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Purrost. To investigate the relation between optical properties, population receptive fields
(pRFs), visual function, and subjectively perceived quality of vision after cataract surgery.

MerHODS. The study includes 30 patients who had recently undergone bilateral sequential
cataract surgery. We used functional magnetic resonance imaging and pRF modelling methods
to assess pRF sizes across visual cortical regions (V1-V3). Subjects also performed a complete
ophthalmologic and psychophysical examination and answered a quality of vision
questionnaire.

Resurts. Subjects with worse optical properties had, as predicted, larger pRF sizes. In
addition, analysis in the primary visual cortex revealed significantly larger mean pRF sizes for
operated subjects with worse contrast sensitivity (P = 0.038). In contrast, patients who
scored high in the subjective “bothersome” dimension induced by dysphotic symptoms had
surprisingly lower pRF size fitting interception (P = 0.012) and pRF size fitting slopes (P =
0.020), suggesting a dissociation between objective quality of vision and subjective appraisal.

Concrusions. Optical properties of the eye influence pRF size. In particular, visual aberrations
have a negative impact on visual cortical processing. A novel dissociation between subjective
reports of quality of vision and pRF sizes was further identified. This suggests that patients
with better cortical resolution may have a negative subjective response possibly because of
improved perception of dysphotic phenomena. pRF properties represent a valuable
quantitative measure to objectively evaluate quality of vision but do not necessarily predict
subjective complaints.

Keywords: quality of vision, fMRI, population receptive fields, dysphotic symptoms, visual
cortical processing
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Topographjc mapping of the human visual cortex (cortical
retinotopy) using noninvasive neuroimaging techniques
plays a relevant role in understanding visual function and can
be achieved by using functional magnetic resonance imaging
(fMRI).1'3 Multiple efforts have been made to identify and
efficiently characterize properties of the human visual field
maps. Engel et al.* have introduced a phase-encoding method
to characterize the activity of the human visual cortex in both
health and disease, taking advantage of the retinotopic
organization of the visual system.>™

More recently, a population receptive field (pRF) modelling
approach has been proposed by Dumoulin and Wandell.'® By
incorporating an explicit model of neural response preferences,
pRF modelling provides information about the receptive field
(resolution) properties underlying fMRI responses. A pRF can
be seen as the aggregate receptive field of the many neurons
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within an fMRI voxel that respond to stimulation of a particular
retinal location.' "' Smaller pRFs reflect more fine-tuned visual
processing, effectively increasing the spatial resolution of the
visual system, while large pRFs reflect a coarser neural
representation of visual space.“’14 PRF sizes are influenced
by eccentricity, with the smallest pRFs (reflecting underlying
single-neuron receptive fields) being present in the neural
representation of the central visual field, where visual acuity is
greatest.10’15’16 pRFs also vary hierarchically between visual
areas, having smaller sizes in the primary visual cortex (V1).

PRF properties have been used to evaluate adaptive changes
in the human brain resulting from diseases, trauma, and
degeneration, with pRF changes mirroring changes in visual
function.'>'7"22 pRF properties might also be used to help us
understand how the optical properties of the eye influence the
functional response properties of the visual cortex.
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Recent studies suggest an association between perceptual
acuity and neuronal population tuning in the primary and
secondary visual cortex'? and between acuity thresholds and
cortical magnification in V1.*> However, although optical
parameters of the eye influence the processing of visual
information, their impact on pRF sizes remains unclear.
Moreover, the relation of these parameters with subjectively
perceived quality of vision in the context of refractive surgery
remains to be clarified.

Optical properties are an important outcome measure as
they can be objectively measured and are not influenced by
patients’ collaboration. Wavefront analysis with a ray-tracing
aberrometer was performed because it has been proven to
provide reliable measurements despite the presence of a
multifocal intraocular lens. Wavefront analysis provides a
detailed assessment of the optical quality of each system
(eye), including information on overall light deviation from the
ideal focus plane (total root-mean-square), loss of image
contrast (modulation transfer function), and point light
distortion (Strehl ratio). More importantly, wavefront analysis
is able to differentiate those refractive errors that are
correctable with spectacles (lower-order aberrations) from
those that are not (higher-order). This information, therefore,
goes beyond classical outcomes (sphere, cylinder, and visual
acuity). The optical properties evaluated in this study provide
objective information on quality of vision, which can serve as a
ground truth to validate the pRF method.

