retinoscopy techniques, over a wide range
of accommodative lags. Measurements are reproducible, and although repeatability decreases
at higher levels of accommodative lag, it is independent of age and refractive error.

In a series of clinic patients enriched for ophthalmic pathology and tested without correction,
ensuring a broad and clinically relevant range of accommodative lags, lag estimates by MBR
were highly correlated with findings from Nott retinoscopy (NR) and the monocular estimate
method (MEM). MBR results were most similar to NR. Both MBR and NR yielded lower
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estimates of lag than MEM. The differences were greater with higher amounts of lag. This is
similar to previous observations comparing MEM and NR. 29 A study finding that NR and
MEM were equivalent 30 did not include any children with >1.00 D of lag. Normally,
cognitively demanding targets are recommended for MEM; with the less demanding targets
used in this study, geared toward younger children, MEM may lead to greater relaxation of
accommodation than other methods, and be more influenced by latent hyperopia. Because
MEM, unlike MBR and NR, was performed in normal illumination, smaller pupil size may
also have influenced accommodative accuracy. Compared to NR, MBR underestimated lag by
a third of a diopter, independent of the level of lag. Target movement in MBR may elicit more
interest than the static target of NR, or directly stimulate accommodation through looming
cues. 31 The secondary withdrawal of the target until “with-motion” is seen may contribute to
systematically lower lag estimates compared to NR, and also may bias measurements toward
the child’s best performance in children with variable accommodation and/or attention.

The repeatability of MBR was assessed over a wide range of accommodative lags, in children
from a screening cohort of mostly normal children, in clinic patients with a broad range of
disorders, and in a cohort of children with Down syndrome. Repeatability decreased with
higher lag, which, for a given retinoscope position, meant greater target proximity to the patient.
Repeatability also worsened with retinoscope proximity to the patient; individual measures at
67 cm were more repeatable than individual measures at 33 cm. Spatial measurement error
may explain both findings, because movement of the child introduces error in the nominal
retinoscope distance (D2 in Figure 2) that is used to calculate lag, and the diopter-equivalent
error is greater nearer the child. Indeed, modeling revealed that just +/—10% variation in the
child’s nominal distance from the examiner accounts for the observed relationship between lag
and repeatability of 67 cm retinoscope lag measures. The repeatability of MBR would likely
be greater, especially for high lags, if the actual distance between child and examiner could be
measured simultaneously with the target-retinoscope distance when retinoscopic reflex
neutrality is observed.

Other factors may contribute to lower repeatability of high lag measures. Poor accommodation
may be associated with intrinsically greater variability of accommodation. Microfluctutations
in accommodative response increase with the stimulus to accommodation, 32: 33 and in MBR,
higher lag measurements correspond to higher stimulus demands. There is also measurement
ambiguity in the width of the zone of retinoscopic reflex neutrality; 3* however, while this may
contribute to inter-measurement variability, the effect is the same at all levels of lag, because
retinoscopy conditions are the same for all measurements.

McLelland and Saunders reported between-visit Rl for a single NR measurement to be 0.56 D
for a 25 cm target (mean lag 0.72 D), and 1.09 D for a 17 cm target (mean lag 1.43 D), in adults
and children aged 6 years and older. 3% The within-visit Rl of a standardized 40 cm target MBR
estimate was similar for comparable levels of lag (0.49 D for 0.50 D lag, and 0.80 D for 1.00
D lag). The between-visit Rl for MBR was also in a similar range, when considering the second
estimate of each day (0.60 D for 0.50 D lag, and 0.77 D for 1.00 D lag). Between-visit
repeatability for MBR was worse for the first measure of each day, however, because of
anomalous MBR performance on the first measurement on Day 2. That measurement may have
been impacted by the change in testing circumstances on Day 2, when multiple testing methods
were intermingled. After adjusting for the level of lag, repeatability was similar for normal
children, clinic patients and children with Down syndrome, supporting the clinical relevance
of these results. Although behavioral changes that might affect attention occur between 5 and
23 months of age, MBR was equally repeatable in infants and toddlers. Astigmatism might be
predicted to impact repeatability if astigmatic children vary their focus over the astigmatic
interval, 36 but repeatability did not vary measurably with astigmatism. SE refractive error
might impact repeatability if hyperopes sometimes show lag and sometimes not, but no such
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effect was seen in the screening cohort comprising mostly normal children. Hyperopes showed
slightly less lag on average on the second estimate, however, possibly indicating a practice
effect.

