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ABSTRACT 

Important causes of dissatisfaction after cataract surgery are dysphotopsia (glare, halos, 

starbursts), requiring intraocular lens (IOL) exchange in 5.7% of cases. Optical parameters per 

se cannot explain why symptoms are different among patients, as no differences have been 

found in light scatter, aberrations, residual sphere and cylinder. Attempts to link optical 

outcomes and dysphotopsia have not proven an association between measurable 

aberrations and symptoms. This suggests the involvement of other mechanisms, possibly at the 

neural level. 

Because these symptoms tend to improve over time, it is thought that the brain adapts to those 

unwanted stimuli (neuroadaptation). In fact, our vision is determined by how the brain 

processes incoming retinal input, as vision involves “constructive” perception and not merely 

the analysis of an optically perfect image. Neuroplasticity is the ability of the brain to reorganize 

its connections in response to the changing patterns of inputs from the environment.  

Functional magnetic resonance imaging (FMRI) has opened an unprecedented opportunity 

for studying brain activity. We used FMRI to identify changes in neural activity patterns after 

multifocal IOL implantation over time and their relation with objective and qualitative aspects 

of visual function. 

We enrolled a cohort of patients implanted with multifocal IOLs after cataract surgery and age- 

and gender-matched healthy controls, without cataract or previous ocular surgery. Patients 

underwent functional MRI at post-operative intervals of 3 weeks and 6 months. Controls were 

evaluated at the same time intervals. Functional stimuli consisted in sinusoidal gratings with 

threshold contrast and a light source to induce disability glare. Subjective quality of vision and 

reading performance were assessed and wavefront analyses were conducted in both groups.  

To set up the experiment we designed a contrast assessment psychophysical task and a 

functional MRI task, created a proprietary magnetic resonance compatible LED frame with 

associated dimmer and an innovative psychophysical set up that allows contrast sensitivity 

evaluation under a glare source. We also developed the Portuguese version of the Radner 

Reading Tests (Radner-Coimbra Charts) to evaluate reading performance in our patients. 

With the first visit data (3rd week) we demonstrated the association between patient reported 

subjective difficulties and FMRI outcomes, independently of optical parameters and 

psychophysical performance. The increased activity of cortical areas dedicated to attention 
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(frontoparietal circuits), learning and cognitive control (cingulate) and to task goals (caudate) 

likely represented the beginning of the neuroadaptation process to multifocal intraocular 

lenses.  

In addition, we investigated the relation between optical properties, visual function, subjective 

quality of vision and population receptive fields (PRF). PRF are the aggregate receptive field of 

the neurons 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. We found that optical properties of the eye influenced PRF sizes. Aberrations of the 

visual system had a negative influence on visual cortical processing. Moreover, we reported 

the dissociation between subjective quality of vision and PRF sizes, indicating that patients with 

better cortical resolution may have improved perception of dysphotic phenomena, and 

consequently more quality of vision complaints, in spite of the improved optical quality. These 

findings complement the aforementioned results, concerning the absence of correlation 

between subjective quality of vision complaints and optical properties. 

Finally, using the same set up of the first study visit, we studied all study subjects five months 

later, to allow comparison between early results and those obtained after neuroadaptation is 

likely to be fully implemented. Patients no longer showed increased activity of cortical areas 

involved in visual attention, procedural learning, effortful cognitive control and goal oriented 

behavior at 6 months. There were no differences between visits in aberrations, Strehl ratio or 

modulation transfer function. There were significant improvements in questionnaire symptom 

scores, visual acuity and reading performance. The control group remained unchanged.  

In conclusion, our work contributed to identify that neuroadaptation to multifocal IOLS takes 

place initially through recruitment of visual attentional and procedural learning networks. 

Thereafter, a form of long-term adaptation/functional plasticity occurs, leading to brain activity 

regularization towards a non-effort pattern. Our neuroimaging findings are consistent with 

functional and questionnaire outcomes and are unrelated to optical properties, which 

reinforce the crucial adaptive role of higher-level brain regions in our perceptual construction 

of vision. Such information provides background knowledge for the identification of 

therapeutic targets and of intraocular lens characteristics that are more likely to trigger 

neuroadaptation circuits effectively and, hence, lead to practical clinical use. 
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RESUMO 

As disfotópsias (brilhos, halos, riscos estrelados) são uma causa importante de insatisfação 

após cirurgia de catarata, levando à substituição da lente intraocular (IOL) implantada em 

5.7% dos casos. Os diversos parâmetros óticos não explicam per se as diferenças nas queixas 

subjetivas dos doentes, já que não são encontradas diferenças em termos de dispersão da 

luz, aberrações, esfera ou cilindro residuais. 