This study aims to evaluate the association between pRF
size, visual function (including visual acuity), subjectively
perceived quality of vision, and optical properties of the eye,
including wavefront analysis. This approach is relevant to
understand how the human brain adapts on a short-term basis
to the imperfections of each visual system (eye) and optical
interventions.?*"2” Therefore, we opted to study patients with
recent cataract surgery and, consequently, with a changed
optical visual system, before the occurrence of long-term
adaptive changes.®® We expected that worse optical properties
are accompanied by large pRF sizes and investigated their
relation with subjective quality of vision. Afferent resolution, as
determined by optical properties, must influence efferent
resolution, since pRFs essentially measure cortical resolution.
To study the influence of optical properties on pRF sizes, it is
necessary to separate this influence from adaptive changes that
occur over time. It is known that subjects adapt on a long-term
basis to the blur of their own optical systems. Studying recently
operated patients allows us to assess on a short-term basis the
influence of optical properties on pRF sizes because we
measure the impact of intervention at a well-defined time point

MATERIALS AND METHODS

Subjects

This cross-sectional study included 30 patients younger than 75
years, who received bilaterally diffractive bifocal intraocular
lenses. Inclusion criteria comprised the following: no surgical
complications, preoperative sphere inferior to 6 diopters (D) in
magnitude in either eye, regular topography with less than 1.5
D of astigmatism, no history of previous corneal or intraocular
surgery, absence of other ocular comorbidities and of metallic
foreign bodies. Nontoric multifocal lenses (Acrysof Restor
SNG6AD1 IOL with a +3.00 addition; Alcon Surgical, Fort Worth,
TX, USA) were implanted binocularly, with approximately a 1-
week interval.

Additionally, we included 15 age- and sex-matched controls
as proof of concept. Controls were recruited from the general
ophthalmology clinic, fulfilling the following criteria: distance
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corrected visual acuity > 20/25 and normal ophthalmic
examination.

The study adhered to the tenets of the Declaration of
Helsinki and was approved by the Ethical Committee of the
Faculty of Medicine of the University of Coimbra. All subjects
were given an information letter, followed by the clarification
of any questions that might have arisen. All participants were
adequately informed and signed the informed consent form.

Ophthalmologic Examination

At the third week after the second eye surgery, a complete
ophthalmologic examination was performed, comprising
uncorrected and corrected distance and near visual acuities,
distance-corrected near visual acuity, uncorrected and dis-
tance-corrected intermediate visual acuity, slitlamp examina-
tion, tonometry, and fundoscopy.

Distance visual acuity was measured by using ETDRS charts
and near visual acuity by using the Portuguese version of the
Radner test (Rosa AM, et al. JOVS 2016;57:ARVO E-Abstract
3756). All measurements were performed under photopic
conditions (80 cd/mz).

Optical Properties

We used the iTrace (version 6.0.1; Tracey Technologies,
Houston, TX, USA), which combines an aberrometer with
corneal topography, to obtain total ocular and internal aberra-
tions, Strehl ratio, and modulation transfer function. The best-
quality scan of the three manual measurements at 4 mm (after
pupil dilation) was selected for further analysis. We evaluated
total root-mean-square (total RMS: overall light deviation from the
ideal focus plane; larger values reflect worse optical properties)
and RMS of higher-order aberrations (HOAs) from third- to fifth-
order Zernike coefficients (RMS of HOAs: those refractive errors
that are not correctable with spectacles or soft contact lenses;
larger values also reflect worse optical properties). We also
measured average modulation transfer function height (MTF_h: a
measurement of image contrast; higher values reflect better
image contrast), modulation transfer function at 10 cycles per
degree (cyc/deg), and the Strehl ratio. Strehl ratio is the ratio of
the peak intensity of a point light source formed by the optical
system (eye) compared to the maximum attainable intensity
(formed by a perfect optical system). Values closer to 1 reflect
better optics. All these parameters were recorded for corneal,
internal, and total ocular optics. Values were extracted without
spherico-cylindrical correction. All wavefront data were obtained
from right eyes. Left eye values were similar.

