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LABORATORY SCIENCE

Effect of anatomical differences and
intraocular lens design on
negative dysphotopsia

Luc van Vught, BSc, Ivo Que, Gregorius P.M. Luyten, MD, PhD, FEBOphth, Jan-Willem M. Beenakker, MSc, PhD

Purpose: To assess the effect of ocular anatomy and intraocular
lens (IOL) design on negative dysphotopsia (ND).

Setting: Department of Ophthalmology, Leiden University Medical
Center, Leiden, the Netherlands.

Design: Ray-tracing study based on clinical data.

Methods: Ray-tracing simulations were performed to assess the
effect of anatomical differences and differences in IOL design on the
peripheral retinal illumination. To that end, eye models that in-
corporate clinically measured anatomical differences between eyes
of patients with ND and eyes of pseudophakic controls were
created. The anatomical differences included pupil size, pupil
centration, and iris tilt. The simulations were performed with dif-
ferent IOL designs, including a simple biconvex IOL design and a
more complex clinical IOL design with a convex–concave anterior

surface. Both IOL designs were analyzed using a clear edge and a
frosted edge. As ND is generally considered to be caused by a
discontinuity in peripheral retinal illumination, this illumination profile
was determined for each eye model and the severity of the dis-
continuity was compared between eye models.

Results: The peripheral retinal illumination consistently showed a
more severe discontinuity in illuminationwith ND-specific anatomy. This
difference was the least pronounced, 8%, with the frosted edge clinical
IOL and themost pronounced, 18%,with the clear edge biconvex IOL.

Conclusions: These results show that small differences in the
ocular anatomy or IOL design affect the peripheral retinal illumina-
tion. Therewith, they can increase the severity of ND by up to 18%.
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Negative dysphotopsia (ND) is a relatively common
complaint after cataract surgery or refractive lens
exchange with intraocular lens (IOL) implantation,

often described as a shadow or missing area in the temporal
peripheral visual field (VF).1–3 The incidence is reported to
be up to 19%when actively evaluated during clinical follow-
up, but fortunately in most cases, it resolves over time.4,5

However, complaints remain present in approximately 3%
of the patients with little chance on further improvement.5

The severity of the remaining shadow differs between
patients, leaving some patients with mild VF defects,
whereas others experience bothersome complaints that
disturb their daily life.3,6

Clinical studies have identified multiple factors that
potentially contribute to ND, including a smaller pupil
size, a tilted anterior chamber geometry, a larger overlap
of the anterior capsule, an increased angle kappa, a

noninferotemporal orientation of the optic–haptic junc-
tion of the IOL, and a smaller IOL diameter.3,6–11 Al-
though ND can occur with different types of in-the-bag
implanted IOLs, it has not been reported with anterior
chamber IOLs or sulcus-fixated IOLs.8 One of the major
problems in the clinical evaluation of ND is the lack of
methods to objectively quantify this far-peripheral visual
complaint. Thus far, only Goldmann perimetry has been
able to show the loss of peripheral vision in some, but not
all, eyes.12

To overcome this lack of objective measurements and to
obtain additional insight, multiple ray-tracing studies of
ND have been performed. Within these studies, the path
of light through the eye is calculated. Based on these
studies, it is proposed that ND is caused by a gap in the
illumination of the nasal retina, which is then experienced
as a shadow in the temporal VF.2,13–15 These simulations
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showed that this gap is the result of a discontinuity be-
tween light passing between the iris and the IOL (the
iris–IOL gap) and light refracted by the IOL. Many factors
that potentially affect this gap have been proposed
through these simulations, including a larger angle kappa,
a smaller pupil diameter, the axial distance between the
IOL and the iris, the refractive index, the diameter of the
IOL, and the shape of the IOL.13,16,17

Although these ray-tracing simulations have provided
valuable insights in potential causes of ND, they used
generic eye models that do not fully reflect the anatomy of
eyes with ND. Recently, we presented clinical data of a
cohort of pseudophakic eyes with and without ND,
showing that eyes with ND have a smaller and more
temporally decentered pupil and a larger temporal tilt of the
iris (Figure 1).7 Furthermore, we showed that the anterior
chamber distance, the distance between the iris and the
IOL, and the peripheral retinal shape were comparable
between both groups.7,18Within this study, we aim to assess
the optical consequences of the anatomical differences
observed in the ND population and the effect of different
IOL designs on the peripheral illumination, in particular
related to the temporal shadow that is perceived by patients
with ND.