Não existe uma associação clara entre aberrações óticas e sintomas, o que sugere o 

envolvimento de outros mecanismos, provavelmente a nível neuronal. 

Atendendo a que as disfotópsias tendem a melhorar ao longo do tempo, pensa-se que o 

cérebro se adapta à presença destes estímulos indesejados (neuroadaptação). De facto, a 

nossa visão é determinada pela forma como o cérebro processa estímulos provenientes da 

retina, já que a visão envolve uma perceção construtiva e não apenas a receção de uma 

imagem oticamente perfeita. Neuroplasticidade é, justamente, a capacidade de o cérebro 

reorganizar as suas conexões em resposta às modificações provenientes do exterior. 

A ressonância magnética funcional (FMRI) permite estudar a atividade do cérebro in vivo. No 

presente estudo recorremos à FMRI para identificar modificações nos padrões de atividade 

neuronal após implante de lentes multifocais, ao longo do tempo, bem como a sua relação 

com aspetos objetivos e qualitativos de função visual. 

Avaliámos uma coorte de doentes submetidos a cirurgia de catarata com implante de lentes 

multifocais e controlos saudáveis, ajustados à idade e ao género, sem catarata nem 

antecedentes cirúrgicos oftalmológicos. Os doentes foram submetidos a FMRI 3 semanas e 6 

meses após a cirurgia. Os controlos foram examinados nos mesmos intervalos temporais. O 

estímulo funcional consistiu em riscas sinusoidais com contraste limiar e uma fonte de luz para 

induzir brilhos. As aberrações óticas, a qualidade de visão subjetiva e o desempenho na leitura 

foram avaliadas em ambos os grupos. 

Para a execução da tarefa experimental procedemos ao desenho das tarefas de FMRI e 

psicofísica, criámos uma moldura de LED com reóstato compatível com ressonância 

magnética e um teste psicofísico inovador, que permite determinar o limiar de contraste sob 

fonte de luz. Desenvolvemos ainda a versão portuguesa do teste de leitura de Radner (Tabelas 

de Leitura de Radner-Coimbra). 
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Os resultados obtidos demonstram uma associação entre as dificuldades reportadas pelos 

doentes e os dados de FMRI, independentemente dos parâmetros óticos. A maior ativação 

relativa de áreas corticais dedicadas à atenção (circuitos frontoparietais), aprendizagem e 

controlo cognitivo (córtex cingulado) e aos objetivos da tarefa (caudado) representam 

provavelmente o início do processo de neuroadaptação às lentes multifocais intra-oculares. 

Além disso, investigámos a relação entre propriedades óticas, função visual, qualidade de 

visão subjetiva e os campos recetores populacionais (PRF). Os PRF são o conjunto dos campos 

recetores dos neurónios de um voxel de FMRI que respondem à estimulação de determinado 

local retiniano. Campos mais pequenos refletem um processamento visual mais perfeito, 

aumentando a resolução espacial do sistema visual, enquanto PRF maiores refletem uma 

representação neuronal mais grosseira do espaço visual. 

Descobrimos que as propriedades óticas do olho influenciam o tamanho dos PRF. As 

aberrações do sistema visual têm um impacto negativo no processamento visual cortical. 

Adicionalmente, reportámos a dissociação entre qualidade visual subjetiva e tamanho dos 

PRF, indicando que doentes com melhor resolução cortical podem ter melhor perceção de 

fenómenos disfóticos, e, consequentemente, mais queixas no que respeita à qualidade visual, 

apesar da melhor qualidade ótica. Os resultados do estudo dos PRF complementam assim os 

achados previamente descritos, sobre a relativa independência entre qualidade de visão 

subjetiva e propriedades óticas do olho. 

