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SYNOPSIS/PRECIS

This study reveals that demographic, clinical and imaging parameters have significant
impact on visual acuity in nanophthalmos or posterior microphthalmos. It might give
further insights into the pathophysiology, foveal development and emmetropisation.



ABSTRACT

Background/Aims: The reason for visual impairment in patients with nanophthalmos
and posterior microphthalmos is not completely understood. Therefore, this study aims
to investigate foveal structure, and the impact of demographic, clinical, and imaging
parameters on best-corrected visual acuity (BCVA) in these conditions.

Methods: Sixty-two eyes of 33 patients with nanophthalmos (n=40) or posterior
microphthalmos (n=22), and 114 eyes of healthy controls with high-resolution retinal
imaging including spectral-domain or swept-source optical coherence tomography
(OCT) images were included in this cross-sectional case-control study. Foveal retinal
layer thickness was determined by two independent readers. A mixed effect model was
used to perform structure-function-correlations and predict the BCVA based on subject-
specific variables.

Results: Most patients (28/33) had altered foveal structure associated with loss of
foveal avascular zone and impaired BCVA. However, widening of outer nuclear layer,
lengthening of photoreceptor outer segments, normal distribution of macular pigment,
and presence of Henle fibres were consistently found. Apart from the presence of
choroidal effusion, which had significant impact on BCVA, the features age, refractive
error, axial length, and retinal layer thickness at the foveal centre explained 61.7% of
the variability of BCVA.

Conclusion: This study demonstrates that choroidal effusion, age, refractive error, axial
length, and retinal layer thickness are responsible for the majority of interindividual
variability of BCVA as well as the morphologic foveal heterogeneity in patients with
nanophthalmos or posterior microphthalmos. This might give further insights into the
physiology of foveal development, the process of emmetropisation and support
clinicians in the assessment of these disease entities.



INTRODUCTION

Nanophthalmos and posterior microphthalmos are rare, bilateral developmental eye
disorders, which present either as an isolated abnormality or as part of a syndrome, and
either sporadically or in an inherited manner (autosomal-dominant or autosomal-
recessive).[1-11] Both disorders are defined by compromised growth of the posterior
segment, leading to short axial length (usually < 20 mm) associated with high hyperopia
(usually = 8.00 dioptres).[3,12] In contrast to posterior microphthalmos, patients with
nanophthalmos also present a shallow anterior chamber.[12] By definition, there are no
other obvious structural defects. However, thickened sclera and a high lens/globe
volume ratio, as well as complications including narrow angle glaucoma and choroidal
effusion have been described.[13]

The best-corrected visual acuity (BCVA) in patients affected by these disease entities is
often worse than 0.2 LogMAR (20/32 Snellen equivalent).[14] The reason for this visual
impairment is not completely understood. Foveal hypoplasia, “macular folds”, and a
rudimentary foveal avascular zone (FAZ) have been described in some cases of
nanophthalmos or posterior microphthalmos, using optical coherence tomography
(OCT) and/or fluorescein angiography.[3,14-19] However, a comprehensive and in-
depth evaluation of foveal structure in a larger cohort of patients with nanophthalmos or
posterior microphthalmos using current imaging technology is still required.

Therefore, we systematically examined patients with nanophthalmos and posterior
microphthalmos using an up-to-date multimodal imaging approach. The aim of this
study was to investigate and describe (i) morphologic ocular alterations including retinal
microstructure, (ii) associations with diagnosis and/or disease severity, and (iii)
structure-function-correlation. This might help to improve knowledge of underlying
pathophysiology, as well as patient assessment and counselling.