METHODS
To accurately assess the relation between anatomical prop-
erties of the eye and the occurrence of ND, ray-tracing sim-
ulations were performed using eye models that closely reflect
the actual ocular anatomy of eyes with and without ND. Based
on the reported clinical differences between eyes with and
without ND, 2 eye models were designed, 1 with a typical
anatomy for patients with ND and 1 with a typical anatomy for
pseudophakic controls (Figure 1).7,18 The anatomical aspects
of these eye models were derived from clinical measurements
obtained from 37 patients with ND and 26 pseudophakic
controls who participated in the ESCRS vRESPOND study
(CCMO registry number: NL58358.058.16). Before partici-
pation, all subjects provided written informed consent. The
study was performed in conformance with the tenets of the
Declaration of Helsinki and was approved by the local Medical
Ethics Committee.

Model Design
Simulations were performed in OpticStudio (v. 20.3.2, Zemax,
LCC) using a highly modified version of the Escudero-Sanz eye
model and a 543 nm light source (Figure 1).19 The entire process
of constructing eye models and performing the nonsequential ray-
tracing simulations was fully automated through the OpticStudio
API and Python (v. 3.7) using the open source ZOSPy package.20

The resulting ND eye model and control eye model, both with a
biconvex IOL, are available in the supplementary information
(Supplemental Data available at https://github.com/MREYE-
LUMC/ZOSPy/tree/main/examples).
To correspond to the clinical measurements and to reflect the

subject’s perception, the eye models were constructed relative to
the visual axis, instead of the more commonly used, but clinically
less relevant, optical axis. The anatomical properties of the eye that
have shown to be significantly different between patients with ND
and pseudophakic controls, including iris tilt, pupil centration and
pupil diameter, were adjusted in each model (Figure 1, B).7 All
other anatomical properties were based on either the average of
both groups combined or the values reported by Escudero-Sanz
et al. (Figure 1, A).7,18,19

As the average corneal shape did not differ significantly between
patients with ND and pseudophakic controls, the corneal shape of
the Escudero-Sanz eye model eye was used.7,19 The anterior
corneal surface was modeled as an ellipsoidal surface with a radius
of 7.72 mm and a conic constant of �0.26, while for its posterior
surface, a radius of 6.50 mmwithout conic component was used.19

The central thickness of the cornea was 0.55 mm, and its refractive
index was modeled as 1.3777.19 The refractive indices of the
anterior chamber and vitreous body were defined as 1.3391 and
1.3377, respectively.19

As the anterior chamber depth and iris–IOL distance were
found to be similar in patients with ND and pseudophakic
controls, a common distance of 3.12 mm between the posterior
corneal surface and the anterior iris surface was used for both
groups.7,18 Furthermore, the iris thickness was 0.55 mm, and the
pupil edges were sloping inward toward the center.21,22 To match
the clinically measured differences in iris orientation and pupil
location and size, the iris was tilted temporally by 6.5 degrees in
the NDmodel and 4.0 degrees in the control model. Furthermore,
the pupil diameter was defined as 2.4 mm in the ND model and
3.0 mm in the control model. Finally, the pupil center of the ND
model was moved 0.17 mm temporally about the visual axis, while
the pupil center of the control model was shifted 0.01 mm nasally.7

As ND has been reported to occur with a wide variety of
posterior chamber IOL designs, each eye model was analyzed with
4 different IOL designs (Figure 1, C).7,8 The first design consisted
of a simple biconvex IOL design, similar to those used in earlier
ray-tracing studies.2,13,16 In reality, however, IOLs often have a
more complex design.23 Therefore, the second design matched the
convex–concave anterior surface and convex posterior surface
of the ZCB00 IOL (Johnson & Johnson Vision), as obtained
through mCT scanning (Supplemental Figure 1, http://link-
s.lww.com/JRS/A704).24 Clinically, the shape of the edge differs
between IOLs, and some IOLs have a frosted edge that is intended
to scatter incident rays.24–27 Unfortunately, the optical charac-
teristics, including the edge shape and scattering properties, are
not available for most IOLs. As the mCT images showed the edge
of the clinical IOL to be straight, this was used a reference to model
the edges of both IOLs. In addition, the ray-tracing study by
Franchini et al. suggests the maximum scattering of a frosted IOL
edge to be 17.5%.28 To assess the effect of a frosted edge, the edge
of each IOL was thus modeled as both a 0% and a 17.5% Lam-
bertian scattering surface (Figure 1, C). All IOLs had a refractive
index of 1.47, and the distance between the posterior iris surface
and the IOL was 0.57 mm for all IOLs.18 The IOLs were positioned
parallel to the (tilted) iris and centered on the pupil center.18

