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Purpose: The aim of the study is to examine the association between amblyopia type and
the presence of nystagmus on binocular and monocular functions of the fellow (FE) and
amblyopic eye (AE).

Methods: We recruited 19 controls and 44 amblyopes (anisometropes=13, strabismic=10,
mixed=21). We measured visual, grating, and vernier acuities and high/low spatial frequency
(SF) contrast sensitivities in each eye using a staircase method. Stereoacuity was measured
with the Titmus fly test. We recorded fixation eye movements (FEM) using high-resolution
video-oculography. Subjects were classified as having either no nystagmus (n=18), fusion
maldevelopment nystagmus syndrome (FMNS) (n=12), or nystagmus without any structural
anomalies that does not meet the criteria for FMNS or infantile nystagmus (n=14).
Results: Analysis of visual function by clinical amblyopia type showed that patients with
strabismus/mixed amblyopia (F (2,54)=9.5, p<0.001) were more likely to have poor stereop-
sis while controlling for AE grating acuity deficit. The FE of patients with anisometropia had
greater contrast sensitivity deficits at low (F (2,43)=4.4, p=0.018) and high SF (F (2,42)
=10.1, p<0.001). Analysis of visual function by FEM characteristics (low SF: (F (3,43)=4.3,
p=0.010) and high SF: (F (3,42)=7.1, p=0.001) showed that the FE of patients with FMNS
had worse low and high SF contrast sensitivities, whereas those without FMNS had greater
contrast sensitivity deficits only at high SF compared to controls. Patients with FMNS (F
(3,54) = 12.9, p<0.001) were more likely to have poor stereopsis while controlling for AE
grating acuity deficit compared to patients without FMNS. All amblyopic patients had worse
high SF contrast sensitivity of the AE irrespective of type or FEM characteristics (Type =
F (2,43)=8.8, p=0.001; FEM characteristics= F (3,43)=5.1, p=0.004).

Conclusion: The presence of FMNS in patients with strabismic/mixed amblyopia is asso-
ciated with poor/absent stereopsis. FE deficits vary across amblyopia type. Like FEM
abnormalities, visual function deficits are seen in the FE of patients with and without
nystagmus.

Keywords: amblyopia, fellow eye, contrast sensitivity, fusion maldevelopment nystagmus,

stereopsis

Introduction

The type of amblyopia affects the constellation of visual deficits seen in the amblyopic
eye. Strabismic amblyopes have disproportionately worse visual and vernier acuities
and better contrast sensitivity for a given level of grating acuity deficit than anisome-
tropic amblyopes.'* Psychophysical studies have shown that amblyopia impacts the
function of both the amblyopic eye (AE) and fellow eye (FE).>
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Binocular input is combined relatively early in visual
processing within the striate cortex (V1).%” Animal studies
have shown that the effects of decorrelated binocular sig-
nals on V1 are most significant if they occur at the emer-
gence of stereopsis in early infancy. Early discordant
experience results in a more severe breakdown of the
excitatory and persistence of inhibitory connections with
reduced binocular cells and less precise spatial signaling
within the V1 cortex.® This binocular maldevelopment is
passed onto downstream extra-striate cortical arcas MT/
MST areas responsible for conjugate gaze holding and
results in the development of fusion maldevelopment nys-
tagmus (FMNS).* ! Thus, the FE dysfunction could arise
from cortical binocular maldevelopment and the resultant
FMNS.>"?

Increased fixation instability is seen in the FE and AE
of patients with anisometropic and/or strabismic amblyo-
pia, albeit to a greater degree in the AE, than in
controls.'*'* We have shown that this instability arises
from the presence of nystagmus or due to alterations in
physiologic fixation eye movements (FEM), namely fixa-
tional saccades and inter-saccadic drifts in patients without
nystagmus.'*'* Poor stereo-acuity and worse visual acuity
deficits are seen in the AE of patients with greater fixa-
tional instability.'>'> The relationships between FEM
characteristics and amblyopia type on visual functions of
the FE and AE have not been investigated in the same
cohort.

The purpose of our study is to examine the effects of
nystagmus and clinical type of amblyopia on binocular and
monocular functions of the FE and AE. We hypothesize
that amblyopic patients with FMNS will have dispropor-
tionately severe binocular function deficits for a given
grating acuity deficit. We also hypothesize that, similarly
to FEM abnormalities, monocular visual function deficits
will be seen in the FE of all amblyopia patients but with
greater severity in patients with FMNS.