MATERIALS AND METHODS

This retrospective observational case series was performed at Moorfields Eye Hospital
NHS Foundation Trust, London, United Kingdom. Patients with nanophthalmos and
posterior microphthalmos were identified by text search of electronic medical records
from Moorfields Eye Hospital between 2004 and 2019. The inclusion criteria were
defined as (1) axial lengths < 20 mm and/or hyperopia = 8.00 dioptres refractive error
(spherical equivalent) associated with nanophthalmos or posterior microphthalmos
(divided by the presence of shallow anterior chamber; threshold set at 2.5 mm depth),
and (2) spectral domain or swept source OCT images adequate to evaluate the fovea
(e.g., central alignment and sufficient image quality). Sixty-eight eyes of 34 patients met
the inclusion criteria. In terms of disease-associated complications, we evaluated
narrow angle glaucoma and choroidal effusion. Previous retinal surgery or other
pathologies known to affect visual acuity and/or OCT measurements were excluded. In
our cohort, this was the case in six eyes of five patients with concomitant pathologies as
follows: uveitis in two cases, amblyopia in one case, neovascular age-related
maculopathy in one case, and status post retinal detachment in both eyes of one
patient. A normative database of the Department of Ophthalmology, University of Bonn,
Germany served as controls. Institutional review board approval (Ethikkommission,
Medizinischen Fakultat, Rheinische Friedrich-Wilhelms-Universitat Bonn, Germany;
approval ID, 027/07) and subject’s written informed consent were obtained. The study
was in adherence with the declaration of Helsinki.

Genetic testing

Genetic data was available in seven patients. Four probands (GC7258, GC27868,
GC30420, and GC29302) underwent Sanger sequencing of all coding exons and intron-
exon boundaries of the Membrane-Type Frizzled-Related Protein gene (MFRP, Online
Mendelian Inheritance in Man #606227) as part of a research project (MOOA1016
12/LO/0141, Genetic study of inherited retinal eye disease, principal investigator ARW)
and aspects of their condition have previously been reported.[17,20] One proband (GC
38302) underwent next-generation sequencing of a panel of genes as part of clinical
testing (Manchester Centre for Genomic Medicine, Manchester, UK). Two probands
(25866 and GC35426) were part of the 100 000 Genomes project and underwent whole
genome sequencing.[21] A further proband has undergone clinical genetic testing
(North Thames Genomics Laboratory Hub, London, UK) and results are awaited.

Imaging

All participants had undergone an ophthalmic examination as part of their routine eye
clinic visits. Prior to multimodal imaging, pupils were dilated. OCT was performed in all
participants using an spectral-domain OCT (Spectralis HRA+OCT, Heidelberg
Engineering, Heidelberg, Germany). A swept source device (AngioPlex, Carl-Zeiss-
Meditec, Inc., Dublin, CA, USA) was used for OCT-Angiography (OCT-A). Scleral
thickness was measured based on horizontal 10 MHz ultrasound B-scans covering the
posterior pole. When available, infrared-reflectance and short-wavelength fundus
autofluorescence (AF) imaging (488 nm excitation and 500-700 nm emission) was



performed using a confocal scanning laser ophthalmoscope (cSLO; Spectralis
HRA+OCT). In cases with measurement of macular pigment optical density (MPOD), it
was determined with the two-wavelength AF method using a modified HRA classic
(Heidelberg Engineering) as described elsewhere.[22—-25] Axial length and anterior
chamber depth was measured using the I0OL-Master 500 (Carl Zeiss Meditec, Jena,
Germany) or a-scan ultrasound.

Image Processing

To minimize the influence of cataract on visual acuities and the statistical evaluation,
patient records were reviewed for description of lens status and unexplained changes in
refraction and BCVA at any time point, and images were reviewed for shadowing
suggestive for lens opacification. No eye was excluded based on this approach.
Imaging data was then evaluated and correlated to demographic, functional and
morphologic features. Central retinal structure was classified into three types based on
the foveal depression in the central OCT scan (Figure 1): Regular foveal structure
featuring extrusion of the inner retinal layers (IR), foveal pit, widening of the outer
nuclear layer (ONL), and lengthening of the photoreceptor outer segments was
assigned to type 1. Widening of the ONL, and lengthening of the photoreceptor outer
segments associated to incomplete and absence of extrusion of IR were represented by
type 2 and 3, respectively. Thickness of full retina, IR, outer retina (OR), ONL, and
photoreceptor inner and outer segments as well as RPE cells (ISOSRPE) were
manually measured in OCT scans at the location of the presumed fovea (i.e., location of
ONL widening and lengthening of the photoreceptor outer segments in the central
macula) using the respective device inbuilt measurement tool (Figure 1). All
measurements and classifications have been performed by two independent
experienced readers masked to the results of each other and the patients’ diagnosis.
For further analysis, the mean of both readers was used.

