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Purpose: To provide insights into the anatomical characteristics
associated with negative dysphotopsia using quantitative clinical
data.

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

Design: Case-control study.

Methods: Anterior chamber tomography and peripheral
aberrometry were measured in 27 pseudophakic patients
with negative dysphotopsia and 30 pseudophakic control sub-
jects. Based on these measurements, the total corneal power,
anterior chamber depth, pupil location and diameter, iris tilt,
and peripheral ocular wavefront up to 30 degrees eccentricity
were compared between both groups. In addition, ray-tracing
simulations using pseudophakic eye models were performed to
establish a connection between these clinical measurements
and current hypotheses on the etiology of negative
dysphotopsia.

ataract, the clouding of the crystalline lens inside of the

eye, is one of the principal causes of visual impairment,

and it is generally treated by replacing that lens with an
artificial intraocular lens (IOL)." Although cataract surgery has
a very low rate of intraoperative and postoperative compli-
cations, recent studies have revealed that up to 19% of the
patients experience an unwanted visual complaint known as
negative dysphotopsia directly after cataract surgery, which
persists for more than a year in 3.2% of these patients.”’
Because the cataract surgery rate is high, estimated at 4000 per
million people in 2020, this would result in roughly 6 million
people being affected by negative dysphotopsia each year, of
which at least 1 million will have persistent complaints.”

Results: Twenty-seven patients with negative dysphotopsia and
25 pseudophakic controls were included in the analysis. The
patients with negative dysphotopsia had a smaller (P = .03/P =
<.01) and more decentered (P < .01) pupil than that of the
pseudophakic controls. In addition, an increased temporal-tilted
iris (P < .01) and an asymmetric peripheral aberration profile were
observed in patients with negative dysphotopsia, of which the latter
was also apparent in several ray-tracing models. The combination
of these in vivo results and ray-tracing simulations indicated that
patients with negative dysphotopsia had a temporal-rotated eye,
which confirmed the hypothesized relation between negative
dysphotopsia and an increased angle k.

Conclusions: Patients with negative dysphotopsia had a smaller
pupil and an increased angle k, which made them more susceptible
to experiencing a shadow in the temporal visual field.
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Negative dysphotopsia is commonly described as
a shadow in or missing part of the peripheral temporal visual
field.*” It has been reported with a wide variety of IOL types
and is generally more pronounced under photopic con-
ditions.”” Although the reported incidence of negative
dysphotopsia, when actively surveyed, is quite high, the
severity of the complaints often reduces over time, in many
cases resolving fully. However, for the 3.2% of the patients
who are still experiencing negative dysphotopsia 1 year
postoperatively, the chance of spontaneous reduction or
resolution of the complaints is minimal.’

Although clinical evaluations revealed no evident ab-
normalities in patients with negative dysphotopsia, for
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example, no abnormalities in IOL position, optical ray-
tracing simulations revealed various methods to induce
a shadow in the peripheral visual field.””” One of the main
hypothesized mechanisms is the occurrence of an un-
illuminated area on the peripheral nasal retina that is ex-
perienced as a shadow in the temporal visual field.*'’ Such
an unilluminated retina, for example, could be the result of
a discontinuity in illumination between light that is re-
fracted by the optic and light that misses the optic and
passes through the gap between the iris and IOL (the
iris-IOL gap).*""

Multiple factors that potentially affect this discontinuity
in retinal illumination have also been investigated using
these same simulations. For example, an evaluation of the
pupil size showed that the shadow is more profound with
small pupils, which was also reported in clinical evalua-
tions.”® In addition, a relationship was found between the
discontinuity in retinal illumination and a positive angle
Kk, the angle between the pupillary axis and the visual
axis.”'' At a larger angle, more light rays would be able to
pass between the IOL and iris, increasing the experienced
discontinuity in retinal illumination. Furthermore, the
optic diameter, edge design, aspheric surface design,
material, and alignment of the IOL have been proposed to
affect the occurrence and severity of negative dyspho-
topsia, although their effect is likely to be minor.® Other
studies identified various optical effects caused by the
capsular bag that could lead to negative dysphotopsia.
These optical effects include the lack of blockage of pe-
ripheral light rays by a nontranslucent capsular bag,
a reduction in peripheral transmitted light due to the
capsular bag, and visible arcs and bands caused by the
capsulorhexis-IOL interaction.”®*”

Although many of these mechanisms could lead to
negative dysphotopsia, no definite conclusion on its origin
has been made. Nevertheless, these proposed mechanisms
have formed the basis for various preventive approaches,
such as performing a primary reverse optic capture or
implanting the IOL with a horizontal orientation of the
haptics, and many different treatments of negative
dysphotopsia.”®*'*'*"?! Some of these treatments were
successful in small groups of patients, but none gave full
resolution in all patients. This lack of a definite strategy to
resolve negative dysphotopsia is mainly due to the lack of
clinical data that could discriminate between the different
proposed origins of negative dysphotopsia because this
would give a clear indication of more successful treatment
strategies.