The standardized 40 cm target estimate used in this study was derived from three measures at
different retinoscope distances, and required data processing. Therefore, repeatability was also
assessed for the lag estimate from a single retinoscope distance. The within-visit RI for 67 cm
retinoscope measures, adjusted for lag, was similar to standardized 40 cm target estimates.
Between-visit repeatability, however, was lower. Repeatability was also assessed for the simple
average of lag estimates from three retinoscope distances; it was lower than for the standardized
40 cm target estimate derived by regression using data from the same three retinoscope
distances. The use of orthogonal rather than linear regression for accommodative demand-
response functions, however, was not critical (see Appendix, Supplemental Digital Content 1,
comparing findings using both approaches).

MBR, unlike MEM, requires no lenses, with less attendant risk of modifying the
accommodative response while measuring it. Unlike NR, MBR does not require an assistant
or free-standing target. The target is the only moving object, which helps maintain the child’s
attention, and it is easier to judge the retinoscopic reflex in children with large lags, because
the examiner remains near the child. MBR was not designed to quantify accommodative leads,
but could be adapted to do so; however, as with NR, positioning the retinoscopist between the
child and the target to measure leads might distract the child.

In MBR, the accommodative demand is not fixed across measurements, whereas in NR and
MEM, the accommodative demand is fixed. Hence, a standardized 40 cm target estimate
derived from the accommodative demand-response function was employed here. However, the
accommodative demand-response functions of normal children in this study had slopes near
1.00, consistent with classic studies in infants and young children. 37: 38 Slopes near 1.00 imply
that changes in accommodative demand drive equal changes in output, i.e., lag varies little over
a range of demands, and lag measured at one demand will be representative of lag at other
levels of accommodative demand.

For routine clinical purposes, then, the simplest way to use MBR is to consult a nomogram
(Figure 2) to convert a raw measurement (distance of target advancement) directly into a
measure of accommodative lag. For a 50 cm working distance, if the target must be advanced
10 cm for retinoscopic reflex neutrality for one child, this corresponds to 0.50 D of lag, ata
demand of 2.50 D. If, for another child, the target must be advanced around 21 cm, this child
clearly has more than 0.50 D lag at a demand of 2.50 D (more lag than the first child), because
the reflex was not neutralized with only 10 cm target advancement. The second child shows
1.50 D of lag, measured at a demand of 3.50 D. Regardless of the difference in accommodative
demands, this observation again indicates that he accommaodates less well than the first child,
because, as discussed above, children typically show similar lags of accommaodation over a
range of demands. Using single measures at one retinoscope distance together with the
nomogram of Figure 2, it is easy to assess lag relative to a threshold level of lag deemed to be
of concern; if the target must be advanced more than the distance corresponding (for the
examiner’s chosen working distance) to that threshold, then the child’s accommodative lag is
greater than the threshold of interest.

Accommodative demand-response function slopes may not approach 1.00 in children with very
poor accommodation. In addition, as discussed above, the between-visit repeatability of single
retinoscope measures taken at one distance is lower than for 40 cm target estimates derived

from accommodative demand-response functions. Thus, for precise quantification, especially
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of high lags, calculated 40 cm target estimates of lag are superior to single measures at one
retinoscope distance.

A few children in this study had unquantifiable lag, because the retinoscopic reflex could not
be neutralized with any degree of target advancement. Some of these children might have been
measurable using the less hyperopic meridian. In an attentive child, inability to neutralize the
retinoscopic reflex despite using the less hyperopic meridian is evidence of high lag; for
example, if at a 67 cm working distance, the retinoscopic reflex is not neutralized even when
the target is 33 cm from the child (3.00 D demand), then the lag in the measured meridian must
be at least 1.50 D or greater.