Statistical analysis

Statistical analysis was performed using the software environment R (version 3.2.3, The
R Foundation for Statistical Computing, Vienna, Austria) and Python (version 3.7,
Python Software Foundation. Python Language Reference).[26] Since the number of
samples did not justify the assumption of the central limit theorem and many
subpopulations were not sufficiently normal in Shapiro-Wilk tests, non-parametric tests
were used. For comparison of two distributions, the Mann-Whitney U test was used and
for comparing more than two, the Kruskal-Wallis H test was used. P-values with a <
0.05 were considered statistically significant.

To investigate the influence of the individual features on the visual acuity, a linear
regression analysis was performed. Since the data contained one observation per
patient, an ordinary least squares (OLS) model was chosen for further analysis over a
mixed effect model. If both eyes have been assessed for one patient, these were
averages so that all data points are fully independent from each other. For the model,
the measurements were scaled to unit variance to compensate for values coming from
different domains (like age in years or thickness measures in um). Then, all possible



combinations of the features were generated, adding a constant to center the error term
of the OLS model. For each combination, a separate OLS model was fit using a k-fold
cross-validation with k=10. The models were ranked by their average mean squared
error (MSE) in predicting the test data set across all ten folds in order to obtain the
optimal model. Then, the residuals of the OLS model were investigated for systematic
tendencies in order to assess the quality of the model. A possible serial correlation was
investigated by randomly shuffling the data, but could not be found.

For inter-reader correlation, intraclass correlation coefficients (ICC, two-way random,
absolute agreement), 95% coefficients of repeatability (CR) and coefficients of variation
(CV) were determined.[27,28] Bland-Altman plots were generated for visualization of
limits of agreement. Spearman's rank correlation coefficients (p) were calculated
between the absolute differences and the mean values to determine whether
measurement variability increases with lesion size.[28]



RESULTS
Cohort characteristics

A total of 62 eyes of 33 patients (22 female, 11 male) with a mean (£ standard
deviation, SD) age of 36.5+£18.7 years (range, 7.4-75.4 years) and 114 eyes of healthy
controls (73 female, 41 male) with a mean age of 39.8+15.6 years (range, 8.0-64.6
years) were included. Forty eyes of 22 patients (17 female, 5 male) with a mean age of
41.8+£17.4 years (range, 12.9-75.4 years) were considered to have nanophthalmos, and
22 eyes of 11 patients (5 female, 6 male) with a mean age of 25.7+16.6 years (range,
7.4-58.4 years) were diagnosed with posterior microphthalmos (Table 1 and
Supplementary Table S1). If both eyes of a patient were included (in 29 of 33 patients),
they were assigned to the same disease entity. Comprehensive genetic data can be
found in Supplementary Results and Supplementary Table S2.

Tablel: Demographic, clinical, and imaging parameters of included subjects

. Posterior Type 1 Type 2 Type 3
Controls All patients Nanophthalmos Microphthalmos Foveal Foveal Foveal
Structure Structure Structure
Number (n) 114 33 22 11 5 13 15
i‘;‘;i’(‘,‘ Sex (female/male) 73/41 2211 1715 506 4 9/4 9%6
Age (years)? 30.8+156  365+18.7 4184174 25.7+16.6 41.0£238  36.3£16.3 35.118.5
Number (n) 114 62 40 22 9 26 2
Diagnosis (N/PM, n) 0/0 40/22 4000 0/22 712 16/10 17110
BCVA (LogMAR) 0.0£0.0 0.55+0.51 0.500.37 0.64+0.68 0.11:0.11  0.64£0.61 0.610.39
Refractive error (dpt) 2> | -0.22:221  15.85¢3.76 15.39+3.99 16.673.12 12314215 1462¢330  18.20£3.03
Axial length (mm)a 23074073 16.52+1.29 16.72+1.48 16.15£0.69 18.87£0.82  16.34£0.92 15912072
,(Anr:::)rior chamber 150:031 2474058 180£0.33 2 864017 213042  2.20+055 2.16+0.65
Eye | OCTtype (1/2/3;n) 114/0/0 9/26/27 71617 211010 9/0/0 0/26/0 0/0727
based | FR thickness (um): 22014184 41791110  402.7+109.7 44571079  2298+135 3814458 5159+504
IR thickness (um)2 0.0£0.0 150.0£91.5 138.7491.7 170.7+87.4 0000  121.6+39.0  227.4+59.0
OR thickness (um)a 2201184  267.8+33.4 264.0434.6 274.8+29.9 2298+135 2508215 288.3£331
ONL thickness (um)s | 1329+107  164.7+30.9 162.6+30.4 168.3+31.4 13084219 156.2£18.4 184.0+29.6
:ﬁgsfPE thickness 962477 1033109 1014105 1067¢108  00%129  1036:76 10442125
Glaucoma (n) 0 21 21 0 7 10 4
Choroidal effusion (n) 0 13 10 3 0 9 4