As the peripheral retinal shape did not significantly differ
between patients with ND and controls, a common ellipsoid
model was used to describe the retina, with a horizontal and
vertical radius of 11.75 mm and a central radius of 10.55 mm
(Figure 1, A).18,29 The axial length of both models was 23.81 mm,
reflecting the average of the study population.18

Peripheral Retinal Illumination
The peripheral retinal illumination was assessed using a 4.0 mm
wide circular light source that emitted 105 parallel rays of light.
This source rotated from VF angles (VFAs) of�10 degrees nasally
to 120 degrees temporally in 0.25-degree steps. The retinal surface
consisted of detectors with a resolution of 0.1 degree horizontally
by 0.1 mm vertically. The location of each detector was expressed
as its angle about the visual axis and retinal center. Similar to the
study of Simpson, a separate set of simulations was performed to
relate the location of each detector to the VFA experienced by
the subject (Supplemental Figure 2, http://links.lww.com/JRS/
A705).22 The illumination profiles of all VF input angles were
summed to obtain the total retinal illumination profile (Figure 2).
As pupil diameters differ between models, all results were nor-
malized to the total illumination perceived at 50 degrees tem-
porally in the VF.
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To determine which image features corresponded to rays passing
through the iris–IOL gap or through the IOL edge, separate sim-
ulations were performed in which these specific rays were isolated
from the other rays (Figure 2, B).

Quantification
Three aspects of the peripheral retinal illumination were
quantified (Figure 2, C). First, the start of the retinal illumi-
nation gap, defined as the VFA with a relative retinal illumi-
nation below 0.2, was determined. In addition, the maximum
intensity of the rays passing through the iris–IOL gap was
determined, together with the corresponding VFA. Finally, the
severity of the retinal illumination gap, defined as the total
reduction in relative illumination compared with the maxi-
mum intensity of the rays passing through the iris–IOL gap,
was calculated.

RESULTS
All eye models were successfully simulated and analyzed. An
example of a resulting eyemodel is shown in Figure 2, A. The
central spherical equivalent of refraction of the eye models
ranged from �1.2 to +0.5 diopters. All models showed an
approximately equal relation between retinal angle and
perceived VFA. The same relation was therefore used for all
models, approximated by a second order polynomial:
aVF ¼ 1:1 × 10�3

degree a2
R � 0:60aR þ 0:17 degree, with aVF being

the apparentVFAandaR being the retinal angle, both in degrees
(Supplemental Figure 2, http://links.lww.com/JRS/A705).

In all eye models, the simulations showed a similar
gradually decreasing illumination toward peripheral vision.
At a VFA of 50 degrees, the angle used as a normalization
reference for subsequent evaluations and the control model
received a 1.5 times higher illumination than the ND
model, reflecting the smaller pupil size in the ND pop-
ulation. The reference illumination did not differ between
the studied IOLs. A strong decrease in illumination was
observed starting at approximately 80 degrees, which was
partially caused by rays passing through the IOL edge
instead of through the posterior IOL surface and partially
by vignetting of the iris. The profile of this decrease and the
VFA at which it occurred depended strongly on IOL design.
An area of low illumination, the retinal illumination gap,
was observed. This area was followed by a local increase in
illumination that was the result of rays passing through the
iris–IOL gap. A complete overview of the contribution of
rays passing through specific intraocular structures is
provided in Figure 4 and summarized in Figure 2, B.
Differences in peripheral retinal illumination were clearly

visible between IOL designs and were predominantly in-
duced by rays passing through the IOL edge (Figures 3 and 4).
For the biconvex IOL with a clear edge, the relative illumi-
nation decreased below 0.2 between VFAs of 85 degrees and
90 degrees and rays passing through the edge induced a local
increase in illumination at a VFA of approximately 75 degrees