In this study, we aimed to provide quantitative clinical
data of pseudophakic eyes with and without negative dys-
photopsia to gain a better understanding of the anatomical
characteristics that are associated with negative dyspho-
topsia. First, the anterior segment configuration, evaluated
by anterior segment tomography and biometry, was ana-
lyzed because small geometrical differences could result in
significant differences in peripheral vision and, therefore,
have a relation to negative dysphotopsia. Second, the ocular
wavefront aberrations were evaluated along the horizontal
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meridian to quantify potential objective refractive differences
in the peripheral vision. Finally, the relation between dif-
ferences in anterior segment configuration and peripheral
ocular aberrations was studied using ray-tracing simulations
to relate the effects of the various proposed origins of
negative dysphotopsia to the clinical data.

METHODS

Patients with pseudophakic eyes with and without clinically re-
ported negative dysphotopsia were studied at the Leiden Uni-
versity Medical Center. Patients were excluded if they had any
additional ocular surgery, such as laser in situ keratomileusis,
which would severely modify the optical properties of the eye. The
study was performed to conform to the tenets of the Declaration of
Helsinki and approved by the local Medical Ethics Committee
(CCMO-registry number: NL58358.058.16).

In total, 57 pseudophakic eyes of 27 patients with negative
dysphotopsia and 30 pseudophakic control subjects were pro-
spectively included between November 2016 and May 2019. The
pseudophakic control subjects were included from 3 centers, and
the patients with negative dysphotopsia were referred from 17
different centers after an otherwise uneventful cataract surgery.
For all referred patients with negative dysphotopsia, the di-
agnosis was confirmed before inclusion. The criteria for this
diagnosis consisted of a patient-reported shadow or dark region
in the temporal peripheral visual field that occurred after an
otherwise uneventful cataract surgery, no evident cause of this
visual complaint, and no clear anomalies in IOL positioning on
slittamp examination. Although the pseudophakic control
subjects had not reported any complaints during the regular
follow-up after cataract surgery, 4 control subjects reported the
presence of a temporal shadow when they were actively screened
for negative dysphotopsia at the beginning of the study.” These 4
subjects and 1 more control subject with a raised suspicion of
staphyloma after inclusion were excluded from further analysis.

Study procedures were performed after the patients provided
written informed consent. The study procedures included anterior
segment tomography, ocular biometry, and peripheral aberr-
ometry for 1 eye (Figure 1). The baseline equality of both resulting
groups of patients was assessed by comparing the sex and age of
the patients and the laterality, keratometry, axial length, and
implanted IOL type of the studied eye.

Anterior Segment Tomography and Biometry

The combined optical effect of the central 8.0 mm of the anterior
and posterior corneal surfaces was evaluated with the Pentacam
anterior segment tomographer (software version 1.20r41, OCU-
LUS, Optikgerate GmbH) in terms of total corneal wavefront,
expressed in Zernike coefficients using the Pentacam’s built-in
software.” To limit the number of tested metrics, only the Zernike
coefficients with a strong effect on the variation along the hori-
zontal meridian, being Z(1,1), Z(2,0), Z(2,2), and Z(3,1), were
selected for analysis.

The internal anterior chamber depth (ACD), horizontal de-
centration of the pupil center with respect to the corneal vertex,
and the pupil diameter were obtained from tomography. Because
it has been reported that the automated ACD measurement might
fail in pseudophakic eyes, the ACDs were measured manually for
each eye on 3 different Scheimpflug images and averaged.*” The
horizontal decentration of the pupil center with respect to the
visual axis was also measured with the LENSTAR LS900 biometer
(Haag-Streit AG), together with the pupil diameter, keratometry,
and axial length. Based on the rationale that a larger angle k results
in a temporal rotation of the eye, the tilt of the iris was calculated
by fitting a 3 D plane through the central 6.0 mm of the iris surface
as measured by the Scheimpflug tomographer using a custom-
written program in Python 3.6.
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Figure 1. Overview of the per-
formed clinical measurements. A:
Anterior segment tomography
showing the measured anterior
(red) and posterior (green) corneal
surfaces from which the corneal
wavefront was calculated. In ad-
dition, the measured iris (pink)
from which the iris tilt was cal-
culated is shown. The inset shows
the 3D model of the anterior
segment, as obtained from the
Pentacam. B: Biometry analysis

mm

showing the location of the pupil
center with respect to the visual
axis, and the biometry result as
inset. C: The peripheral ocular
aberrations, expressed as spher-
ical equivalent (SE) of refraction in
diopters (D), along the horizontal
meridian up. The insets show the

20 10 0 10
Eccentricity (degrees)

Hartmann-Slack images from
which the refraction is calculated.
At around 15 degrees eccentricity

in the temporal visual field (T), a distortion that is not apparent on the nasal (N) side is visible. This distortion is caused by the reflection from the

optic nerve head.