2 Values indicate mean + standard deviation, ? Values indicate the spherical equivalent

BCVA: Best corrected visual acuity, Dpt: Diopter, FR: Full retina, IR: Inner retina,
ISOSRPE: Distance from external limiting membrane to Bruch Membrane; LogMAR:
Logarithm of the Minimum Angle of Resolution, N: Nanophthalmos, OCT: Optical
coherence tomography, ONL: Outer nuclear layer, OR: Outer retina, PM: Posterior
microphthalmos.



Imaging features

The individual foveal centre could be localized in each eye due to the fact that even type
3 eyes revealed a distinct widening of the ONL and lengthening of the photoreceptor
outer segments (Figure 1). Overall, nine eyes of five patients were assigned to type 1
central retinal structure, 26 eyes of 13 patients to type 2, and 27 eyes of 15 patients to
type 3 (Table 1). The OCT type classification was symmetrical in all patients where both
eyes were included. There was no different distribution of diagnosis (nanophthalmos vs.
posterior microphthalmos, P=0.663), gender (P = 0.542), or age (P = 676) between the
three OCT types. However, significant different refractive error (P < 0.001) and axial
length (P < 0.001) measurements were found between the different central retinal
structure types (Table 1). If the axial length was below 17.8 mm, a hormal foveal
configuration (i.e., OCT type 1) was absent.

Apart from the normal foveal configuration with absence of IR, type 1 eyes also had
normal retinal layer thickness measurements of OR (P = 0.888) compared to controls
(Table 1), comprising both ONL (P = 0.800) and ISOSRPE (P = 0.565). According to the
OCT type classification, the central IR thickness increases from type 2 to type 3

(P <0.001). There was also a trend to thickening of the central OR with increasing OCT
type (P < 0.001). This effect was based on ONL measures (P < 0.001) as ISOSRPE did
not significantly differ between the three OCT types (P = 0.572). As full retinal thickness
consists of IR and OR, it was also elevated in type 2 and especially type 3 eyes
compared to type 1 eyes and controls (P < 0.001, Tablel). In type 3 eyes, the full retinal
thickness in the foveal centre even surmounted the perifoveal retina leading to the
impression of a retinal fold (Figure 1).

Despite irregular central retinal morphology, tilting of the OCT scan led to parafoveal
hypo- and hyperreflective artefacts (Figure 2 first row), which is thought to derive from
intact Henle fibre layer and to represent a physiologic finding.[29] Based on other
imaging modalities (AF and/or two-wavelength AF MPOD measures), all eyes also
revealed macular pigment in a normal distribution (Figure 2 second row). In eyes with
presence of IR in the foveal centre (i.e., OCT type 2 and 3), the foveal avascular zone
was absent indicated by flow signal in both the superficial and the deep vascular
network (Figure 2 third row).