Materials and Methods

The Cleveland Clinic institutional review board approved
the protocol. Written informed consent was obtained from
all participants or their parent/legal guardian per the
Declaration of Helsinki. We recruited 63 subjects (19
controls, 44 amblyopes). All subjects were recruited at
the Cleveland Clinic. None of the subjects had structural
abnormalities of the eye or neurological disorders. The
clinical categorization of amblyopia subtype was done
per the criteria used in the Pediatric Eye Disease

studjes.'¢18

Investigator Group amblyopia treatment
Amblyopia is classified as being associated with strabis-
mus, anisometropia, or both according to the following
criteria: 1) Strabismic amblyopia: At least one of the
following criteria must be met, and criteria are not met
for combined-mechanism amblyopia: a) Heterotropia at
a distance and/or near fixation on examination (with or
without spectacles)

b) History of strabismus surgery c¢) documented history of
strabismus which is no longer present (and which, in the
judgment of the investigator, is the cause of amblyopia) 2)
Anisometropic amblyopia: At least one of the following
criteria must be met: a) >0.50 D difference between eyes
in spherical equivalent

b) >1.50 D difference between eyes in astigmatism in any
meridian 3) Mixed mechanism amblyopia: Both of the
following criteria must be met:

a) criteria for strabismus are met (see above)

b) >1.00 D difference between eyes in spherical equivalent
or >1.50 D difference between eyes in astigmatism in any
meridian. There were 13 anisometropic (AN), 10 strabis-
mic, and 21 mixed amblyopia patients (Supplemental
Table S1). The latter two groups were combined for ana-
lysis (M/S group). There was no difference in age between
controls (mean age=130.7 months) and amblyopes (mean
age=158 months, unpaired #-test, p=0.15). All the subjects
had a comprehensive clinical eye exam with particular
emphasis on ocular motility testing and assessing the pre-
sence of nystagmus in monocular and binocular viewing
conditions. FEM and visual functions were recorded in the
lab with best-corrected vision using the subject’s own
spectacles that were prescribed after the comprehensive
clinical eye exam.

Fixation Eye Movements

A high-resolution infrared imaging-based eye tracker
(EyeLink 1000%, SR Research, Canada) with a spatial reso-
lution of 0.01 degrees at 1000 Hz was used to record gaze
locations with a temporal resolution of 500 Hz. Subjects
were instructed to place their head on a chin and forehead
rest and fixate on the target while remaining still. An infrared
permissive filter was used to block visible light while allow-
ing the non-viewing eye to be tracked. Monocular calibration
and validation were performed using a cruciform 5 point
constellation. Binocular horizontal and vertical eye positions
were measured during FE and AE viewing conditions while
subjects fixated on a white circular target. The target sub-
tended 0.5° visual angle on an otherwise black screen 55¢cm
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Figure | Gaze positions as a function of time in patients without nystagmus (A), with FMNS (B), and with nystagmus but not FMNS (C) as they fixated on a target
monocularly with the amblyopic (top) and fellow (bottom) eyes. Note the large drift amplitudes in the subject without nystagmus. FMNS can be distinguished by the reversal
in slow phase direction that occurs when the eye under cover is changed. Red - right horizontal, magenta — right vertical, blue — left horizontal, cyan — left vertical. Rightward

and upward movements correspond to the positive vertical axis.

from the subject’s eyes for 45 seconds.'*'? The eye position
data were analyzed using Matlab™ (MathWorks, Natick,
MA). Fixational saccades and quick phases of nystagmus
were identified using an unsupervised clustering method.*

The FEM traces of the patients were classified based on the
presence or absence of nystagmus (Figure 1).'* Like control
subjects, patients without nystagmus (NN-Figure 1A) exhib-
ited inter-saccadic drifts between fixational saccades.'**'
Patients with nystagmus were further divided into those with
FMNS (Figure 1B) versus those that did not meet the criteria
of FMNS (Figure 1C). The presence of FMNS was deter-
mined based on the reversal in nystagmus direction observed
under alternate eye monocular viewing such that slow phases
of decreasing or constant velocity are nasally directed with
respect to the viewing eye.?* Patients with nystagmus/nystag-
mus-like movements who did not exhibit this direction rever-
sal under monocular viewing were -characterized as
Nystagmus without FMNS (Nyst no FMNS). These patients
had jerk nystagmus with dynamic overshoots of quick phases.
They differed from Infantile Nystagmus Syndrome patients in
that their velocity was decreasing or constant, in contrast to the
increasing eye velocity seen in Infantile Nystagmus. Also,
patients with nystagmus without FMNS did not have the
dissociated vertical deviation frequently seen in FMNS. We
classified amblyopes per their FEM characteristics (NN= 18,
FMNS=12, and Nyst no FMNS=14). Table 1 provides the
subgroup composition of FEM characteristics per the clinical
type of amblyopia.