In conclusion, this study describes a new technique for quantifying accommodative lag,
validated through comparison with existing methods, and showing comparable repeatability
to other methods. For clinical purposes, a nomogram is useful for distinguishing between
normal and deficient accommodation on the basis of how far a target must be advanced toward
the subject to achieve retinoscopic reflex neutrality. Modified bell retinoscopy may be a useful
addition to existing tools for assessing accommodation, especially in infants and young
children.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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APPENDIX 1

Analysis of Variation in Inter-Measurement Agreement

Variation in inter-measurement agreement as a function of measurement amplitude was
analyzed according to the regression method of Bland and Altman (manuscript reference 27).
First, linear regression was performed for the difference between measures against their
average, describing systematic bias between first and second measurements as a function of
measurement amplitude. The result, henceforth termed the “bias function,” is the regression
fit to a standard Bland-Altman plot (e.g. middle dotted line in Figure 5 of manuscript). If the
slope of this function is significantly different from zero, bias varies with measurement
amplitude. Otherwise, the mean bias can be described as a constant, the average of all inter-
measurement differences, and a t-test can be used to assess its significance.

The inter-measurement differences predicted by the bias function are then subtracted from
those actually observed. The resulting residuals take into account any systematic differences
between the measurements being compared, and thus reflect inter-measurement variability
alone. Linear regression is performed for the absolute values of the residuals against
measurement amplitude. The resulting function, herein termed the “variability function,”
describes inter-measurement variability as a function of measurement amplitude. If the y-
dimension scatter on a Bland-Altman plot increases along the x-axis, this is reflected as a
positive slope of the variability function. If the slope is significantly different from zero,
repeatability varies with measurement amplitude.

For any given measurement amplitude, the mean inter-measurement difference is predicted by
the bias function. The SD around this mean is predicted by the variability function, multiplied
by a factor of V(x/2). For any given measurement amplitude, an amplitude-specific Rl is defined
according to the definition of RI: 1.96 times the SD of the inter-measurement difference.

Graphically, the 95% limits of agreement are represented by linear functions describing (mean
difference +1.96 SD) and (mean difference — 1.96 SD) as a function of measurement amplitude
(e.g., sloping dotted lines in Figure 5 of manuscript).

The same methodology is applicable to the study of inter-measurement variability as a function
not only of measurement amplitude, but of any parameter of interest, and thus was also used
to assess whether repeatability varied significantly with age or refractive error. The bias
functions described above were also assessed for inter-measurement differences as a function
of measurement amplitude when comparing lag measurements using different dynamic
retinoscopy methods.

The Table in Supplemental Digital Content 2 summarizes the findings of these analyses, and
the tests of whether the slopes of bias and variability functions are significantly different from
zero.
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Impact of Testing Sequence; Verification of Linearity of Accommodative
Demand-Response Functions

The testing sequence for different retinoscope distances (33 cm, 50 cm, 67 cm, 33 cm, 50 cm,
67 cm) might impact accommaodative demand-response slopes through fatigue or practice
effects. The mean difference between successive lag estimates at a given retinoscope distance
was assessed in the screening cohort. It was 0.15 D (SD 0.59 D), 0.04 D (SD 0.41 D), and
—0.02 D (SD 0.32 D), for 33 cm, 50 cm and 67 cm retinoscope distances, respectively. The 33
cm position showed a small but significant decrease in lag with repeated testing (t(163)=3.26;
p=0.001), but other positions did not (p>0.20).

To evaluate the linearity of accommodative demand-response functions, an average “low-
response” slope was calculated for each child in the screening cohort, using the data from 67
cm and 50 cm retinoscope distances, and a “high-response” slope using data from 50 cm and
33 cm retinoscope distances. The mean difference between individual children’s low-response
and high-response slopes was 0.04 (s.d. 1.11), not significantly different from zero (t(167)
=0.47; p=0.64), indicating no systematic non-linearity in accommodative demand-response
functions.