In controls these parameters were corrected to approach as
close as possible the clinical reality and to enable the study of
correlations between symptoms, optical properties, and
functional outcomes. The same rationale was applied to
psychophysical assessment and fMRI.

Quality of Vision Questionnaire

Using the Quality of Vision (QoV) questionnaire, subjects rated
10 visual symptoms (glare, haloes, starburst, hazy vision,
blurred vision, distortion, double or multiple images, fluctua-
tion, focusing difficulties, distance or depth perception
difficulties) in three subscales (frequency, severity, and
bothersome).>” Raw questionnaire data were Rasch-scaled to
provide interval-level measurement properties.>®

Magnetic Resonance Imaging

Stimulus Presentation and Apparatus. We generated
our visual field mapping stimulus in MATLAB (version R2014b;



Investigative Ophthalmology & Visual Science

Optics, Population Receptive Fields and Subjective Vision

t=36 t=72

t=0 = =

IOVS | Month 2018 | Vol. 59 | No. 0 | 988

t=108 t=144

>
Time (seconds)

t=282

t=318

FiGure 1.

Mathworks, Natick, MA, USA), using the Psychophysics
Toolbox.>' The visual stimulus was displayed on a 32-inch
NNL LCD monitor (IntroomViewingDevice; NordicNeuroLab,
Bergen, Norway) at a resolution of 1920 X 1080 pixels
positioned at the end of the magnet bore of the scanner and
viewed through a mirror attached to a head coil. The display
was 70 X 39.5 cm and the viewing distance was 156.5 cm, so it
subtended a 22.21° X 14.38° visual angle.

Simultaneous Bars Stimuli. We developed a new visual
stimulus to increase mapping efficiency and fMRI response
amplitudes. It consisted of two perpendicular bars that
crossed the display in different phases and orthogonal
directions. This design has previously increased mapping
efﬁciency,32 although here we used horizontal and vertical
bars, subtending 1.80° and 1.57° of visual angle, respective-
ly,10‘14’32’33 rather than wedges and rings.lo’14 Within these
bar apertures, we displayed a colored checkerboard pattern,
with the color of each square flickering between randomly
chosen RGB color values on each frame.>* The horizontal bars
moved vertically across the display in 18 equally spaced steps,
while the vertical bars moved horizontally across the display
in 24 equally spaced steps. Each bar position was presented
for 2 seconds to synchronize with the fMRI volume of
acquisition.

The high-contrast horizontal and vertical bars each crossed
the display repeatedly, with the horizontal bars taking 36
seconds to complete a full cycle and the vertical bars taking 48
seconds (Fig. 1). These asynchronous cycles allow pRF
modelling to determine pRF positions in both dimensions
simultaneously.32 After 144 seconds, a 30-second period of
mean luminance (zero-contrast) was displayed, providing a
“pblank” period that allows pRF models to determine the
baseline fMRI response amplitude.lo’m’33

In the first 144 seconds of each scanning run, the horizontal
bars travelled downwards and the vertical bars travelled
leftwards. After the blank period, both horizontal and vertical
bars travelled in the opposite direction.

Participants were instructed to fixate a point in the center
of the visual stimulus. The colors changed between red and
green at random intervals, from 1.5 to 6 seconds. To ensure
attention and fixation, participants pressed a button each time
they detected a color change.
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Illustration of simultaneous bars mapping stimuli. The arrows indicate the motion direction of the bars.

Data Acquisition. Magnetic resonance images (MRI) were
acquired on a 3-Tesla Magneton TIM Trio scanner equipped
with a 32-Channel Head Coil (Siemens, Erlangen, Germany).

Two high-resolution 3D anatomic MPRAGE (magnetization
prepared rapid-acquisition gradient echo) images were ac-
quired by using a standard T;-weighted gradient eco (GE) pulse
sequence (field of view [FOV] = 256 X 256 mm, 176 slices,
voxel size =1 X 1 X 1 mm, repetition time [TR] = 2.530 ms,
echo time [TE] = 3.42 ms, inversion time [TI] = 1.100 ms, 7°
flip angle).

Functional MRI images were recorded by using a T,
weighted GE echo-planar imaging sequence over three runs
at an isotropic resolution of 2 mm (FOV 256 X 256 mm), with
29 interleaved slices oriented orthogonally to the calcarine
sulcus with no gap. TE was 30 ms, TR was 2000 ms, and flip
angle was 90°. Each functional run was acquired by using 180
time frames (360 seconds).