Visual Functions
Psykinematix (KyberVision Japan) software was used to
generate test stimuli, which were displayed on a monitor

with a resolution of 1280x800 at 60Hz with a white lumi-
nance of 111 cd/m? at a distance of 3.1m in a dark room.
Amblyopic subjects were recorded under FE and AE view-
ing while the non-viewing eye was occluded. Control
subjects viewed the stimuli binocularly.

1) Contrast Sensitivity: Subjects viewed Gabor patches
(spatial sigma 1°) at low (4 cycles/deg) and high (14 cycles/
deg) spatial frequencies (SF) and judged the orientation of the
patch, which was either horizontal or vertical, selected at
random with equal probability. A 3-down-1-up adaptive stair-
case (proportional step size of 50% before the first reversal and
25% increments and 12.5% decrements thereafter) was used.

2) Visual acuity: Subjects viewed one randomly
selected EDTRS optotype with crowding bars- the size
was adjusted per a 2-down-1-up staircase with the same
step size as above.

Table | Cohort Composition

Amblyopia FEM Characteristic
Type
C | None Nyst No FMNS | Total
FMNS

C 19 0 0 0 19
AN 0 8 5 0 13
M 0 8 7 6 21
S 0 2 2 6 10
Total 19 18 14 12 63

Note: A breakdown of the cohort by both amblyopia type and FEM characteristic.
Abbreviations: C, control; AN, anisometropic; M, mixed; S, strabismic; None, no
nystagmus; Nyst No FMNS, nystagmus but not FMNS; FMNS, fusion maldevelop-
ment nystagmus syndrome.
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3) Grating Acuity: Subjects viewed vertical or horizon-
tally oriented Gabor patches (50% fixed contrast and vari-
able SF adjusted using the same staircase as the contrast
experiment) and judged the orientation of the patch. We
chose to measure grating acuity at 50% contrast to obtain
a better reference for selecting the spatial frequencies at
which to measure contrast sensitivities, which also reduced
luminance artifacts from the monitor.**** We determined
the grating acuity threshold of the fellow and amblyopic
eye of each participant. We computed the range (upper and
lower limit of spatial frequencies) within 1.5 octaves of the
50% grating acuity threshold. From these ranges, we found
that almost all of the study participants could be expected
to perform contrast sensitivity staircase procedures at 4
and 14 cpd while viewing with the amblyopic eye.
A similar approach has been used previously by Spiegel
et al and Yap et al*>?>>.

4) Vernier acuity: Subjects viewed two vertically
1°x 5°) displayed with
a vertical separation of 0.5° with the lower bar displayed

oriented bars (dimensions:
at a horizontal offset from the centered upper bar with
a magnitude determined by a 2-down-1-up staircase and
judged the direction of the offset, which they indicated
either verbally or by raising a hand.

Each experiment concluded after six reversals, and the
thresholds were taken to be the arithmetic mean of the last
4 reversals. Four high SF contrast measurements for sub-
jects with poor visual acuity were discarded due to the
inability of the subjects to reliably detect the orientation of
the stimuli at 100% contrast. Contrast thresholds were
converted into log values and visual, vernier, and grating
acuities to logMAR values.

Stereopsis: Stereopsis was measured in log arcsecs
with the Titmus Fly Test at 40 cm under binocular view-
ing. For the purpose of quantitative analysis, subjects with
absent stereopsis were assigned a value of 7000 arc
seconds.

Statistics

All analyses were performed in SPSSStatistics (IBM,
Armonk, NY), and GraphPad Prism 7 (La Jolla, CA). We
used one-way ANOVA to test the significance of amblyopia
type and FEM characteristics as factors associated with FE
and AE visual, grating, and vernier acuities. We used two-
way repeated-measures ANOVA to assess the differences in
acuity measures across amblyopia type and, in a separate
analysis, FEM characteristics. For contrast sensitivity and
stereopsis, we used ANCOVA to evaluate the significance

of amblyopia type and FEM characteristics with AE grating
acuity as a covariate for AE functions and FE grating acuity
as a covariate for FE functions. Post-hoc analysis was per-
formed with Bonferroni adjustment. The Wilcoxon signed-
rank test was used to compare the mean grating acuity of
incorrectly identified stimuli as a function of the orientation
of the stimulus.