Peripheral Ocular Aberrations

Peripheral ocular aberrations along the horizontal meridian were
measured using the VPR peripheral aberrometer (vOPTICA) as
described by Jaeken et al.” Earlier studies with this technique
showed that emmetropic eyes are relatively myopic at peripheral
eccentricities and that pseudophakic eyes have stronger peripheral
aberrations than those of phakic eyes.”*””> The aberrometer
quantifies the ocular aberrations up to 30 degrees eccentricity with
a 1-degree step size using Hartmann-Shack wavefront sensor
integrated in a rotating arm. The patient was instructed to look at
a fixation target while the arm rotates, and the Hartmann-Shack
images are acquired. Four measurements were performed per
eccentricity, expressed in Zernike terms over the central 3.0 mm,
and averaged. Each individual measurement takes about 2 seconds
to complete. When the observer noted erroneous or missing
results for certain eccentricities during the measurement, such as
because of blinking, an additional measurement was performed.
With the instructions, evaluations, and optional additional
measurements, a full peripheral aberrometry measurement took
on average 5 minutes per patient.

The aberration profiles were converted to spherical equivalent
(SE, also known as power vector M) of refraction, astigmatism
(also known as power vector ), and spherical aberration.”® From
the aberration profiles, the SE of refraction, astigmatism, and
spherical aberration as measured for central vision and for pe-
ripheral vision at 30 degrees nasal and temporal visual field ec-
centricities were selected for statistical analysis. At 30 degrees
eccentricity, the refraction relative to the central refraction was
used for SE of refraction and astig_matism to correct for an in-
tended offset in central refraction.

5

Ray-Tracing Simulations

Ray-tracing simulations were performed to assess the relation
between the peripheral ocular aberrations and various anterior
segment configurations with a potential relation to negative
dysphotopsia. A geometrical eye model was created in Zemax
OpticStudio 18.9 (Zemax, LCC), and aberrations at 543 nm were
calculated up to 30 degrees eccentricity with a 1-degree step size.
Actual pupil size was adjusted to obtain a 3.0 mm apparent pupil
size to match the peripheral ocular aberration measurements. The
calculated aberrations were subsequently converted into SE of

. 26,27 . . .
refraction.””" All simulations and analyses were automated using

Python 3.6 and the PyZDDE library.”

The eye model was based on the wide-angle schematic eye
model proposed by Escudero-Sanz and Navarro.”® For accurate
use in the evaluation of negative dysphotopsia, 2 adjustments were
made to this model. First, the iris was moved 0.5 mm forward and
given a thickness of 0.5 mm. Second, the crystalline lens was
replaced by a simple IOL, placed 0.5 mm behind the posterior iris.
The IOL had a refractive index of 1.47 and a thickness of 1.0 mm.
The anterior radius of curvature, anterior conic constant, and
posterior radius of curvature were chosen such that to match the
central ocular aberrations of the phakic eye model of Escudero-
Sanz and Navarro. This resulted in an IOL with an anterior radius
of curvature of 19.5 mm, an anterior conic constant of —13.7 mm,
a posterior radius of curvature of —11.2 mm, and an in situ
paraxial power of 18.5 diopters (D).

The variations in anterior segment configurations that were
analyzed included IOL positioning, horizontal iris and IOL tilt,
and an increase in angle k. Two modifications in IOL positioning
were evaluated: a 0.4 mm increase in axial distance between the iris
and IOL, which would increase the iris-IOL gap, and a 1.0 mm
temporal decentration of the IOL, which would increase the
iris-IOL gap nasally. Because a temporal tilt or either the iris or
both the iris and IOL would allow for easier passage of light
through the nasal iris-IOL gap, both were evaluated. To this end,
a tilt of 5.0 degrees temporally was induced in either the iris or
both the iris and IOL. Finally, because a larger angle k would result
in an outward rotation of the eye with respect to the visual axis,
and therefore in easier passage of light through the nasal iris-IOL
gap, an angle k of 5.0 degrees was induced and evaluated. This
angle k was created by adding 5.0 degrees to the incident angle.
Because the IOL design is one of the potential factors of influence,
these simulations were also performed using the pseudophakic eye
models of Holladay and Simpson, with both acrylic and silicone
IOLs.