Disease-associated complications

Narrow angle glaucoma and choroidal effusion was present in 21 and 13 eyes,
respectively (Table 1). Eyes with narrow angle glaucoma were present in all three
different OCT types, but only coincided with the diagnosis of nanophthalmos. In
contrast, choroidal effusion was only present in eyes with alterations in foveal structure
(i.e., type 2 and/or type 3), but did not show any differences in diagnosis-specific
frequency (P = 0.468, Table 1). Nevertheless, neither glaucoma ([mean+SD]; glaucoma,
17.04£1.69 mm; no glaucoma nanophthalmos, 16.37£1.10 mm; P = 0.157) nor
choroidal effusion (choroidal effusion, 16.51+1.01 mm; no choroidal
effusion,16.52+1.35 mm; P = 0.388) were associated with significantly different axial
measurements (Supplementary Figure S1). In our cohort, anterior chamber depth of



glaucoma eyes (1.78+0.44 mm) did not differ from other nanophthalmos eyes
(1.81+£0.13 mm; P = 0.785). As remarkable result, choroidal effusion was highly
correlated to more severe visual impairment (1.08+0.72 vs. 0.40+0.03; P < 0.001).
Further investigation of features correlated to disease-associated complications can be
found in Supplementary Figure S1).

Inter-eye correlation

In patients with both eyes included (n = 29), the diagnosis (hanophthalmos vs. posterior
microphthalmos), the OCT type, and the presence of glaucoma (n = 9) was always
similar in both eyes, while choroidal effusion presented binocularly in five and
monocularly in two of these patients. In the latter, the partner eye approximately
revealed similar measurements for axial length and scleral thickness. In terms of central
retinal layer measures, there was a distinct inter-eye correlation (Figure 3). Similar
findings could be made for axial length, refractive error, and anterior chamber (Figure
3). In contrast, there were three outliers in the inter-eye correlation of BCVA, that could
be explained by the presence of choroidal effusion in both eyes and/or the eye with
more severely impaired visual acuity (Figure 3 and Supplementary Table S1). More
information about disease associated complications can be found in Supplementary
Results.

Evaluation of functionally relevant parameters

For predictive modelling of BCVA in patients, we excluded all eyes with choroidal
effusion. Hereby, multiple putative predictors were initially considered including
demographic characteristics (age), macrostructural configurations (refractive error, axial
length, anterior camber depth, and scleral thickness), as well as central OCT layer
thickness measures (IR, ONL, and ISOSRPE). In the linear regression analysis, age,
refractive error, axial length, and IR thickness showed a significant correlation with
BCVA, while features like anterior chamber depth, scleral thickness, ONL and
ISOSRPE thickness did not correlate significantly (Figure 4).

However, since features might exhibit a significance in a multilinear model despite not
showing any real correlation in a bivariate analysis, we fitted OLS models for all
possible combinations of features. The model with the lowest average MSE

(0.035 £ 0.022) comprised age, refractive error, axial length, and ISOSRPE. The
adjusted coefficient-of-determination (adjusted R2) was 0.617 (F-statistic, 11.46;

P < 0.001), indicating that the chosen predictors allow explaining 61.7 % of the
variability in BCVA measures in eyes without choroidal effusion. In this OLS model, age,
axial length and ISOSRPE thickness remained significant factors (Supplementary Table
S3). Furthermore, the residuals did not show systematic tendencies indicating the
reliability of the model parameters (Supplementary Figure S2).

Inter-Rater Reliability

The image grading by two independent readers (PLM and AA) revealed high inter-rater
reliability. Concerning the central retinal structure types, both readers agreed to the

10



classification of each eye. For retinal thickness measures, the measurements showed
excellent values for ICC and low CV as well as CoR (i.e., with 0.95 probability, the
absolute differences between two ratings would lie below this value, Supplementary
Table S4). Also, the Bland-Altman plots did not reveal systematic inter-rater
discrepancies (Supplementary Figure S3). The inter-reader variability significantly
increased with larger values for measurements of IR (p = 0.356, P = 0.004) according to
Spearman’s rank correlation coefficient (p) for absolute differences and mean values.
Full retinal thickness (p = 0.040, P = 0.758), OR (p = 0.134, P = 0.298), ONL (p = 0.081,
P =0.532), and ISOSRPE (p = 0.049, P = 0.707) did not show this correlation.
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DISCUSSION

Using modern imaging technology, this study graded and evaluated the foveal
configuration of patients with nanophthalmos or posterior microphthalmos ranging from
normal foveal structure to foveal hypoplasia characterized by persisting inner retinal
layers, misshaped or missing foveal pit, and absent FAZ. Despite this variability, the
presentation of outer retinal layers, macular pigment distribution and density, and Henle
fibre layer was consistently preserved indicating the complexity of foveal development
and pathophysiology of both disease entities. Further evaluation revealed a high
functional relevance of demographic, clinical and imaging parameters.