Results

Visual, Grating, and Vernier Acuities

As expected, AE visual acuity was worse compared to
controls across amblyopia type (F (2,61)=20.4, p<0.001)
and across FEM characteristics (F (3,61)=15.3, p<0.001)
(Table 2). No differences in AE visual acuity were seen
between amblyopes across type (AN vs M/S: —0.09,
95CI=[-0.34, 0.16], p=1.0) and FEM characteristics (NN
vs Nyst no FMNS:-0.18, 95CI=[-0.48, 0.11], p=0.6; Nyst
no FMNS vs FMNS: 0.21, 95CI=[—0.1, 0.54], p=0.4).

FE visual acuity varied across type (F (2,61)=4.4,
p=0.016) and trended towards statistical significance across
FEM characteristics (F (3,61)=2.7, p=0.05) compared to
controls. While both anisometropic and mixed/strabismic
amblyopes had worse FE visual acuity than controls, the
difference between controls (C) and mixed or strabismic
amblyopes (M/S) was significant (C vs M/S:-.10, 95CI=
[-0.18, 0.01], p=0.018). The difference in C and FMNS
group FE visual acuity was just on the cusp of significance
(C vs FMNS:-.11, 95CI=[-0.24, 0.00], p=0.05).

AE grating acuity was worse compared to controls across
type (F (2,52)=16.3, p< 0.001) and FEM characteristics (F
(3,51)=12.2, p<0.001)(Table 2). However, AE grating acuity
deficits were comparable across types (AN vs M/S:-.03,
95CI=[—0.23, 0.17], p=1.00) and FEM characteristics (NN
vs Nyst no FMNS:-.07, 95CI=[-0.30, 0.15], p=1.00, NN vs
FMNS: 0.09, 95CI=[-0.16, 0.34], p=1.00, Nyst no FMNS vs
FMNS: 0.16, 95CI=[-0.10, 0.42], p=0.54).

FE grating acuity differed across type (F (2,51)=6.7,
p<0.01) and FEM characteristics (F (3,50)=3.1, p=0.03).
The FE had worse grating acuity than controls, with sig-
nificant differences between C and M/S groups (C vs M/
S:-.13, 95CI=[-0.21,-.04], p<0.01). For FEM characteris-
tics, the post-hoc comparison between C and NN was
significant (C vs NN:-.11, 95CI=[—0.2, 0.00], p=04).

The pattern of orientation-dependent defocus depends on
the type (hyperopic or myopic) of astigmatism and orienta-
tion of astigmatism (ie, with the rule, oblique or against the
rule astigmatism).26 We analyzed the mean grating acuity of
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Table 2 Acuity Measurements by Type and Fem Characteristics

Clinical Type Visual Acuity (logMAR) Grating Acuity (logMAR) Vernier Acuity (logMAR)
Fellow Eye
Control —0.023 (0.10) —0.078 (0.06) —0.086 (0.22)
Anisometropic 0.007 (0.11) —.031 (0.15) 0.038 (0.11)
Mixed/Strabismic 0.074 (0.12) 0.048 (0.12) 0.073 (0.07)
Amblyopic Eye
Control —0.023 (0.10) —0.078 (0.06) —0.086(0.22)
Anisometropic 0.475 (0.31) 0.282 (0.24) 0.367(0.30)
Mixed/Strabismic 0.566 (0.39) 0.313 (0.27) 0.472(0.46)

FEM Characteristics

Visual Acuity (logMAR)

Grating Acuity (logMAR)

Vernier Acuity (logMAR)

Fellow Eye
Control —0.023 (0.10) —0.078 (0.06) —0.086(0.22)
No Nystagmus 0.052 (0.11) 0.037(0.12) 0.122 (0.33)
Nystagmus no FMNS 0.024 (0.13) 0.015 (0.17) —0.054(0.50)
FMNS 0.096 (0.14) 0.026 (0.10) 0.127(0.29)
Amblyopic Eye
Control —0.023 (0.10) —0.078 (0.06) —0.086(0.22)
No Nystagmus 0.486 (0.33) 0.299 (0.05) 0.377(0.32)
Nystagmus no FMNS 0.670 (0.41) 0.373 (0.34) 0.500(0.48)
FMNS 0.450 (0.35) 0.209 (0.17) 0.461(0.47)

Note: Measurements of acuity (recognition, grating, and vernier) in logMAR by amblyopia type and FEM characteristics.