Figure 2. Examples of the total
retinal illumination profile. A: Ex-
ample of a 3D eyemodel illuminated
by a peripheral beam of light. B:
Breakdown of the total peripheral
retinal illumination as a function of
the VF angle for theNDmodelwith a
clinical IOL (red) and the control
model with biconvex clinical IOL
(black). The contributions of rays
passing through the IOL edge (light
blue circles, left insert) and those
passing through the iris–IOL gap
(light purple circles, right insert)
show distinct differences between
IOL designs. Discontinuities in pe-

ripheral illumination are visible at approximately 88 degrees and 98 degrees. With the clinical IOL, this gap is partially filled by rays passing through
the IOL edge. C: Example of quantification of the discontinuity in peripheral retinal illumination. ND = negative dysphotopsia; VF = visual field

Figure 1. Eye model specifica-
tions. A: Schematic view of the
eye model including principal
model specifications. B: Anterior
chamber geometry of patients
with ND (red) and pseudophakic
controls (black). Actual values
used for the eye models are given
in the table and annotated in the
plot using crosses. C: Detailed
overview of the anterior cham-
ber anatomy of patients with
ND (red) and pseudophakic con-
trols (black). D: Schematic view of
the biconvex (upper) and clinical

(lower) IOL model. The edge of the IOL (orange) was defined as either a clear edge or an edge with Lambertian scattering. ND = negative
dysphotopsia
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(Table 1 and Figure 3). For the clinical IOL design, however,
the relative illumination decreased below 0.2 between 90
degrees and 95 degrees and the local increase in illumi-
nation caused by rays passing through the edge was ob-
served at approximately 90 degrees (Table 1). In addition,
part of these rays illuminated the illumination gap, re-
sulting in a lower depth of the shadow (Figure 3). With a
frosted IOL edge, the rays were dispersed over the pe-
ripheral retina for both IOL designs. This dispersion had
an insignificant effect on the peripheral illumination
profile of the biconvex IOL design and a small effect on the
peripheral illumination profile of the clinical IOL design,
reducing the VFA at which the relative illumination de-
creased below 0.2 by approximately 1 degree (Table 1 and
Figure 3).

The far peripheral illumination, caused by light passing
through the iris–IOL gap, differed between IOL designs.
Overall, the VFA at which light started passing through this
gap was approximately 2 degrees lower in the control
models. In addition, approximately 1.9 times more light
rays passed through the iris–IOL gap in simulations with
the biconvex IOL model than in simulations with the
clinical IOL model. Furthermore, the number of light rays
passing through the iris–IOL gap was 2.4 times higher with
the control models compared with the ND models.
For all IOL designs, a more severe shadow was observed

in the ND model. For the biconvex IOL with a clear edge
design, the severity was 18% higher in the ND model
compared with the control model. A similar increase in
shadow severity was observed with the clinical IOL, where

Figure 3. Peripheral retinal illumi-
nation. Normalized retinal illumina-
tion profiles for the ND model (red)
and the control model (black). A: Il-
lumination with a clear edge design.
Clear differences between the bi-
convex and the clinical IOL are vis-
ible, primarily caused an increase in
illumination at a VF angle of ap-
proximately 90 degrees with the
clinical IOL. This increase is attrib-
uted to rays passing through the IOL
edge that partially fill the illumination

gap (Figure 4). B: The illumination profile of a clinical IOL with a frosted edge design shows slight differences in the maximum intensity around a VF
angle of 90 degrees because the rays through the edge of the IOL are partially dispersed by the frosted edge. Data for the biconvex IOL with a frosted
edge showed a similar profile compared with the clear edge design and are shown in Figure 4. ND = negative dysphotopsia; VF = visual field

Figure 4. The influence of specific
sets of rays on the peripheral illu-
mination profile. Data are shown for
the control (left) and ND (right), as
well as for the biconvex IOL (left
column) and clinical IOL (right col-
umn), both with a clear edge design
(black) and a frosted edge design
(cyan). The complete illumination,
illumination by rays through the
posterior IOL surface, illumination by
rays through the IOL edge, and il-
lumination by rays through the iris–
IOL gap, is shown. Local increases
in illumination can clearly be seen for
rays passing through the IOL edge
and rays passing through the iris–
IOL gap. ND = negative dyspho-
topsia; VF = visual field
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the reduction in illumination was 15% stronger in the ND
model. For the biconvex IOL, the simulations with the
frosted edge did not differ from those with a clear edge. For
the clinical IOL design, however, a frosted edge reduced the
shadow severity from 15% to 8% (Table 1 and Figure 3, B).