Anatomic and Functional Preprocessing

All image data were processed and analyzed by using the
BrainVoyager QX software (version 2.8.2; Brain Innovation
B.V., Maastricht, The Netherlands).

Anatomic images underwent brain extraction and intensity
normalization to reduce artifacts and inhomogeneity caused by
the magnetic field.>> The two anatomic data sets were then
aligned to each other and averaged to improve the signal-to-
noise ratio.’® The resulting images were converted to the
Talairach reference system.37 Thereafter, white matter was
segmented by using an automatic segmentation routine®® and
small manual adjustments were made. Mesh representations of
each hemisphere were then created.’ 9,40

The first six volumes of each experimental run were
excluded from the analysis owing to early magnetization
transients. Functional data preprocessing included slice scan
time correction, linear trend removal, temporal high-pass
filtering (2 cycles per run), and 3D interscan head motion
correction with cubic spline interpolation. All functional
volumes were corrected for motion within and between scan.
As the head motion was minimal (<2 mm in any direction), no
block was excluded.

The preprocessed functional runs were coregistered with
each subject’s structural scan in Tailarach space and then
averaged across scans.
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Ficure 2. Visual field maps estimated for a subject. Eccentricity (A) and polar angle (B) maps, pooled from the pRF position parameters, were
rendered on the inflated meshes and used to identify the boundaries of the visual areas (C). The colors represent the recording sites for which the
PpRF model explains at least 30% of the variance. Black lines and labels indicate the position of the visual areas identified in both hemispheres.

Population Receptive Field Modelling and Analysis

pRF models were estimated from BOLD responses to the
simultaneous bars moving stimuli by using a model-driven
approach developed by Dumoulin and Wandell'® in 2008 and
recently implemented in BrainVoyager QX (2013). Briefly, the
pRF approach estimates a neural response model, for each
voxel, that best explains the cortical visual field responses to a
wide range of stimulus positions.m’14

First, we generated a binary stimuli frame containing
detailed information about the sequence of visual field
positions covered by the bars in the stimulus. Then, a large
set of candidate pRF models was used to sample the frame and
calculate at each time point (frame) a neural response strength
that depends on the overlap between the stimulus and the
Gaussian model.”! These candidate neural response time
courses were each convolved with a canonical hemodynamic
response function to predict, for each set of candidate pRF
parameters, the BOLD response time course that the stimulus
would yield. The candidate response predictions were each
compared against the measured response of every voxel. The
pRF model that most closely fits the measured response of each
voxel was chosen, giving the goodness of model fit (variance
explained), the pRF size (0), and preferred position (x and y).
These position preferences were converted to preferred
eccentricity and polar angle to delineate each visual field map.

The resulting parameter maps were projected on the
inflated meshes. Retinotopic areas were manually drawn for
each subject from the polar angle and eccentricity maps (Fig.
2). 11424 Athough we could identify visual field maps, we
restricted our analysis to the primary visual cortex.

All the voxels with a poor pRF model fit, that is, with less
than 30% of the variance explained, were removed from the
analysis, as well as the voxels outside of the delineated region
of interest. We also excluded voxels with pRF eccentricities
below 0.5° since this part of the visual field is difficult to
accurately map, and those outside of the limits of the central
vision (5° of eccentricity).4’ The retinotopy evaluated a wider
field of vision because it is important to accurately map the
different visual areas. Concerning pRF sizes, we limited its
evaluation to the central 5° to be able to correlate and compare
with optical properties, which were analyzed centered on the
visual axis. Peripheral vision is prone to influences by other
factors, such as the edge of the capsulotomy performed during
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cataract surgery. In addition, it is not always possible to
correctly acquire larger optical zones, especially in older
patients, who often have smaller pupils and incomplete pupil
pharmacologic dilation.

Statistical Analysis

We developed a MATLAB script that allows to obtain pFR size
and visual field maps for each participant. To study the
relationship between pRF sizes and measured optical
properties we extracted, for each participant, the mean pRF
sizes to the central vision (0.5°-5° of eccentricity) and made
comparisons using Mann-Whitney U tests. We also used
regression analysis to study the relationship between pRF
sizes and optical properties across eccentricity, by organizing
the data into bins of 0.5° of eccentricity. Eccentricity-binned
data were fitted by linear regression analysis as in the study by
Harvey and Dumoulin,'* obtained PRF size fitting intercep-
tion (fy) and pRF size fitting slope (ff;) for each participant.
The beta regression parameters were also compared by using
r-tests.