Repeatability Analysis: Pooling of Screening and Clinic Cohorts

First and second MBR standardized 40 cm target estimates the same day were correlated, for
both screening and clinic (Day 1) cohorts: Pearson’s R=0.79 (t(170)=16.7, p<0.0001) and
R=0.86 (t(26)=8.7, p<0.0001), respectively. Two outliers whose cooperation level changed
between measurements were excluded from the clinic cohort. Measured with 4 D and 2.4 D
uncorrected hyperopia, respectively, their initial Day 1 lag estimates were 3.8 D and 4.4 D,
while subsequent Day 1 estimates and all Day 2 estimates were between 1.1 and 1.7 D.

Stratified according to the amount of lag, the screening and clinic cohorts’ repeatability indices
(RI) were comparable: 0.33 D (95% CI 0.30-0.38 D) and 0.29 D (95% CI 0.20-0.45 D),
respectively, for lag <0.5 D, and 0.61 D (95% CI1 0.51-0.77 D) and 0.90 D (95% CI 0.64-1.42
D), respectively, for lag >0.5 D. The cohorts were therefore pooled for further analysis.

Comparison of Orthogonal and Linear Regression for Standardized 40cm
Target Estimates

Orthogonal regression was used for the primary analysis of accommodative demand-response
functions, to derive standardized 40 cm target estimates, but ordinary linear regression of
accommodative response (y) on accommodative demand (x) was also performed for
comparison. In the screening cohort (first estimate), the mean difference between lag estimates
using linear regression and orthogonal regression was 0.004 D (SD 0.016 D). The methods
agreed within +/— 0.03 D. For clinic cohort measurements (Day 1 or Day 2, first or second
estimate), the mean difference between estimates using linear regression and orthogonal
regression (excluding one outlier) ranged from 0.01 D to 0.03 D (SD range 0.06 D to 0.12);
the methods agreed within +/— 0.12 D to +/- 0.23 D.

The within-visit inter-measurement RI for screening and clinic cohorts pooled, using linear
instead of orthogonal regression, was 0.35 D (95% CI 0.31-0.39 D) for lag <0.5 D, and 0.65
(95% CI 0.55-0.80) for lag >0.5 D, similar to results using orthogonal regression.

APPENDIX 2
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Table A1

Analysis of inter-measurement variability.

Slope of variability

Slope of bias function, function, test of
Slope of test of significant Slope of significant difference
bias difference from zero variability from zero

Lag measurements compared Parameter studied function function

t Dof p t Dof p
MBR and NR Mean lag -0.003 0.02 27 0.98 NA
MBR and MEM Mean lag -0.82 8.2 28 <0.0001 NA
NR and MEM Mean lag -0.82 7.7 27 <0.0001 NA
MBR (standardized 40 cm Age -0.0002 0.06 170 0.95 -0.004 1.6 170 0.11
target estimates): first and . .
second measurements within Astigmatism 0.02 0.8 170 0.45 0.01 0.6 170 0.53
visit SE ~0.05 35 170  0.0005 0.02 1.8 170 0.07
MBR (standardized 40 cm Mean lag -0.01 0.2 198 0.81 0.25 9.8 198 <0.0001
target estimates): first and
second measurements within
visit
MBR (67 cm retinoscope Mean lag 0.22 6.9 190 <0.0001 0.22 125 190 <0.0001

measures): first and second
measurements within visit

MBR (standardized 40 cm Mean lag 0.33 1.9 26 0.06 0.43 6.3 26 <0.0001
target estimates): Day 1 and

Day 2 (first measurement of

each visit)

MBR (standardized 40 cm Mean lag -0.08 0.8 28 0.43 0.11 1.8 28 0.09
target estimates): Day 1 and

Day 2 (second measurement of

each visit)

MBR: modified bell retinoscopy

NR: Nott retinoscopy

MEM: monocular estimate method

NA: not applicable

SE: spherical equivalent refractive error

Dof: degrees of freedom.
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Figure 1.

Modified bell retinoscopy technique. D1: distance between child and target, corresponding to
accommodative demand,; this is variable, because the target is advanced until retinoscopic
reflex neutrality is observed. D2: distance between child and retinoscope, corresponding, at
reflex neutrality, to the accommodative response; this distance is set by the examiner at the
start of measurement.
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Figure 2.