Finalmente, usando a mesma metodologia empregue na primeira visita, avaliámos todos os 

participantes do estudo 5 meses depois, para permitir a comparação entre os resultados 

iniciais e os obtidos numa altura em que a neuroadaptação já estará implementada. Os 

doentes apresentam, na segunda visita, uma normalização das áreas ativadas 

preferencialmente na primeira visita (áreas de atenção, aprendizagem processual, controlo 

cognitivo e comportamento orientado para os objetivos). Não houve alterações significativas 

entre visitas no que respeita a aberrações óticas, rácio de Strehl ou função de transferência 

modular, apesar da melhoria significativa na pontuação dos questionários, acuidade visual e 

desempenho na leitura. O grupo controlo não apresentou alterações ao longo das visitas. 

Em conclusão, este trabalho contribuiu para estabelecer que a neuroadaptação às lentes 

multifocais intraoculares ocorre inicialmente através do recrutamento de redes neuronais 

ligadas à atenção e à aprendizagem processual. Estabelece-se uma forma de adaptação a 

longo prazo/ plasticidade neuronal, levando à normalização da atividade neuronal no 

sentido de um padrão de não-esforço. Os achados de neuroimagem são consistentes com a 

desemprenho funcional e com os resultados do questionário, independentemente das 
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propriedades óticas, o que reforça o papel crucialmente adaptativo das áreas de alto-nível 

do cérebro na construção percetual da visão.  

Os conhecimentos assim obtidos proporcionam as bases para a identificação futura de 

agentes terapêuticos em casos de não adaptação e das características presentes nas lentes 

intra-oculares que mais eficazmente possam ativar circuitos de neuroadaptação, levando, 

assim, à sua aplicação na prática clínica.
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INTRODUCTION 

Cataract surgery is the most frequently performed surgical procedure in Ophthalmology and 

is an inevitable consequence of ageing.1 Presbyopia is the natural decline in near vision that 

occurs in human healthy aging. Surgical interventions addressing cataract and presbyopia are 

widely used, such as removal of the cataract/lens with implantation of multifocal intraocular 

lenses (IOL).2  

Multifocal IOLs reduce the need for glasses at near, intermediate and distance visual tasks and 

represent an increasingly important IOL segment.3 However, some patients are unhappy 

despite excellent visual acuity. This has been described as the “20/20 unhappy patient”.4 

Important causes of dissatisfaction with multifocal IOLs are symptoms collectively referred to as 

dysphotopsia.4-7 Positive dysphotopsia manifestations are most frequently reported (glare, 

halos and starbursts) while negative dysphotopsia phenomena (shadows, penumbra) are 

rarer.5, 7-9 These symptoms reflect aspects that go beyond the simple definition of quantity of 

vision, as expressed by visual acuity, and reflect the more comprehensive notion of quality of 

vision. 

There is a lack of effective treatments for these complaints, leading 4-12% of the cases to 

require IOL explantation.5, 7, 10 According to the American Society of Cataract and Refractive 

Surgery/ European Society of Cataract and Refractive Surgeons 2007 survey update on 

complications of foldable intraocular lenses, the most common reason for explantation or 

secondary intervention after multifocal IOLs was glare/optical aberrations (68%).11 These 

complications have remained a drawback to the more widespread use of multifocal IOLs.10, 12 

Attempts to link quantifiable optical outcomes and dysphotopsia have not succeeded in 

proving a clear association between measurable aberrations and symptoms.6 There are no 

differences in forward light scatter, higher-order aberrations, pupil diameter and uncorrected 

visual acuity between patients with and without visual symptoms, which shows that optical 

parameters per se do not explain these differences.4, 10 This suggests the involvement of other 

mechanisms underlying visual complaints and manifestations, possibly at the neural level. Even 

after excluding other causes for decreased quality of vision, such as dry eye, posterior capsule 

opacification and retinal disease, there is no correlation between subjective glare and 

objective parameters of optical quality.6, 7 
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Because these symptoms tend to improve over time in most patients, it is thought that the brain 

adapts to the new input, which is referred to as neuroadaptation in the literature in this field.5, 