Statistical Analyses

All statistical analyses were performed with the presence of
negative dysphotopsia as dependent or grouping variable. First,
the baseline characteristics were compared between both groups.
Second, the relation between negative dysphotopsia and the total
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corneal wavefront, expressed in Zernike coefficients, was assessed
using a logistic regression analysis. Third, all evaluated anterior
segment configurations were compared using independent sam-
ples t tests. Finally, the central and peripheral ocular aberrations
were compared using Mann-Whitney U tests. The statistical
analyses were performed using SPSS Statistics 23 (IBM Corp.),
except for the ocular aberrations, which were analyzed in Python
3.6 using the SciPy library version 1.1.0.” An a of 0.05 was set as
critical value for significance for every test. Multiple testing
correction was not applied because many of the tested parameters
were geometrically correlated with each other.

RESULTS

In the baseline comparison, the group of patients with
negative dysphotopsia had a higher percentage of women
than that in the pseudophakic group (P < .01), with 24 out
of 27 patients (88.9%) and 12 out of 25 controls (48.0%)
being female. Furthermore, the pseudophakic control
subjects had, on average, slightly longer eyes (P = .02). All
other baseline parameters were comparable between both
groups (Table 1). Some patients and control subjects were
excluded from one of the performed analyses because of
missing or erroneous data (Figure 2).

A wider variety of IOL types were seen in patients with
negative dysphotopsia than that in pseudophakic group. In
patients with negative dysphotopsia, a total of 10 different
types of IOLs were implanted. Most of this group (14
subjects [51.9%]) had TECNIS ZCB00 IOLs (Johnson &
Johnson Vision) implanted. In the pseudophakic group, 2
types of IOLs were implanted: the TECNIS ZCB00 IOL (19
subjects [76.0%]) and the Quadrimax IOL (Ophtec) (6
subjects [24.0%]). All IOLs were implanted within the
capsular bag. For 1 patient with negative dysphotopsia, the
capsulorhexis did not completely cover the IOL in the
temporal inferior quadrant.

Corneal Wavefront

The total corneal wavefront along the horizontal meridian
was similar for patients with negative dysphotopsia and
pseudophakic control subjects, with equal distributions for
all 4 evaluated Zernike coefficients in both groups (Figure 3).

Table 1. Demographics of both groups.

Characteristic Patients with ND
Patients (n) 27
Female sex (%) 88.9
Laterality, right (%) 40.7
Age (y), mean + SD 65.9 + 8.1
Km, corneal (D), mean + SD 441 + 1.4
Astigmatism, corneal (D), mean + SD —1.0+0.8
Axial length (mm), mean + SD 233 + 1.1
Implanted IOL type (n) ZCBO00 (14)
SNBOWF (3)
Quadrimax (2)
iSert 251 (2)
Other' (6)

In addition, the logistic regression analysis showed no sig-
nificant relationship between the coefficients and the pres-
ence of negative dysphotopsia, with all P values being .09 or
higher (Figure 3).

Anterior Chamber Depth

The ACDs of patients with negative dysphotopsia and
pseudophakic control subjects were similar, with the mean
ACDs of 4.17 mm (SD 0.38) and 4.30 mm (0.26), re-
spectively (P = .184) (Figure 4, A).

Iris Tilt

The mean horizontal tilt of the iris was significantly larger for
patients with negative dysphotopsia than that for pseudo-
phakic control subjects (P < .01) (Figure 4, B), with the mean
tilts of 6.3 degrees (1.4), and 4.6 degrees (1.5), respectively.
The larger positive tilt indicates a more temporally tilted iris
in patients with negative dysphotopsia.

Pupil Decentration

The pupil center of patients with negative dysphotopsia was
located significantly more temporally than that in pseudo-
phakic control subjects on both anterior segment tomog-
raphy and ocular biometry. On anterior segment
tomography, the mean horizontal distance from the corneal
vertex was 0.17 mm (0.14) and 0.01 mm (0.16) for patients
with negative dysphotopsia and pseudophakic control
subjects, respectively (P < .01) (Figure 4, C). Similar results
were obtained from biometry, with the mean decentrations
of 0.19 mm (0.21) and 0.03 mm (0.16) from the visual axis,
respectively (P < .01) (Figure 4, C).