Modified bell retinoscopy nomogram. Relationship between the distance that the target must
be advanced from the retinoscope to achieve retinoscopic reflex neutrality (recorded from tape
measure; see Figure 1), the accommodative demand (corresponding to D1 in Figure 1), and
the accommaodative lag, for four different retinoscope (“Ret”) distances (corresponding to D2
in Figure 1).
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Figure 3.

Comparison of modified bell retinoscopy (MBR), Nott retinoscopy (NR), and monocular
estimate method (MEM). (A—C) correlation between lag measured by MBR and NR, MBR
and MEM, and NR and MEM,; solid lines indicate line of perfect agreement; dotted lines show
linear regression fits. Panels D—F: Bland-Altman plots of inter-method difference in lag plotted
against mean lag measurement for MBR compared to NR, MBR compared to MEM, and NR
compared to MEM,; dotted lines indicated linear regression fits (bias functions).
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Repeatability of modified bell retinoscopy as a function of age and refractive error. Bland-

Altman plots of differences in lag estimates (standardized 40 cm target estimates; second
estimate minus first estimate) plotted against age (Panel A), cylindrical refractive error (axis

90 degrees) (Panel B), and spherical equivalent refractive error (Panel C), for the screening
cohort. Middle dotted lines: bias functions; outer dotted lines: linear functions describing 95%
limits of agreement as a function of age or refractive error.
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Figure 5.

Within-visit repeatability of modified bell retinoscopy (standardized 40 cm target estimates).
Bland-Altman plot of differences in lag estimates (standardized 40 cm target estimates; second
estimate minus first estimate) plotted against the mean of two estimates. Dashed lines: 95%
limits of agreement from stratified analysis, for mean lag above and below 0.50 D; middle
dotted line: bias function; outer dotted lines: linear functions describing 95% limits of
agreement as a function of mean lag; open symbols: screening cohort; filled symbols: clinic
cohort.
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Figure 6.

Within-visit repeatability of modified bell retinoscopy (67 cm retinoscope measures). Bland-
Altman plot of inter-measurement differences in lag estimates (67 cm retinoscope measures;
second measure minus first measure) plotted against the mean of two measurements. Dashed
lines: 95% limits of agreement from stratified analysis, for mean lag above and below 0.50 D;
inner dotted line: bias function; outer dotted lines: linear functions describing 95% limits of
agreement as a function of mean lag; open symbols: screening cohort; filled symbols: clinic
cohort. Note that scale of x-axis differs from Figure 5.

Optom Vis Sci. Author manuscript; available in PMC 2010 December 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tarczy-Hornoch

Page 20
204 .
>
@g 1.5 L g0 0
o5 10 . 0o
g8 ;) L ;
€o —om TP o
o%® 001 B ’
o8 - o
c £ __an a
O = '05 T '—~__ a a
=0 "N u] o
Lo 10
ag 45,  ____ e
= 20 ‘ S ‘
-0.5 0.5 1.5 25
Mean of lag estimates (D)
= 20,
3 1.5
5g |
1.0
o .-
© O —_—_—— e T
cg 95 LoomT o
=] o
g€ 00 Mo lg.ooo
c % 05 == o o
@ [/:] 05 e a
- @ ---"ﬂ'--ﬁ
“d_) T -1.0 - —_—— e ——— -
= € SN
08 -15-
[}
@ 20 ‘ ; ‘
-0.5 0.5 1.5 25

Mean of lag estimates (D)

Figure 7.

Between-visit repeatability of modified bell retinoscopy (standardized 40 cm target estimates).
(A) Between-visit repeatability for the first estimate of each day in the clinic cohort. (B)
Between-visit repeatability for the second estimate of each day in the clinic cohort. Difference
in lag: Day 2 estimate minus Day 1 estimate. Dashed lines: 95% limits of agreement from
stratified analysis, for mean lag above and below 0.50 D; middle dotted line: bias function;
outer dotted lines: linear functions describing 95% limits of agreement as a function of mean
lag.
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