13-18 One way to express it is that two patients may have identical visual outcomes in terms of 

objective function but very different perception of their quality of vision. In fact, our vision is 

determined by how the brain processes incoming retinal input, as vision involves “constructive” 

perception and not merely the analysis of an optically perfect image.19  

The complexity associated with individual adaptation to changing visual input has been 

demonstrated for other disorders affecting the anterior segment of the eye.20 With the same 

optical quality obtained with adaptive optics, visual performance is significantly worse in 

keratoconic eyes compared to normal eyes, especially in those with more higher-order 

aberrations.20 This is especially relevant as keratoconus is a disease that affects the cornea of 

young adults, thus excluding amblyopia as the explanation for the lack of improvement of 

visual acuity. This lack of improvement is attributed to neural factors, i.e., neural insensitivity after 

the critical period of plasticity because of long-term visual experience with poor retinal image 

quality.20 In fact, visual performance is influenced by retinal and neural factors in addition to 

optical aberrations.21 Neural adaptation to blur influences visual performance deeply, even in 

normal eyes.22 Subjects prefer the blur induced by their own higher-order aberrations in 

comparison to a rotated version of the same aberrations, indicating that their neural visual 

system was adapted to the optical properties of the eye.23 

Neuroplasticity refers to the ability of the brain to reorganize its structural and/or functional 

connections and/or local organization in response to the changing patterns of inputs coming 

from the environment.24 Behavioral manifestations of visual plasticity in humans comprise 

perceptual learning and adaptation, under the top-down control of attention.3, 25-27 Perceptual 

learning is a process in which practicing a challenging task leads to significant and persistent 

improvements in visual performance.25-27 Visual adaptation can both refer to changes in neural 

processing because of repeated brief exposures or because of the maintained presence of a 

stimulus in the long term.26, 27 In this case, the causal effects are permanent and long-term 

structural plasticity is induced. Both short and long-term adaptation can occur because of the 

presence of blur resulting from the optics of the eye.27, 28 In addition, adaptation adjustments 

tend to mask sensitivity losses that appear with disease and with ageing, which implies that the 

process of adaptation remains largely functional in the senescent visual system.28-30 Thus, 

adaptation may be important for matching vision to the optical quality of the eye throughout 

life. 
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Functional magnetic resonance imaging (FMRI) has opened an unprecedented opportunity 

for studying brain activity in vivo and thus to better understand plasticity in the visual cortex. 

Previous FMRI studies have shown that BOLD (blood oxygenation level dependent) contrast 

responses within the primary visual cortex are enhanced with increasing stimulus luminance 

contrast, paving the way for studies of contrast response functions.31-33 Furthermore, FMRI has 

also been used to show the presence of neuroplasticity in other eye diseases, such as retinitis 

pigmentosa, macular degeneration and amblyopia.24, 34-36 

Therefore, we used functional magnetic resonance imaging to study the process of 

neuroadaptation in patients equipped with multifocal IOLs at two time points: at the early post-

operative period (3rd week) and at the 6th postoperative month. 

In each of these visits, subjects were presented with a low-contrast sinusoidal grating while 

inside the magnetic resonance bore, to measure the corresponding cortical response BOLD 

signal. The stimulus contrast was determined for each patient (threshold and near threshold) in 

the laboratory and was used in the FMRI scans in both visits.  

We assessed neuroadaptation with three FMRI parameters: visual cortex activation, attention-

effort network activation and population receptive fields, as well as with clinical parameters 

(visual acuity and reading performance), psychophysical tests (contrast detection), optical 

properties and questionnaire scores. 

 

Thesis outline 

This thesis is divided into three parts plus supplements. It comprises four published articles and 

two manuscripts under review at international peer-reviewed journals. 

Part I provides the background information that led to the research question and is based on 

an original article concerning quality of vision after cataract surgery – Comparison of visual 

function after bilateral implantation of inferior sector-shaped near-addition and diffractive-

refractive multifocal IOLs. In this article we compared visual function after bilateral implantation 

of two different multifocal IOLs and noticed important differences in quality of vision aspects 

(photopic and mesopic contrast sensitivity), despite similar results in terms of quantity of vision 

(distance, intermediate and near visual acuities). There were also important differences 

concerning the impact of a glare source on visual acuity, ranging from 0 to 87% of correctly 

identified optotypes in the presence of a light source, which led to the question – why are 

functional outcomes so different when optical results are so similar? 
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In addition, part I is an overview of the state of the art in the field of plasticity in the adult visual 

cortex, based on the review article Plasticity in the Human Visual Cortex: An Ophthalmology-

Based Perspective. 

Part II describes the methodology, results of the study, and contains two published original 

articles and two original manuscripts under review. 