DISCUSSION
Within this study, we demonstrated that ND-related ana-
tomical differences can decrease the peripheral retinal illu-
mination. In addition, we showed the effects of IOL design
on the retinal illumination profile. Combined, they can
increase the severity of a shadow-like area on the peripheral
retina by an up to 18%. These results strengthen the common
assumption that ND is related to an illumination gap of
the peripheral retina, as proposed by Holladay and Simp-
son.13,15,16 Furthermore, we introduced several new im-
provements to the conventional ray-tracing methods, which
aims to provide a more realistic assessment of the optics in a
specific patient population and a better relation between the
results and the clinical measurements.
As the results from any simulation study depend strongly

on the used model, clinically measured anatomical dif-
ferences in pupil diameter and iris tilt were incorporated
in the eye models. Although some studies have already
assessed the effect of specific anatomical variations of a
generic eye model, the clinical value of these studies was
generally limited because they did not incorporate the
ocular anatomy that is specific for patients with ND.13,16 In
addition, more realistic IOL designs were included in
the evaluations. However, although the clinical IOL design
was based on mCT data of the ZCB00 IOL, the exact de-
sign of the IOL was not known. As the study showed a
direct relation between IOL edge design and peripheral
illumination profile, additional information on the edge
curvature and type of frosting could further improve the
accuracy of the simulations.23,28 As the mCT images
(Supplemental Figure 1, http://links.lww.com/JRS/A704)
do not show any curvature at the IOL edge, a curved edge,
such as used for the Clareon CNA0T0 IOL, is not ex-
pected.23 A different scattering profile could, however,
strongly affect the peripheral retinal illumination, as shown
by additional simulations with a 100% Lambertian scat-
tering edge (Supplemental Figure 3, http://links.lww.com/
JRS/A706). Nonetheless, such high scattering coefficients
have not been reported for IOLs.28

In this study, the visual axis, instead of the more con-
ventional optical axis, was used as a reference axis for the
eye model. This allows for a better correlation between
simulations, patient’s vision, and clinical measurements, as
the latter 2 are determined relative to the visual axis.12 To
this end, the relation between retinal location and VFA was
determined. Although an extrapolated relation was used for
VFAs above 78 degrees, we do not expect this to affect the
study results because the scaling proved to be the same for
the studied models.
Another difference regarding most earlier ray-tracing

studies is the use of nonsequential instead of sequential
ray tracing.15,16,22 In sequential ray tracing, rays of light are
assumed to pass through all defined surfaces sequentially.
Although this assumption allows for many powerful anal-
yses, such as the determination of the ocular aberration
profile, these analyses are erroneous when light rays miss an
optical element, which is one of the proposed origins of
ND.7,19,30,31 The use of nonsequential ray tracing can explain
the differences between the presented retinal illumination
profiles and the profiles of earlier sequential studies, which
seem to miss the contribution of light rays passing through
the edge of the IOL (Supplemental Figure 2, http://link-
s.lww.com/JRS/A705).16 However, ray aiming, an Optic-
Studio feature which assures that the complete pupil is
illuminated, is not available for nonsequential ray tracing.
This limitation was resolved by using a relatively large input
beam diameter of 4.0 mm, which assures the complete il-
lumination of the pupil at high input angles.
This study showed that the incorporation of relevant

clinical differences in the eye model has a direct effect on
the peripheral vision because it resulted in an up to 18%
increase of the peripheral illumination gap and other dif-
ferences in the peripheral illumination. In the ND eye
model with a frosted edge clinical IOL design, for example,
the peripheral illumination profile shows a large area of low
illumination, in contrast to the smaller area with a total
absence of illumination which was observed with the clear
edge biconvex IOL used in earlier studies.16,22 These dif-
ferences might explain why some patients describe ND as
completely missing a part of the temporal VF, while others
describe it as a shade.12

In the peripheral illumination of the pseudophakic
control model, an area of decreased illumination was also
observed. Although it is less pronounced than in the

Table 1. Quantification of the peripheral illumination gap.