incorrectly identified stimuli as a function of the orientation
of the stimulus. We analyzed the fellow eye and amblyopic
eye responses separately per astigmatism type (myopic/
mixed, hyperopic versus emmetropic). We found that
a majority of the amblyopic subjects had hyperopic astigma-
tism, with only 7 patients having myopic astigmatism. The
mean grating acuity of incorrectly identified stimuli was
comparable across horizontal and vertical orientations during
FE and AE viewing (Table 3). Similar results were seen in
controls with emmetropia versus those with myopia. Also,
most of the participants had with the rule astigmatism with
only 9 subjects with oblique or against the rule astigmatism.
Subgroup analysis of amblyopic hyperopic and myopic with
the rule astigmats did not reveal any differences between
mean grating acuity of incorrectly identified stimuli across
horizontal and vertical orientations during FE (Hyperopic
with the rule astigmats: horizontal orientation = 0.289 +
0.159 and vertical orientation = 0.305 £ 0.137, p=0.86 and
myopic with the rule astigmats: horizontal orientation =
0.369 + 0.062 and vertical orientation = 0.349 + 0.08,
p=0.50) and AE viewing (Hyperopic with the rule astigmats:

horizontal orientation = 0.556 + 0.255 and vertical orienta-
tion = 0.582 + 0.223, p=0.25 and myopic with the rule
astigmats: horizontal orientation = 0.782 + 0.268 and vertical
orientation = 0.767 + 0.29, p>0.99).

The AE had worse vernier acuity thresholds compared
to controls across type (F (2,58)=13.2, p<0.001) and FEM
characteristics (F (3,57)=8.7, p<0.001)(Table 2). However,
AE vernier acuity did not differ significantly between
types (AN vs M/S:-.10, 95CI=[—0.40, 0.19], p=1.00) or
across FEM groups (NN vs Nyst no FMNS:-.12, 95CI=
[-0.49, 0.24], p=1.00, NN vs FMNS:-0.08, 95CI=[-0.46,
0.30], p=1.00, Nyst no FMNS vs FMNS: 0.03, 95CI=
[-0.36, 0.44], p=1.0). FE vernier acuity did not differ
across type (F (2,59)=1.2, p=0.3) or FEM characteristic
(F (3,58)=1.6, p=0.17) compared to controls.

Comparison of Grating, Vernier, and
Visual Acuities Across Type and FEM

Characteristics
To discern the effects of amblyopia type on the visual, vernier,
and grating acuities of the AE, we performed two-way
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Table 3 Grating Acuity Miss Values by Astigmatism Type and Orientation

Category Horz Acuity Value Vert Acuity Value p value
Controls
Hyperopes 0.241 (0.050) 0.288 (0.032) -
Myopes 0.234 (0.081) 0.240 (0.063) >0.999
Emmotropes 0.191 (0.034) 0.195 (0.079) 0.8I13
Amblyopes — Fellow Eye
Hyperopes 0.289 (0.159) 0.296 (0.134) 0.877
Myopes 0.414 (0.096) 0.413 (0.120) 0.8I13
Emmotropes 0.229 (0.091) 0.226 (0.120) 0.938
Amblyopes — Amblyopic Eye
Hyperopes 0.530 (0.236) 0.552 (0.215) 0.172
Myopes 0.782 (0.268) 0.767 (0.296) >0.999
Emmotropes 0.308 0.291

Notes: Mean logMAR grating acuity values corresponding to missed stimuli of vertical and horizontal orientation for controls and the FE/AE of amblyopes by astigmatism
type. These include non-reversal misses and therefore may be larger than the threshold values. P values are from a Wilcoxon matched-pairs signed rank test. The null
hypothesis is that the mean acuity values of the horizontal and vertical stimuli are equivalent.

repeated-measures ANOVA. We found that the main effect of
AE acuity is statistically significant, sphericity assumed (F
(2100)=10.6, p<0.001) however, the interaction between
acuity of the AE and amblyopia type narrowly missed sig-
nificance, sphericity assumed (F (4100)=2.3, p=0.062). Post-
hoc comparisons identified differences between visual and
grating (0.165, 95CI=[0.08, 0.25], p<0.001) and between
visual and vernier (0.09, 95CI=[0.01, 0.18], p=0.021) with
no differences between grating and vernier acuities (—0.07,
95CI=[-0.17, 0.03], p=0.25). We did a similar analysis to
determine the effects of amblyopia type on the acuity of the
FE and found no significance, sphericity assumed (F (2100)
=0.72, p=0.49) and no interaction between acuity of the FE
and amblyopia type, sphericity assumed (F (4100)=0.208,
p=0.93).