Choroidal effusion had the most significant impact on visual acuity in our cohort
(Supplementary Figure S1 and Figure 3). It has been suggested that the thickened
sclera in patients with nanophthalmos and posterior microphthalmos causes impaired
venous drainage and secondarily choroidal engorgement.[13] Although inter-eye
correlation of monocular affected individuals in our cohort did not show an association
of choroidal effusion and scleral thickness (likely due to the low number of n=2), it has
been supported by animal models, where vortex vein occlusion led to localized
congestion of a corresponding segment of iris, ciliary body, and choroid.[30] Choroidal
effusions can occur and/or worsen spontaneously or with intraocular surgery in affected
patients. The latter was reported to be associated with a rapid drop in intraocular
pressure that leads to reduced tissue turgor that ordinarily would oppose movement of
fluid from the intravascular to the extravascular space.[13] Therefore, it is worth
considering special precautions during interocular interventions in patients with
nanophthalmos or posterior microphthalmos.[13]

Apart from this complication, the presented findings provide evidence for the high
functional relevance of axial length and refractive error (spherical equivalent), which had
an even greater feature importance on the BCVA prediction model than the central
retinal layer thickness measures or other global measurements such as scleral
thickness. This might be traced back to the very linear correlation of axial length with
BCVA (Figure 4) indicating that axial length (and indirectly refractive error) not only
defines the diagnosis and is the most obvious disease characteristic,[12] but might also
provide the best approximation of individual disease severity in the absence of
complication. Even if it had historically been described to be associated without obvious
posterior structural defects,[1] digital imaging revealed abnormal foveal structure in
patients with nanophthalmos and posterior microphthalmos.[14,17-19,31-33] In our
investigation, different foveal structures (i.e., OCT types 1, 2 and 3) could be
differentiated that were partly associated with axial length. The foveal retinal layer
thickness measures were associated with a significant impact on BCVA (Figure 4).
However, the feature importance did not reach the level of axial length or investigations
in other retinopathies.[34,35] This might be traced back to possible differential functional
importance of foveal microstructure on BCVA in nanophthalmos and posterior
microphthalmos as further discussed below. The significant impact of age on BCVA
(Figure 4 and Table 2) might indicate a combination of progressive disease, increasing
lens opacification and/or lower number of aged patients. In total, the findings provided
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evidence for the functional relevance of demographic, clinical, and microstructural data
explaining 61.7% of the variance in BCVA measures in eyes without choroidal effusion.

Inner retinal folds were occasionally found in our patients (OCT type 3). Similar to
spectral domain OCT findings in posterior microphthalmos of prior studies,[17—-19] only
inner retinal layers were elevated over the level of parafoveal vitreoretinal surface.
Other studies reported that the folds include all retinal layers in both disease
entities.[14,31-33] However, these discrepancy might be attributed to the low resolution
of time-domain systems, which was used in the latter. Two different hypotheses have
been postulated for how the excessive foveal tissue may develop: (I) The different
embryologic origins of RPE and neurosensory retina might be a reason. The thickened
sclera in both diseases may limit RPE growth whereas the neurosensory retina grows
normally leading to a rise of the excessive retinal tissue. [14,17,31,32] Given our results
that the outer retina was not excessively thickened in these cases, this hypothesis
seems unlikely. (II) The increased growth of the retinal vessels that are distributed
anteriorly to the neural elements of the retina cause the fold to develop. This hypothesis
was stated for posterior microphthalmos based on the findings of vascular tortuosity and
the presence of cysts.[18] However, we did not find these alterations in our cohort.