Pupil Diameter

Patients with negative dysphotopsia had a significant
smaller pupil than that in the pseudophakic control subjects
on both anterior segment tomography and ocular biometry.
On tomography, the mean pupil diameters were 2.4 mm
(0.4) and 2.7 mm (0.4) for patients with negative dys-
photopsia and pseudophakic control subjects, respectively

Pseudophakic
Control Subjects P Value
25
48.0 <.01*
48.0 .78
69.0 £ 8.2 18
441 £1.3 0.90
-0.8+05 49
242 +15 .02¢
ZCBO00 (19)
Quadrimax (6)

|IOL = intraocular lens; Km = maximum keratometry; ND = negative dysphotopsia

“Statistically significant.

TCT LUCIA (1), Fine Vision (1), MIBO (1), MX60 (1), MPlus (1) and SABOAT (1).
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27 patients with ND

30 pseudophakic controls

Figure 2. A flowchart de-
picting the amount of pa-

| S excluded before analysis*

tients included in various

analyses. Patients with
negative dysphotopsia are
represented by the red

Mi v Mi v Missing central abZrometry data: continuous  lines  and
issing issing : ) )
Bloretry Tomosianty Alexcided pseudophaklc control sub
. : jects by the black dashed
garas data: - 23| i 23| ia2s lines. Next to each line, the
1 excluded 1 excluded : v v number of patients is
Missing temporal Missing nasal stated. “Five pseudophakic
: : : aberrometry data: aberrometry data: control subjects were ex-
. 2 alexcudad 8 excluded cluded from all analyses, 4
: : : . . because of a reported
26 i 25 27 P24 23 i 25 20 : 25 16 P24 presence of negative dys-
v v \ A 4 v v photopsia during the study
Biometry Tomography Central aberrometry || Temporal aberrometry = Nasal aberrometry measuremen.ts, and 1‘ k?e-
analyses analyses analyses analyses analyses cause of a raised suspicion
of staphyloma after in-
clusion (ND = negative

dysphotopsia).

(P < .01) (Figure 4, D). These diameters were 3.7 mm (0.6)
and 4.1 mm (0.7) on biometry, respectively (P = .03)
(Figure 4, D).

Peripheral Ocular Aberrations
In general, peripheral aberrometry showed the earlier de-
scribed trend of a decreasing SE of refraction of up to —2.00
D at 30 degrees eccentricity, whereas the astigmatism in-
creased up to 3.00 D (Table 2 and Figure 5, A and B).*®
Centrally, there was no difference between both groups in
SE of refraction, astigmatism, and spherical aberrations.
Peripherally, however, a difference between patients with
and without negative dysphotopsia was noted, the reason
being a clear asymmetry between relative SE of refraction at
nasal and temporal eccentricities visible in patients with
negative dysphotopsia but not in pseudophakic control
subjects (Figure 5, A).

At temporal visual field eccentricities, where negative
dysphotopsia was manifested, the median relative SEs of

12
101 p=025 D
8 o Control

T 61 p=072 p=0.09
5 27 = N
S ] 4 D L
® 04 — = : = -y
5 a
2 -4

_6 -

_8 J

Z! Z? zz2 z;

Figure 3. Distribution of the total corneal wavefront, expressed in
the Zernike coefficients with a major influence on deviations along
the horizontal meridian. No clear differences are observed between
negative dysphotopsia (red dots) and pseudophakic controls (gray
dots). The horizontal lines depict the medians per group (ND =
negative dysphotopsia).

refraction of —1.5 D and —1.4 D were measured for patients
with negative dysphotopsia and pseudophakic control
subjects, respectively (P = .9) (Table 2). However, for nasal
eccentricities, a statistically significant difference in relative
SE of refraction was found, with —3.6 D for patients with
negative dysphotopsia and —1.8 D for pseudophakic
control subjects (P = .04) (Table 2). The astigmatism as
a function of horizontal visual field showed a comparable,
although not statistically different, course between both
groups (Table 2 and Figure 5, B). The spherical aberration
was relatively constant as a function of horizontal visual
field and did not show a difference between patients with or
without negative dysphotopsia (Table 2 and Figure 5, C ).

Ray-Tracing Simulations

The ray-tracing simulations using the pseudophakic eye
model of Escudero-Sanz and Navarro without additional
modifications showed a symmetric decrease of the SE of
refraction in the peripheral visual field, similar to the in vivo
aberrometry of the pseudophakic control subjects (Figure 6,
A and G).

Increasing the axial distance between the iris and IOL by
0.4 mm resulted in an overall increase in SE of refraction of
approximately 1 D (Figure 6, B and G). A temporally de-
centered IOL resulted in an asymmetric change in SE of
refraction, where a more negative SE of refraction was seen at
nasal eccentricities than at temporal eccentricities (Figure 6,
C and G).