A two-way repeated-measures ANOVA was performed to
determine the effects of FEM characteristics on visual, vernier,
and grating acuities of the AE. We found that the main effect of
the acuity of the AE is significant, sphericity assumed (F (2,98)
=14.7, p<0.001) however, the interaction between acuity of
the AE and FEM characteristics fell short of significance,
sphericity assumed (F (6,98)=2.0, p=0.070). Post-hoc compar-
isons identified differences between visual and grating (0.19,
95CI=[0.11, 0.27], p<0.001), grating and vernier (—0.11,
95CI=[—-0.20,-0.01], p=0.026) and visual and vernier acuities
(0.08, 95CI=[0.00, 0.16], p=0.046). We did a similar analysis
to determine the effects of FEM characteristics on the acuity of
the FE and found no significance for the acuity of the FE,
sphericity assumed (F (2,98)=0.57, p=0.567), and no

interaction between acuity of the FE and FEM characteristics,
sphericity assumed (F (6,98)=1.43, p=0.211).

Contrast Sensitivities

Figure 2 plots the AE contrast sensitivity at high and low SF
as a function of type (Figure 2A) and FEM characteristics
(Figure 2B). We found that the AE contrast sensitivity at
high SF differed significantly across types (F (2,43)=8.8,
p=0.001) with AE grating acuity as a covariate. The covari-
ate also had a strong effect (F (1,43)=55.9, p<0.001) on
contrast sensitivity. Pairwise differences between the con-
trols and the other groups were significant (C vs AN:-.58,
95CI=[—-0.94,-.23], p<0.001, C vs M/S:-.42, 95CI=[-0.72,-
.11], p=0.004). Amblyopia type was associated with differ-
ences in contrast sensitivity at low SF (F (2,50)=5.7,
p=0.006), as was the covariate (F (1,50)=70.0, p<0.001).
The AN threshold was significantly higher than both C and
M/S groups (C vs AN:-.33, 95CI=[—0.64,-.01], p=0.037, AN
vs M/S: 0.32, 95CI=[0.07, 0.57], p<0.001). While control-
ling for grating acuity, the FEM characteristic (F (3,43)=5.1,
p=0.004) significantly affected AE contrast sensitivity at
high SF. The covariate also had a strong effect (F (1,43)
=56.3, p<0.001). Differences between controls and the no
nystagmus and nystagmus without FMNS groups were sig-
nificant (C vs NN:-.41, 95CI=[-0.81,-.014], p=0.039, C vs
No FMNS:-.53, 95CI=[—0.91,-.15], p=0.002), while the dif-
ference between controls and FMNS patients trended
towards significance (C vs FMNS:-.40, 95CI=[-0.80,
0.003], p=0.05). AE contrast sensitivity at low SF did not
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Figure 2 Mean and standard error of the mean for amblyopic eye log percentage Michelson contrast thresholds measured at 4 (black bars) and 14 (white bars) cycles per
degree for subjects grouped by clinical type (A) and FEM characteristic (B). Single asterisks and daggers denote significant (p<0.05) differences relative to the control and
mixed/strabismic groups, respectively, after controlling for AE grating acuity and applying Bonferroni correction.

differ significantly between FEM characteristic groups after ~ =5.9, p=0.019). Pairwise differences between the control
controlling AE grating acuity (F (3,51)=2.0, p=0.12). group and all amblyopic FEM groups were significant (C vs
Figure 3 plots the FE contrast sensitivity at high and low  NN:-.53, 95CI=[-0.91,-0.16], p=0.002, C vs NoFMNS:
SF as a function of type (Figure 3A) and FEM character- —0.39, 95CI=[-0.76,-.02], p=0.03, C vs FMNS:-.57,
istics (Figure 3B). FE contrast sensitivity at high SF varied ~ 95CI=[-0.99,-.15], p=0.003). Contrast sensitivity at low
significantly across amblyopia types with FE grating acuity ~ SF was associated with FEM characteristic (F (3,43)=4.3,
as a covariate (F (2,42)=10.1, p<0.001). The covariate was  p=0.010). The difference between controls and the FMNS
also significant (F (1,42)=7.6, p=0.008). Post-hoc compar-  group was significant (C vs FMNS:-.37, 95CI=[-0.68,-.06],
isons between controls and both amblyopia groups were p=0.012).
significant (C vs AN:-.54, 95CI=[-0.87,-.20], p=0.001, With AE grating acuity as a covariate, amblyopia type
C vs M/S:-45, 95CI=[-0.75,-.14], p=0.002). Amblyopia had a significant effect on stereopsis deficits (F (2,54)=9.5,
type was a significant factor in FE contrast sensitivity at  p<0.001)(Figure 4). Stereoacuities were significantly worse
low SF (F (2,43)=4.4, p=0.018). The pairwise difference  in mixed/strabismic amblyopes compared with both ani-
was significant between controls and anisometropes (C vs  sometropic amblyopes and controls (C vs M/S:-1.2, 95CI=
AN:-.32, 95CI=[-0.60,-.04], p=0.021). FEM characteristic ~ [-1.9,-.48], p<0.001, AN vs M/S:-.7, 95CI=[-1.3,-.04],
was associated with significant differences in FE contrast p=0.034). FEM characteristic had a significant effect on
sensitivity at high SF (F (3,42)=7.1, p=0.001). The covari- stereopsis (F (3,54)=12.9, p< 0.001) with AE grating acuity