As expected in healthy subjects, the ONL and photoreceptor outer segments of all
included patients were elongated towards the presumed fovea. Depending on the
thickness of abnormally present inner retinal layers, a foveal pit was still identifiable
(OCT type 2) or a central thickening could be found at this location (OCT type 3). In this
‘pseudo-fold’, the thickness of inner retinal layers however was the same as in the
parafoveal area (Figure 1). This might be explained by at least two independent
developmental processes that lead to the formation of the foveal structure: One process
affects the spatial spreading and differentiation of the outer retinal layers; the other
process leads to the development and distribution of inner retinal cells and synapses. In
fact, histopathology studies revealed that as a first sign of foveal development, the
central photoreceptor layer exclusively contains cones by gestation week 22, while the
foveal depression does not deepen before birth.[36,37] This indicates that the
development of the specific foveal outer retina begins very early and differentiation of
foveal cones (also after birth) consisting of elongation, increasing foveal density, and
formation of basal axon processes (Henle fibres) might be determined a long time
before birth. In contrast, the specific centrifugal displacement of the inner retina
happens later from birth until 15 months.[36,37] Based on our observations, the inner
retinal displacement seems to be partly altered in most patients with nanophthalmos
and posterior microphthalmos (OCT type 2 and 3) and might be linked to the axial
growth of the eye that is a characteristic feature of these disease entities.[12]

Given the foveal hypoplasia in nanophthalmos and posterior microphthalmos, Henle
fibre layer might be expected to be less developed as well. However, OCT artefacts in
the inner region of the outer nuclear layer (Figure 2) that are thought to derive from
Henle fibre layer were present in our cohort. Also, MPOD measurements and AF
revealed normal levels and distribution of macular pigment. which is postulated to be
spatially connected with Henle fibre layer.[23] Thereby the development of Henle fibre
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layer and xanthophyll accumulation in the central macula might be hypothesized to be
more related to the formation of the outer rather than inner retinal layers.

Up to now, an absent or rudimentary FAZ has only been reported in four cases of
nanophthalmos,[15] in contrast to posterior microphthalmos where it has been more
commonly described.[3,16] Of note, these previous descriptions were based on
fluorescein angiography findings that does not allow for differentiating of different
vascular plexus within the retina. By using OCT-A, we could evaluate the flow signals in
a three-dimensional resolution. We found that both superficial and deep capillary
plexuses are affected in eyes of both disease entities with central presence of inner
retinal layers (OCT type 2 and 3). Similar OCT-A findings were described for Alport
maculopathy as causative for the associated reduced visual acuity,[35] while for Stickler
syndrome no significant correlation between visual acuity and foveal thickness of
abnormally present inner retinal layers in mild retinal hypoplasia and absence of FAZ
could be found.[38]

Interestingly, BCVA of < 0.0 LogMAR (=20/20 Snellen equivalent) was found in one eye
of OCT type 2 group and even one eye of OCT type 3 group in our cohort. Moreover, a
BCVA of <0.3 LogMAR (=20/40 Snellen equivalent) was found in eight, six and three
eyes assigned to OCT type 1, 2 and 3, respectively. This level of visual acuity had been
stated to be unachievable for patients with nanophthalmos and posterior
microphthalmos despite reports in line with our findings.[14,17] To summarize, the
abnormal foveal architecture may limit visual potential, but with a high inter-individual
variability. Apart from cases with complications (like choroidal effusion, Figure 2),[39]
the diagnosis of nanophthalmos or posterior microphthalmos is not generally associated
with low visual outcome and should therefore not discourage clinicians to e.g. perform
cataract surgery if symptoms and lens opacity otherwise indicate to do so.

Limitations of the study include the number of study participants; although our cohort is
the largest to date. As one of our inclusion criteria was high quality OCT images
acquired as part of routine care, we may have a selection bias, where cases with better
fixation, visual acuity or ocular media clarity, were included. However, the high
variability of phenotypic manifestation did not influence the inter-rater agreement
(Supplementary Figure S3). Due to the retrospective character, interesting aspects of
retinal function like localized sensitivity derived from fundus-controlled perimetry or dark
adaptation could not be investigated. Future prospective studies that systematically
evaluate change of foveal structure and function over time, and additional studies in
patients with a wider spectrum or more severe disease manifestation might be
warranted, as imaging technology improves.