Parameter

Biconvex IOL

Clear edge

Clinical IOL

Clear edge

Biconvex IOL

Frosted edge

Clinical IOL

Frosted edge

ND Control ND Control ND Control ND Control

Location of illumination gap (VFA, °) 89 86 95 91 89 86 94 90

Location of maximal illumination through iris–IOL gap (VFA, °) 101 98 103 101 101 98 103 101

Shadow severity (% difference with control) 18 — 15 — 17 — 8.0 —

ND = negative dysphotopsia; VF = visual field angle
Apparent visual angle at which the illumination decreases below 0.2 and the angle of maximum illumination through the iris–IOL gap are given for all models.
Shadow severity in ND is expressed as % difference with the corresponding control model. The models with ND consistently showed a more severe shadow
compared with their equivalent control models.
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corresponding ND models, this finding was unexpected
because these subjects did not report any ND-related
complaints. It was furthermore unexpected that the de-
crease in peripheral illumination was the least pronounced
with the frosted edge clinical IOL design because the clinical
IOL on which the model was based is reported to cause ND
in some patients.7,24 However, the identified 8% difference
might still be sufficient to experience ND, and more research
on the relation with the experienced shadow is required,
especially since additional simulations with a higher degree
of scattering seem to further reduce severity of ND (Sup-
plemental Figure 3, http://links.lww.com/JRS/A706, Sup-
plemental Table 1, http://links.lww.com/JRS/A707).
This unexpected observation might also show the

necessity to fully personalize the ray-tracing models, so
they can be directly related to the subjects’ visual per-
ception. For central vision, such simulations have been
proposed.32 For the far peripheral vision, these simula-
tions are of higher complexity, especially because pho-
toreceptor density and extend of the functional retina
likely differ between subjects.14,33 However, these as-
sessments might contribute to the understanding of why
the illumination gap observed in the control population,
although less severe, is not perceived as a burdensome
temporal shadow.
This study showed the effect of IOL design on the pe-

ripheral illumination profile, in particular on the light
passing through the iris–IOL gap. These differences might
explain why certain surgical interventions, such as IOL
exchange with a wide optic IOL or orienting the haptics
horizontally on IOL implantation, can resolve ND by in-
teracting with the iris–IOL gap.10,11,34 However, the
analyses presented in this study only evaluated a subset of
the possible IOL design choices, which for example also
include the refractive index, edge thickness, and position
regarding the pupil. Future studies will therefore likely
require a detailed modeling of the implanted IOL because
these optical effects of all these factors interact with each
other, and this study shows that even small changes have a
direct impact on the peripheral illumination profile.
Similarly, because small variations in the ocular anatomy of

an individual patient can influence the peripheral illumina-
tion profile, a one-size-fits-all solution for ND is unlikely
and probably requires full personalization of the eye
model.7,30,31,35 An extension of the current analyses, including
wide optic IOLs, piggyback IOL implantation, or variation in
IOL haptics orientation, might therefore aid to determine
which treatment is optimal for a specific ocular anat-
omy.10,11,17,36 To that end, the eye models have been made
available online (Supplemental Data available at https://gi-
thub.com/MREYE-LUMC/ZOSPy/tree/main/examples) and
the ZOSPy package, used to automate the design and eval-
uation of the eye models in OpticStudio, has been published
open source.20

In conclusion, this research demonstrates that clinically
observed differences in the ocular anatomy of patients
with ND have a strong, up to 18%, effect on the severity of
the discontinuation of peripheral retinal illumination. It

furthermore demonstrated the impact of the IOL design on
this peripheral shadow.

WHAT WAS KNOWN
� Negative dysphotopsia (ND) is proposed to originate from a
reduced peripheral retinal illumination caused by light rays
passing through the gap between the iris and the IOL.

� The anterior chamber geometry is significantly different be-
tween patients with ND and pseudophakic controls.

WHAT THIS PAPER ADDS
� The anatomical differences between patients with ND and
pseudophakic controls affect the illumination of the peripheral
retina.

� There is an evident relation between ocular anatomy, IOL
design, and the resulting peripheral retinal illumination.
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