ate, FE grating acuity, also had a significant effect (F (1,42)  as a covariate. Pairwise differences were significant between

A FE Contrast By Type B FE Contrast By FEM
1.5+ . 1.5 . % O ci4
< 1.0 4 * = 1.0 % Hl Cc4
g i o i
45-- 0.5 . E 0.5 |I|
o 0.0 - o 0.0+ T—
5’ -0.5- 2 .05- T I
"1.0 T T T '1 -0
C AN MS No FMNS
FMNS

Figure 3 Mean and standard error of the mean for fellow eye log percentage Michelson contrast thresholds measured at 4 (black bars) and 14 (white bars) cycles per degree
for subjects grouped by clinical type (A) and FEM characteristics (B). Single asterisks denote significant (p<0.05) differences relative to the control group after controlling for
FE grating acuity and applying Bonferroni correction.

Eye and Brain 2021:13 hetp: 105

Dove:


http://www.dovepress.com
http://www.dovepress.com

Murray et al

Dove

A Stereopsis By
Type

| [
:

log arcseconds
o = N W H O
1

C AN M/S

log arcseconds

B Stereopsis By
FEM

5 -
*
- T
3 - T T
2 -
1 -
0 i ] Il 1
C NN No FMNS
FMNS

Figure 4 Mean and standard error of the mean for stereopsis in log arcseconds grouped by type (A) and FEM characteristic (B). Single asterisks denote statistically
significant (p<0.05) differences compared to the groups indicated by the brackets after controlling for AE grating acuity and applying Bonferroni correction.

amblyopes with FMNS and all other groups (FMNS vs C:
1.7, 95CI=[.93, 2.6], p<0.001, FMNS vs NN: 1.3, 95CI=
[.58,2.1], p<0.001, FMNS vs No FMN: 0.88, 95CI=[0.075,
1.6], p=0.025) and between controls and amblyopes without
nystagmus (C vs NN:-.88, 95CI=[-1.7,-.03], p=0.037). We
found that 11/12 FMNS patients had absent stereopsis. Thus,
we did a subgroup analysis of the effects of the presence of
FMNS on stereopsis deficits in patients with strabismic/
mixed amblyopia and found that FEM characteristic had
a significant effect (F (2,24)=5.7, p<0.01). Strabismic/
mixed amblyopia patients without nystagmus had better
stereoacuity with a pairwise comparison showing significant
differences between no nystagmus and FMNS group (NN vs
FMNS:-1.25, 95CI=[-2.20,-.30], p<0.01) after controlling
for grating acuity deficit. We performed subgroup analysis
across FEM characteristics within the M/S group and the
AN group for contrast and stereopsis, but only the stereopsis
result across FEM presented above was significant, perhaps
owing to the small size of the subgroups and resultant low
power.

Discussion

We found that the pattern of visual function deficits in the
FE and AE and binocular functions differ based on both
clinical type and FEM characteristics. Patients with micro-
strabismus and FMNS were more likely to have absent
stereopsis despite having only mild to moderate amblyopia
than strabismic patients without FMNS. On the other hand,

anisometropic and strabismic/mixed amblyopes without
nystagmus and those with nystagmus without FMNS had
stereopsis deficits predicted by the severity of the AE
grating acuity deficit. The FE of patients with FMNS had
worse optotype, low and high SF contrast sensitivities,
whereas those without FMNS had greater contrast sensi-
tivity deficits at high SF than controls. All amblyopic
patients had worse high SF contrast sensitivity of the AE
that cannot be attributed to the FEM characteristics or
grating acuity deficit of the AE.