Tilting solely the iris had almost no effect on the resulting
aberration profile (Figure 6, D and G). A combined tem-
poral tilt of the iris and the IOL, however, resulted in an
asymmetric change similar to the change induced by
a temporal decentration of the IOL, with a more negative SE
of refraction at nasal eccentricities (Figure 6, E and G).

Inducing a positive degree angle k, which is equivalent to
a temporal rotation of the eye, also resulted in an asymmetric
peripheral aberration profile. Similar to the simulation with
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Figure 4. Anterior chamber configurations for patients with negative
dysphotopsia (red dots) and control subjects (gray dots), showing that
patients with negative dysphotopsia, on average, have a temporally
shifted and smaller pupil and a more tilted iris. Black dots display the
means and the vertical lines the SD. A: The anterior chamber depth
(ACD). B: The horizontal iris tilt. A positive tilt indicates a temporal tilt.
C: Horizontal decentration of the pupil center with respect to the
corneal vertex and the visual axis. A positive decentration indicates
a temporal shift of the pupil. D: The pupil diameter as measured by
tomography and biometry (ND = negative dysphotopsia).

a temporal decentration of the IOL, a stronger decrease in SE
of refraction was observed at nasal eccentricities (Figure 6, F
and G). The amount of asymmetry (0.7 D) was, however,
smaller compared with a decentration of the IOL (1.6 D) or
a combined tilt of the iris and the IOL (1.2 D, Figure 6, G).
The simulations using the two eye models described by
Holladay and Simpson provided similar results, although
with differences in magnitude of both the peripheral aber-
rations and their asymmetric development to higher ec-
centricities because of the differences in the eye geometry
and IOL properties (Figure 7, Supplementary Digital Con-
tent, available at http://links.lww.com/JRS/A65).°

DISCUSSION

Since the initial description of negative dysphotopsia in 2000,
various etiological theories have been proposed.*>” ” These
theories have, however, not yet been confirmed or disproved
because of a lack of clinical data on the anterior chamber
configuration in negative dysphotopsia. In this study, we
presented an elaborate combination of quantitative geo-
metrical and optical measurements in pseudophakic eyes
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with and without negative dysphotopsia to provide clinical
insights into anatomical differences that are associated with
negative dysphotopsia.

The group of patients with negative dysphotopsia was
comparable with the group of pseudophakic control sub-
jects, except for a higher percentage of women, a shorter
axial length, and a larger variation in IOL types (Table 1).
Both the higher percentage of women and the shorter axial
length have been reported earlier for patients with negative
dysphotopsia and might be related to each other.”'**’ In
addition, a wide variety of IOL types was implanted in the
studied group of patients with negative dysphotopsia,
confirming the earlier reports that negative dysphotopsia is
not just occurring with certain IOL types.'” Because the
pseudophakic control subjects were included from a limited
number of clinics, a smaller variety of IOLS were implanted
in this cohort. Although this is a limitation of the study
design, we do not expect this to influence the results be-
cause the outcome measurements, such as pupil diameter,
are relatively invariant of IOL design, and the IOL types of
the control group are also present in the negative dys-
photopsia group.

Because the cornea is the strongest refractive element of
the eye, any distinct difference in corneal shape could result
in severe visual complaints, both centrally and peripherally.
The main components of the total corneal wavefront along
the horizontal meridian were comparable between patients
with and without negative dysphotopsia (Figure 3), ren-
dering it unlikely that negative dysphotopsia originates
from an abnormal corneal shape. Although the location of
the corneal incision of the cataract surgery could affect the
peripheral aberrations, a direct causal relation with negative
dysphotopsia is unlikely because no significant differences
were observed in the total corneal wavefront.

Although anterior segment imaging showed no ab-
normalities in either the cornea or the ACD of patients
with negative dysphotopsia, it revealed three significant
differences in the iris configuration. First, a smaller pupil
diameter was found in patients with negative dyspho-
topsia, which is in line with the theoretically demonstrated
relationship between pupil size and negative dyspho-
topsia.”” Second, the pupil centers of patients with neg-
ative dysphotopsia were more temporally located with
respect to both the corneal vertex and the visual axis. This
pupil decentration is probably related to the third dif-
ference, a significantly strongly tilted iris toward the
temporal side with respect to the visual axis in patients
with negative dysphotopsia. This stronger tilt indicates
that, with respect to the visual axis, either the iris is tilted
more temporally within the eye or the eye is rotated more
temporally. Such a temporal rotation of the eye could be
caused by a larger positive angle k, which is one of the
possible causes of negative dysphotopsia.”'"* Although
a correlation between angle k and axial length has been
reported, it cannot be the cause of the 1.5-degree increase
in angle k, because the 0.9 mm increase in axial length
would correlate with less than a 0.5-degree increase in
angle k.’
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Table 2. Peripheral aberrometry showed a significant difference in nasal relative spherical equivalent (SE) of refraction.