The article Development of the Portuguese version of a standardized reading test: the Radner-

Coimbra Charts focuses on the development of an important tool for quality of vision 

assessment, as reading has a crucial role in everyday life. 

The article Functional magnetic resonance imaging to assess the neurobehavioral impact of 

dysphotopsia with multifocal intraocular lenses shows the results of the patient´s first visit in the 

research project. Patients recently implanted with multifocal lenses had stronger recruitment 

of cortical areas involved in learning, task planning and solving. In addition, patients reporting 

more dysphotopsia showed significantly increased activity in task and effort-related brain 

regions. There was also dissociation between optical properties and subjective symptoms. This 

dissociation is further detailed in the original manuscript Optical properties influence visual 

cortical resolution after cataract surgery and dissociate from perceived quality of vision. 

The manuscript Functional magnetic resonance imaging to assess neuroadaptation to 

multifocal intraocular lenses: a longitudinal study presents the results of the last visit of the study. 

It shows that neuroadaptation to multifocal IOLS occurs through a process of attentional 

network (fronto-parietal) and cingulate recruitment in the initial post-operative period, and 

that there is an improvement in contrast detection and questionnaire scores, despite the 

stability of optical properties. It concludes that there is a form of long-term adaptation/ 

functional plasticity, leading to a regularization of brain activity towards a non-effort pattern at 

6 months. 

Part III provides an integrated discussion summarizing the main results and contributions of this 

thesis, while addressing future research in the area. 

 

Competition funded projects 

 Research Grant from the Research Office of the Faculty of Medicine, University of 

Coimbra 
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“Functional brain imaging as an innovative tool for assessing dysphotopsia after 

cataract surgery”. April 2014 

 D.Manuel de Mello 2014 Research Grant 

First position among proposals from Portuguese doctors (less than 35 years) involved in 

research at Medical Universities. “Neuroadaptation after Cataract Surgery”. November 

2014 

 European Society of Cataract and Refractive Surgeons Clinical Research Awards 2015 

Funding for pilot study of “NEuroadaptation after Cataract and Refractive SUrgery 

Study – NECSUS study”. February 2016. 
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BACKGROUND 

We started with a question – how to improve quality of vision? Quality of vision is more than the 

foveal quantity of vision or visual acuity. It reflects not only the ability to identify black optotypes 

against a white background, but also contrast sensitivity, dysphotic symptoms presence and 

mesopic vision. Cataract and refractive surgery today aim at improving visual function in terms 

of both quantity and quality of vision.  

We have been involved in the clinical evaluation of different multifocal intraocular lenses 

throughout the years. One of these studies compared visual function after cataract surgery 

with implantation of inferior sector-shaped near-addition versus diffractive-refractive multifocal 

IOLs. We evaluated visual acuity, glare disability, color vision and contrast sensitivity under 

photopic and low mesopic conditions. Despite similar refractive and visual acuity results, there 

were significant differences in contrast sensitivity and glare disability. The diffractive-refractive 

IOL had better outcomes in terms of photopic contrast sensitivity for intermediate and high 

spatial frequencies and under mesopic conditions for all spatial frequencies, except for the 

highest (23.6 cycles per degree). These findings highlight the importance of a complete visual 

function evaluation in cataract and refractive surgery, especially when new materials and 

designs are first available for clinical use.  

In addition, this study provided intriguing data on the presence of glare disability. The ability to 

identify optotypes under the influence of a light source ranged from 0% of correct answers to 

87%, despite the fact that all patients had at least 20/50 of uncorrected distance visual acuity. 

We reported these findings in the original article number 1 of this thesis “Comparison of visual 

function after bilateral implantation of inferior sector-shaped near-addition and diffractive-

refractive multifocal IOLs”. 

Such differences in quality of vision have been attributed to neuroadaptation, a process by 

which the brain adapts to the new visual input created by the removal of the crystalline lens 

and consequent implantation of an IOL. This ability to change reflects some level of plasticity 

in the adult human brain, contrasting with the classical notion of stability of the human visual 

cortex after childhood.  

To understand current knowledge on the field of plasticity in adults we performed a literature 

review, which originated the review article “Plasticity in the Human Visual Cortex: An 

Ophthalmology-Based Perspective”. 
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Both articles are published and can be found in the next pages. 
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Comparison of visual function after bilateral implantation of inferior sector-shaped 

near-addition and diffractive-refractive multifocal IOLs – original article number 1 
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Review Article - Plasticity in the Human Visual Cortex: An Ophthalmology-Based 

Perspective 
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METHODS AND RESULTS 

Evaluating neurodaptation in the setting of cataract surgery with multifocal IOL implantation 

involved developing new clinical tools for visual function assessment.  