Finally, we investigated the relationship between the
perceived quality of vision and the pRF measures, The
questionnaire data were Rasch-scaled to provide separate
subscales (frequency, severity, and bothersome),«’ and the
intraocular lens (IOL) groups were divided into two subgroups
on the basis of median value. The comparison between the
subgroups was performed as described above.

RESULTS

The boundaries of area V1 were straightforwardly defined for
all subjects. The resulting visual field maps in both groups
showed a well-defined retinotopic organization of subjects
with IOLs (Supplementary Fig. S1).

We compared the mean pRF sizes in the early visual cortex
between groups and the changes of the pRF sizes across visual
field eccentricities between groups. Figure 3 shows the
regression line for the groups of patients and the control
sample. There were no significant differences between the
mean pRF and, as expected, the pRF sizes increased with
eccentricity and across the visual field hierarchy (V1, V2, and
V3).
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the standard error of the mean (SEM) within each eccentricity bin and
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0.0001 for both groups).

obtained in a related study (Rosa AM, et al. IOVS 2016;57:AR-
VO E-Abstract 3756). It is noteworthy that these values were
acquired with spectacle correction, whereas the IOL group
values were acquired without correction, as the IOL corrects
the refractive error almost completely. There is, however,
some residual sphere and cylinder in the patient group, which
renders some comparisons inadequate. We can, however,
compare the RMS-h in both groups, as this is the value of
aberrations not correctable with glasses. We observed that
they were similar in the patient group and control group
(0.16), meaning that IOLs do not introduce significantly
different higher-order aberrations across participants relative
to the eye’s natural optics.
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Relation Between Subjective Quality of Vision and
PRFs

We evaluated the relation between subjective quality of vision
and pRF measures (mean pRF size, 5y, and ;). Using the total
QoV questionnaire score and the “bothersome” (complaint)
scores, we divided subjects into two subgroups (low and high
score of complaints) on the basis of median value. We
compared pRF measures between these subgroups. Surpris-
ingly, subjects with lower total scores (less complaints) had
larger pRF sizes across visual field eccentricities (Fig. 5A).
These differences between subgroups were mainly explained
after taking into account the “bothersome” subscale (Fig. 5B).
Importantly, f, and f; were significantly different between
subgroups (P = 0.012 and P = 0.020, respectively).

DISCUSSION

Our study demonstrated, for the first time, that optical
properties of the eye influence pRF sizes and, consequently,
cortical resolution of subjects who had undergone recently
bilateral sequential cataract surgery, thereby validating the pRF
technique in this context. Furthermore, our results showed a
striking dissociation between optical parameters/pRFs and the
perceived quality of vision, often even in opposing directions.
Through the application of novel stimuli for pRF modelling,
we obtained efficient visual field maps similar to those
achieved with more conventional stimuli.'®®®> Our pRF
modelling results corroborate the commonly described pRF
size pattern: pRF size increases as a function of eccentrici-
ty.10’14’47
There is a gap in the literature in trying to link quantifiable
optical outcomes and quality of vision.*® Our results suggest
that studying properties of the visual cortex may be the first
step to establish this association. Although it is generally
accepted that the brain adapts to adverse/changed visual
inputs, the mechanism behind this remains unknown.*%°
Here, we took a step forward by evaluating the influence of
optical parameters (total RMS, RMS of HOAs, modulation
transfer function at 10 cyc/deg, and Sthrel ratio) on cortical
resolution of patients with recently implanted multifocal IOLs.