In conclusion, this study evaluated an extended spectrum of retinal alterations and
identified novel imaging features in the largest cohort of patients with nanophthalmos or
posterior microphthalmos to date. The study gives further insights into the physiology of
foveal development, the process of emmetropisation and the complex pathogenesis of
nanophthalmos and posterior microphthalmos. The results showed the importance of
complications, demographic and structural parameters on visual acuity explaining the
majority of the high interindividual variability of BCVA that might support clinicians in
patient assessment.
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FIGURE CAPTIONS
Figure 1: Image grading of central retinal structure

The exemplary optical coherence tomography (OCT) images in the top row demonstrate
the definition of the three different types of foveal depression in patients with
nanophthalmos and posterior microphthalmos: Type 1 represents normal foveal
structure featuring extrusion of the inner retinal layers, foveal pit, widening of the outer
nuclear layer, and lengthening of the photoreceptor outer segments. Cases with
incomplete extrusion of the inner retinal layers and a definite foveal pit were assigned to
type 2. Type 3 indicates absence of a foveal pit. Below, the central area of the type 2
OCT scan is magnified to highlight the segmentation of the retinal layers. Layer
thickness was measured in the foveal centre (green dotted line) from internal limiting
membrane to Bruch’s membrane for ‘full retina (FR)’, from internal limiting membrane to
inner border of outer nuclear layer for ‘inner retina (IR)’ (dark green), from inner border
of outer nuclear layer to Bruch’s membrane for ‘outer retina (OR)’, from inner border of
outer nuclear layer to external limiting membrane for ‘outer nuclear layer (ONL)’
(yellow), and from the external limiting membrane to Bruch’s membrane comprising
‘photoreceptor inner and outer segments as well as RPE cells (ISOSRPE) (purple).

Figure 2: Imaging features

A representative tilted central optical coherence tomography (OCT) scan (A), infrared-
reflectance image (B), fundus autofluorescence (AF) image (C), macular pigment optic
density (MPOD) image (D), and results of OCT-Angiography (OCT-A, E-G) centred on
the fovea are shown. In the tilted OCT scan, the physiologic parafoveal hypo- (white
dots) and hyperreflective (black dots) artefacts in the inner region of the outer nuclear
layer become visible. Corresponding to the foveal MPOD peak (central bright area in
the MPOD image), the AF image shows central shadowing. In the central OCT-A B-
Scan (E), blood flow is color-coded in red that revealed presence of vasculature in the
inner retinal layers at the presumed foveal location. The absence of a foveal avascular
zone was correspondingly present in the superficial (F) and the deep vascular network

(G).

Figure 3: Inter-eye correlation

There was a distinct correlation between the right (OD, x-axis) and left (OS, y-axis) eye
for optical coherence tomography layer thickness measures (A-D) as well as global
measurements like axial length (E), refractive error (spherical equivalent) (F), and
anterior (ant.) chamber depth (G). Here, the absence (grey dot) or presence of choroidal
effusion in one (pink square, always right eye) or both (red cross) eyes neither had
impact on the inter-eye correlation nor were associated with a specific range of
measurements. For best corrected visual acuity (BCVA, H), three outliers were present
that were associated with the highest visual impairment and the presence of choroidal
effusion. FR: Full retina, IR: Inner retina, ISOSRPE: Distance from external limiting
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membrane to Bruch Membrane, ONL: Outer nuclear layer, OR: Outer retina, LogMAR:
Logarithm of the Minimum Angle of Resolution.

Figure 4: Linear regression analysis of individual features

The demographic, clinical and imaging (including optical coherence tomography, OCT)
features of patients not suffering from choroidal effusion were correlated with their
respective best corrected visual acuity (BCVA) values (in Logarithm of the Minimum
Angle of Resolution, LogMAR). For each linear fit (red line), the 95 % CI (red area), as
well as the Pearson Correlation Coefficient (PCC) and P value of the fit are shown. IR:
Inner retina, ISOSRPE: Distance from external limiting membrane to Bruch Membrane,

ONL: Outer nuclear layer.
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