We started by developing the Portuguese version of the Radner Reading Test. This test allows 

the measurement of reading speed, which is essential in modern life. The ability to identify single 

optotypes does not reflect the ability to read comfortably, and reading speed is not only an 

important component of quality of vision, but also of quality of life. The Radner Test is based on 

the concept of sentence optotypes. These sentences are created following highly defined 

rules, including the same number of words, same word length and word position. These 

standardized sentences are presented in a logarithmical scale, providing reliable, reproducible 

and comparable measurements of reading performance. We expected to find an 

improvement of reading speed when neuroadaptation is present, which indeed occurred. This 

work led to the original article number 2 “Development of the Portuguese version of a 

standardized reading test: the Radner-Coimbra Charts”. 

We also developed a psychophysical test for contrast detection with and without glare. This 

test allowed for the evaluation of the impact of glare on an important aspect of quality of 

vision, contrast sensitivity. Everyday vision involves identifying targets against different 

backgrounds, most often without a contrast of 100% (black against white). This setup was the 

same as the one used inside the magnetic scanner, for functional imaging, and therefore 

contained non-magnetic MRI compatible materials. 

To investigate the association between dysphotopsia and neural responses in visual and higher 

level cortical regions in patients recently implanted with multifocal intraocular lenses we 

gathered data from the first study visit (early post-operative visit). This information led to original 

article number 3 “Functional magnetic resonance imaging to assess the neurobehavioral 

impact of dysphotopsia with multifocal intraocular lenses”. This study showed, for the first time, 

the association between patients reported subjective difficulties and FMRI outcomes, 

independently of optical parameters and psychophysical performance. It also provided clues 

on the cortical areas involved in the neuroadaptation process to multifocal intraocular lenses. 

Furthermore, we studied the relation between optical properties, population receptive fields 

(PRF), visual function and subjective quality of vision after cataract surgery. This work showed 

that optical properties of the eye influence PRF sizes. Aberrations of the visual system had a 

negative influence on visual cortical processing. Moreover, there was dissociation between 
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subjective quality of vision and pRF sizes, indicating that patients with better cortical resolution 

may have improved perception of dysphotic phenomena, and consequently more quality of 

vision complaints, in spite of the improved optical quality. Therefore, PRF sizes and properties 

are a promising measure to evaluate quality of vision from an objective point of view. This work 

led to the original manuscript number 4 “Optical properties influence visual cortical functional 

resolution after cataract surgery and both dissociate from perceived quality of vision”, which 

is currently under review. 

In order to discover how neuroadaptation to multifocal IOLs occurs, we performed a second 

evaluation of all patients at the 6th postoperative month. This work showed that 

neuroadaptation to multifocal IOLS takes place initially through recruitment of visual 

attentional and procedural learning networks. Thereafter, a form of long-term 

adaptation/functional plasticity occurs, leading to brain activity regularization towards a non-

effort pattern. These results led to the original manuscript number 5 “Functional magnetic 

resonance imaging to assess neuroadaptation to multifocal intraocular lenses: a longitudinal 

study” which is under review at the Journal of Cataract and Refractive Surgery. 

The aforementioned published articles and manuscripts can be found in the next pages. 
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Development of the Portuguese version of a standardized reading test: the Radner-

Coimbra Charts – original article number 2 
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Functional magnetic resonance imaging to assess the neurobehavioral impact of 

dysphotopsia with multifocal intraocular lenses – original article number 3 
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Optical properties influence visual cortical resolution after cataract surgery and 

dissociate from perceived quality of vision – original article number 4 (under review) 
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Functional magnetic resonance imaging to assess neuroadaptation to multifocal 

intraocular lenses: a longitudinal study – original article number 5 (under review) 
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DISCUSSION AND FUTURE PERSPECTIVES 

Neuroadaptation/neuroplasticity in the setting of multifocal intraocular lenses (IOLs) remains 

an outstanding clinical research question. The focus of attention has been so far in quantifying 

optical parameters, such as light scatter and intraocular aberrations. However, it has become 

clear that attempts to link quantifiable optical outcomes and dysphotopsia have not 

succeeded in proving a clear association between measurable aberrations and symptoms.37 

Another approach to evaluate the improvement over time has been the use of questionnaires. 