Several studies have evaluated visual function deficits
per the clinical type of amblyopia in both adults' and
children.'>?"-** In agreement with previous studies, we
found that strabismic/mixed patients were more likely to
have poor stereopsis with less pronounced contrast sensi-
tivity deficits with thresholds affected only at high SF
when accounting for the AE’s grating acuity deficits.
The reverse was seen in the AE of anisometropic
amblyopes with greater contrast sensitivity deficits at
both low and high SF and stereopsis deficits predicted
by the AE’s grating acuity deficit. The high SF contrast
measurements are a sensitive marker of the central visual
system dysfunction.””*° Thus, the reduced thresholds at
high SF across all groups reflect cortically mediated
vision loss in amblyopia. Similar to prior studies, we
found that the grating acuity deficits were less pronounced
in the AE than vernier and visual acuity deficits.'”
However, we did not find differences in the ratios of
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visual/grating acuity deficits across type of amblyopia.
This could be attributed to our study population of
patients with varying amblyopia severity and the lower
contrast of 50%
thresholds.?® Previous studies have reported a horizontal

used to test the grating acuity

effect in non-amblyopic children and an oblique effect in
non-amblyopic adults.*’ >* In our study, we measured
grating acuities at horizontal and vertical orientations
and found no systematic bias in thresholds per the orien-
tation of the stimulus in either controls or amblyopic
subjects. Offering a binary choice between two orienta-
tions enabled us to reduce testing time and simplified the
task for our pediatric participants. However, the lack of
testing at oblique orientations could have limited the
ability to detect horizontal and oblique effects and
resulted in the absence of meridional anisotropy in our
study participants. We also found less impairment of
visual functions in the FE of the anisometropic than the
mixed/strabismic group. We found that the contrast sensi-
tivity thresholds at high SF were nine-fold better in con-
trols than FE of patients with mixed/strabismic
amblyopia. We also found that the grating acuity thresh-
olds of FE of strabismic/mixed amblyopes were lower by
an average of 32%, and the visual acuity was three-fold
worse compared to controls. Besides high SF contrast
impairment, the contrast sensitivity thresholds at low SF
were two-fold better in controls than anisometropes.
Binocular summation has been reported in controls with
better thresholds under binocular than monocular viewing.
The binocular summation for grating acuity is reported to
be 5%, 7% for visual acuity at 100% contrast and the
contrast sensitivity thresholds have a ratio of 1.5 for con-
trol binocular/preferred eye and 1.6 for control binocular/
non-preferred eye.>> >’ Thus, the reported deficits in the
FE are greater than can be accounted for by binocular
summation alone in controls.

FEM abnormalities have been reported in the FE and AE
with differing features between patients with and without
strabismus.'*'*!?3% Tt is known that monocular visual
acuity can worsen in FMNS patients due to an increase in
nystagmus intensity.>”** Thus, FE dysfunction is often
attributed to the presence of nystagmus. None of the studies
to date have evaluated contrast, grating, vernier, visual acui-
ties of FE and AE, stereopsis deficits in conjunction with
FEM abnormalities in the same cohort. A few studies have
evaluated the correlation between the severity of visual and
stereo-acuity deficits as a function of AE fixation instability
as measured by bivariate contour ellipse area.'**'*> These

studies have excluded patients with nystagmus or have not
separately analyzed patients with and without nystagmus.
This is particularly important, as we know that the analysis
of eye position traces is necessary to identify FMNS.'!543
In the current study, we found that the FE of amblyopic
patients with and without nystagmus exhibits visual function
abnormalities, especially in FMNS patients. FE grating
acuity thresholds of patients without nystagmus were lower
by an average of 58%. The mean visual acuity of FMNS
patients was four-fold worse than controls. The contrast
sensitivity thresholds at low and high SF were three-fold
and nine-fold better, respectively in controls than FMNS
patients. We have previously reported FEM abnormalities
in patients without nystagmus, such as increased eye posi-
tion variance during inter-saccadic drifts in the FE." It is
possible that the increased drifts could arise from diminished
visual feedback and the resultant loss of inputs that normally
optimize the performance of the neural network for gaze
holding.**

Conclusions

In agreement with prior studies, patients with micro-
strabismus and amblyopia who had FMNS were more
likely to have poor or absent stereopsis than those without
FMNS.*** Fellow eye visual function deficits vary across
amblyopia type and are seen in the fellow eye of patients
with and without nystagmus. Our study emphasizes the
importance of FEM analysis and highlights the relation-
ship between visual afferent and efferent system deficits
seen in amblyopia. Future studies of larger cohorts evalu-
ating FEM abnormalities and visual functions within each
clinical subtype are warranted to assess the impact of
amblyopia.

Abbreviations

FEM, fixational eye movements; FMNS, fusion malde-
velopment nystagmus syndrome; NN, no nystagmus —
used in reference to an amblyopia patient without nys-
tagmus; AE, amblyopic eye; FE, fellow eye; SF, spatial
frequency.
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