Patients with ND

Pseudophakic Control Subjects

Parameter Median Qt1*
Central aberrations
SE of refraction (D) -0.73 —1.02 —-0.44
Astigmatism (D) 0.38 0.26
Sph. ab (um) 0.001 —0.048 0.019
Nasal aberrations’
Rel. SE of refraction (D) —3.56 —4.29 —2.56
Rel. astigmatism (D) 3.04 2.04
Sph. ab (um) —0.040 -0.132 0.020
Temporal aberrations’
Rel. SE of refraction (D) —1.52 —2.09 —0.64
Rel. astigmatism (D) 1.44 0.83
Sph. ab (um) —0.022 —0.061 0.011

Median Qt1* Q3* P Value
-0.85 —2.50 —0.41 64
0.44 0.24 0.71 A1
0.002 —-0.016 0.021 .40
—-1.75 —-3.17 —0.91 .04
2.43 1.89 2.91 1

—0.023 —0.046 —0.008 .59
—-1.38 —2.44 —-0.12 .90
1.08 0.66 1.70 43
0.000 -0.044 0.022 .95

ND = negative dysphotopsia; Rel. = relative; SE = spherical equivalent; Sph. ab = spherical aberration

Q1 and Q3 are the 25th and 75th percentiles.

"Measured at 30 degrees visual field eccentricity. A significant difference in SE between patients with ND and pseudophakic controls is seen in the nasal

peripheral visual field (P = .04).

Clear differences were also found in the peripheral ocular
aberrations. Overall, patients with negative dysphotopsia
show an asymmetric decrease in SE of refraction toward the
nasal visual field, which results in a significant lower rel-
ative SE of refraction at 30 degrees. These peripheral ab-
erration measurements would ideally have been performed
at higher eccentricities because negative dysphotopsia is
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Figure 5. A: Relative spherical equivalent (SE) of refraction in di-
opters (D). B: Relative astigmatism (D). C: Spherical aberration (j.m)
as a function of visual field eccentricity. Negative eccentricities are
acquired at the nasal visual field (N). Patients with negative dys-
photopsia (red) show a stronger decrease in SE of refraction at nasal
eccentricities than control subjects (black). The median value at
each eccentricity is indicated by the solid line and the interquartile
range is depicted by the shaded area (ND = negative dysphotopsia).

generally not apparent at 30 degrees. Unfortunately, there
are currently no techniques available to assess the optical
wavefronts at higher eccentricities because the quality of the
Hartmann-Shack images deteriorates at the far peripheral
field. Although the peripheral aberrations are partly af-
fected by the slightly different axial lengths and implanted
IOL types between both study groups, these differences are
not likely to be causative of the observed asymmetry in the
peripheral myopization. The relatively low eccentricities at
which the aberrations were assessed in this study explain
why no direct effect of negative dysphotopsia, such as a loss
of signal, was observed in the temporal visual field. These
measured differences in midperipheral eccentricities be-
tween both groups do, however, aid in the understanding of
negative dysphotopsia because they provide a link to the
ray-tracing simulations in which the effect of a difference in
ocular geometry is evaluated.

The ray-tracing simulations showed that several of the
tested potential factors of influence on the origin of negative
dysphotopsia result in an asymmetric change in SE of
refraction toward higher eccentricities, similar to patients
with negative dysphotopsia. In particular, these asymme-
tries could be induced by a temporal decentration of the
IOL, a combined temporal tilt of the iris and the IOL, and
a temporal rotation of the eye with respect to the visual axis
resulting from a positive angle k (Figure 6, C, E and F).
Because the clinical slitlamp evaluations revealed no evi-
dent abnormalities, a strong temporal decentration of the
IOL is unlikely.” This confirms earlier ray-tracing studies
that suggest a minor role of IOL decentration in the etiology
of negative dysphotopsia.® Furthermore, because a tilt of
solely the iris had only a very minor effect on the peripheral
refraction (Figure 6, D), the observed asymmetric pe-
ripheral refraction in negative dysphotopsia is likely caused
by either a combined tilt of the iris and IOL or from
a rotation of the eye with respect to the visual axis. Al-
though both these effects would result in the observed
increased iris tilt in the subjects with negative dysphotopsia,
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Figure 6. Ray-tracing analyses on the effect of several of the
proposed origins of negative dysphotopsia on the peripheral
ocular aberrations. A-F: Schematic representation of the tested
conditions: A: reference model; B: an increased axial distance
between the iris and IOL; C: temporal decentration of the IOL; D:
temporal tilt of the iris; E: combined temporal tilt of the iris and IOL;
and F: positive angle k. G: The simulations for the decentered IOL,
a tilted iris and an IOL, and an increased angle k show a similar
asymmetry in the peripheral spherical equivalent (SE) of refraction
as observed in patients with negative dysphotopsia.

only a rotation of the complete eye would result in the
increased decentration of the pupil center.