B. Subjective complaint levels
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Ficure 5. Regression analysis of subjective quality of vision and pRF sizes across primary visual cortex. (A) Comparison between subjects with
higher and lower total quality of vision questionnaire score. (B) Comparison between the subjects feeling more or less bothered by dysphotic
symptoms. Groups were defined on the basis of the total score and “bothersome” results. The black color represents the group with bothersome
scoring higher or equal to the median (++) and gray color represents the group with bothersome score lower than median (-). Error bars show the
standard error of the mean (SEM) within each eccentricity bin, and the solid lines show the best significant fit to bin means (P value < 0.0001 for
both groups). Significant differences were found (B) between the intercepts of the linear regression (P value = 0.012) and between the slope of the

linear regression (P = 0.020).
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The study of optical parameters is more relevant shortly
after surgery because it is at this time point that we aim to
explain objective and subjective visual outcomes in relation to
pRFs. In addition, to study the influence of optical properties
on pRF sizes, it is necessary to separate this influence from
adaptive changes that occur over longer time spans, as it is
known that subjects adapt to the blur of their own optical
systems.?” Studying recently operated patients allows assess-
ment of the influence of optical properties on pRF sizes
without bias from long-term functional plasticity, which has
been shown to occur following cataract surgery (Rosa AM, et
al. IOVS 2016;57:ARVO E-Abstract 3756). To study the relation
between optics and pRFs, the IOL group was divided into two,
based on the median value of the aforementioned optical
properties. Our results showed that the subgroup with worse
optical properties had larger pRF sizes in the striate cortex, as
expected. Among all the optical properties that we studied,
modulation transfer function seems to influence the most
cortical processing. The subgroup of patients with lower
values of average MTF_h showed significantly higher mean pRF
sizes in the primary visual cortex. The modulation transfer
function translates the capacity of the visual system to perceive
the contrast of an image at a given spatial resolution and ranges
from O to 1. In a perfect optical system, modulation transfer
function is equal to 1, which indicates that maximum contrast
was perceived. Therefore, we demonstrated that patients with
lower image contrast also have a coarser cortical resolution. A
lower modulation transfer function reflects a loss of perceived
image contrast. It can lead to blurring of the retinal image and
consequently, larger pRF sizes, as we showed. The pRF size is,
in a sense, a byproduct of the eye optics, which shows that
retinotopy is able to grasp fine differences in optical
properties. Accordingly, as expected, worse optics implies
larger pRFs. A striking demonstration of our study was that
subjective complaints are dissociable. In other words, changes
in pRF sizes reflect measured eye optics, but subjective
complaints may often deviate from both.

Therefore, the pRF-based technique is promising for
evaluating the influence of optical properties on the measured
pRF sizes and can be used to measure changes over time,
which will always have to be considered in the context of each
patient’s optical system.

Our visual perception is not determined merely by the
analysis of an optically perfect image, but also by how the brain
processes retinal input, as vision involves “constructive”
perception. Therefore, we evaluated subjective quality of
vision through the validated QoV questionnaire.*” Surprisingly,
patients with more complaints, that is, who felt more bothered
by dysphotic symptoms at the third week after cataract surgery,
had significantly lower pRF size fitting interceptions and pRF
size fitting slopes. This surprising observation shows subjective
judgements are more complex than simply predicted from
optics and/or cortical parameters.” In fact, some patients feel
“unhappy” despite having excellent visual acuity measures
after cataract surgery.’’ Approximately 0.3% to 12% of these
patients require IOL exchange, and even with the new
diffractive trifocal intraocular lenses, the number of patients
with severe symptoms remains high (approximately 6%).5%7%¢
It is well known that dysphotic phenomena such as glare,
halos, and starbursts (positive dysphotopsia) or even shadows
and penumbra (negative dysphotopsia) are one of the main
causes for patients’ dissatisfaction.’*>>>7 Our results suggest
that a more fine-tuned visual processing (with smaller pRF
sizes) may allow more intense perception of dysphotic
phenomena and therefore paradoxically, worsened subjectively
perceived quality of vision. Because these symptoms improve
over time in some patients,”*>® we hypothesize that there are
other mechanisms involved in this adaptive process, possibly at
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a neuronal level, involving higher-level brain regions. A
longitudinal cohort study would allow evaluating whether
there are alterations at the cortical-processing level after
cataract surgery in the long term.

In conclusion, this study highlights the potential use of pRF
sizes as a quantitative measure of functional resolution of the
visual cortex to objectively assess quality of vision. It shows the
tight connection between optical properties and cortical
resolution in patients with a recent change in their visual
input, in the absence of fully established long-term neuro-
adaptation, and helps to explain the often observed dissocia-
tion between optical parameters and subjectively perceived
quality of vision.
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