Earlier ray-tracing stimulations have shown a clear re-
lationship between a larger positive angle k and disconti-
nuity in retinal illumination.® Furthermore, it has been
suggested that such a temporal rotation of the eye with
respect to the visual axis would additionally result in a more
anterior position of the functional nasal retina (Figure 6, F),
thereby increasing the perception of negative dyspho-
topsia.” Although the combined analysis of the data of this
study provides a strong support for an increased angle k as
one of the main contributing factors to negative dyspho-
topsia, other factors can play an additional role in the origin
of negative dysphotopsia. The potential role of neural
adaptation, for example, requires a different set of ex-
aminations to gain insights into its potential contribution to
the spontaneous resolution of the complaints in some
patients.””’* The results of this study can, however, explain
the reported preventative effect of implanting IOLs with the
haptics oriented horizontally because this orientation could
put the haptics in the path of rays of light passing through
the gap between the iris and IOL."” Ray-tracing simulations
using fully personalized eye models could aid to identify
these factors.'”'® For a clinically relevant assessment using
these analyses, however, the orientation of the iris and the
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location of the IOL with respect to the iris need to be
personalized as well.

These, fully personalized, simulations could also aid in
the design of an effective treatment of negative dyspho-
topsia, which takes the increased angle k into account.
Furthermore, they might provide insights into the sub-
optimal results of treatments such as laser capsulotomy,
implanting a piggyback IOL, or exchanging the IOL.'>'*""*
Any of these treatments can change the configuration of the
anterior eye chamber and, thereby, potentially reduce the
chance of light rays passing through the iris-IOL gap.

Overall, this study identified several anatomical differ-
ences between patients with and without negative dys-
photopsia, which provide a basis for further research. There
are, however, some study limitations that should be con-
sidered while interpreting these results. Ideally, the study
should have been a prospective cohort study in which the
patients were included before cataract surgery. This would
also result in a more uniform distribution of IOL types and
allow for the inclusion of intraoperative data, such as the
location of the corneal incision, in the analysis. However,
given the low incidence of persistent negative dysphotopsia
of approximately 3%, this is not feasible.” Furthermore, the
group differences in axial length and sex could have in-
troduced a bias in the measurements, but this could also be
a predisposition to negative dysphotopsia because other
studies also observed a similar difference.”'” In addition,
other studies reported a higher incidence of negative
dysphotopsia in the left eye, which was not present in our
study population.”*"* Finally, the eye models for the ray-
tracing analyses were not fully personalized to completely
match the eyes of individual patients with negative dys-
photopsia, which would allow for a more in-depth analysis
of the optical interplay between the anatomy of the eye and
the IOL.

This study provides, despite these limitations, valuable
insights into the etiology of negative dysphotopsia based on
clinically measured data, which yields a base for further
research on the origin, management, and prevention of
negative dysphotopsia. The measurement and simulation
results show that the iris and IOL plane are rotated tem-
porally with respect to the visual axis, which corresponds to
the role of an increased angle k in earlier ray-tracing studies
on the etiology of negative dysphotopsia. Although these
anatomical differences cannot be modified easily, IOL
designs can be optimized to mitigate the effect of differ-
ences, which could benefit the treatment of negative dys-
photopsia or might even prevent it from occurring.
Furthermore, the presented anatomical differences might
be able to preoperatively select patients who might have
a high risk of negative dysphotopsia after cataract surgery,
but larger, prospective studies are needed to develop and
validate this. In conclusion, this study presents the first
clinical insights into anatomical differences between pa-
tients with and without negative dysphotopsia, which both
substantiate one of the leading theories behind the etiology
of negative dysphotopsia and provides a basis for further
research.
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WHAT WAS KNOWN

* Negative dysphotopsia can theoretically be caused by many
factors such as a smaller pupil size, a larger angle k, or an
optical effect of the capsular bag.

WHAT THIS PAPER ADDS

® Clinical data substantiating the role of a smaller pupil size and
a larger angle k in the etiology of negative dysphotopsia were
obtained.
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