Quality of vision is a subjective entity based on an individual’s perception of his or her vision. 

This perception is multifactorial, consisting not only of visual factors but also of psychological 

factors. Therefore, it is always difficult to evaluate a lens or a surgical outcome, even in the long 

term, based on the subjective result of a questionnaire. Although the previous approaches 

were undoubtedly very important, this thesis provides an integrative analysis of cortical activity, 

psychophysical performance and effort assessment. With functional magnetic resonance 

imaging (FMRI) it was possible to discover the interplay of these aspects of vision. 

 

FMRI studies are based on the blood oxygenation level dependent (BOLD) contrast that follows 

neuronal activity. When neurons become active the vascular system supplies more 

oxygenated haemoglobin than is needed by the neurons through an overcompensating 

increase in blood flow.38 This displaces the deoxygenated haemoglobin leading to a decrease 

in the deoxyhaemoglobin / oxyhaemoglobin ratio. Considering that oxyhaemoglobin is 

diamagnetic and deoxyhaemoglobin paramagnetic, a decrease in deoxyhaemoglobin/ 

oxyhaemoglobin ratio causes an increase in the MR signal of T2–weighted images.39 Because 

the BOLD contrast mechanism uses oxyhaemoglobin and deoxyhaemoglobin as endogenous 

contrast agents, BOLD FMRI is non-invasive.38, 40 

 

When a stimulus is visible, it will elicit an increase in the visual cortex BOLD signal. Human 

imaging shows increasing activity in the primary visual cortex with increases in stimulus 

contrast.41 Threshold stimuli, by definition, are just visible and therefore elicit a weak signal. The 

threshold parameter reflects the transition from non-detectability as conceptualized by the 

psychometric function relating the probability of correct detection to the stimulus intensity.42  
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We chose to use contrast discrimination tasks to test neuroadaptation because contrast 

sensitivity is an assay of basic spatial vision and its improvement has been objectively 

demonstrated with time after multifocal IOL implantation.43  

Clinical experience has shown that patients have more difficulties in visual tasks involving 

artificial lights in low light conditions, such as night driving. Evaluating cortical contrast responses 

under a glare source therefore was a suitable strategy to replicate these “real world” 

conditions. Given that subjective symptoms are related to glare, we expected that 

neuroadaptation would be maximized by exposure to glare stimuli, which was confirmed by 

our results. 

 

We evaluated patients implanted with multifocal intra-ocular lenses at the early post-operative 

period (3 weeks) and at the 6th month. Patients underwent ophthalmological examination, 

psychophysical assessment for contrast thresholds determination (with and without glare), 

reading performance evaluation, topography and wavefront measurements, quality of vision 

questionnaire and functional magnetic resonance imaging. Although it would be interesting 

to perform the FMRI also before cataract surgery, this approach is hindered by the fact that 

cataract is not a uniform disease and that visual complaints and ability to perform the FMRI 

tasks would depend on the subtype of cataract. We evaluated patients implanted with the 

Acrysof Restor SN6AD1 IOL, an apodized hybrid IOL combining diffractive and refractive 

regions with a +3.00 D add. This IOL has a symmetric biconvex design with negative spherical 

aberration and a blue light–filtering chromophore.44 It is one of the most widely used lens 

designs and therefore it provided an interesting perspective for clinical application. 

 

Our group also developed the Portuguese version of the Radner test (Radner-Coimbra Charts) 

because routine single optotype distance visual acuity tests have been shown to be poor 

predictors for reading performance.45, 46 In modern society, the ability to read is essential for 

daily life. The loss of this ability has a severe impact on quality of life, with loss of independence 

and productivity.47, 48 Modern reading charts, as the highly standardized Radner Reading 

Charts, allow the simultaneous evaluation of reading acuity and reading speed.48 They provide 

increased accuracy for the evaluation of near visual performance, which has become a 

valuable clinical tool as a pre and postoperative measure and for visual rehabilitation.48 They 

consist in standardized highly comparable sentences in terms of lexical difficulty, syntactical 

complexity, word length, number of syllables and position of words.  
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We used the Quality of Vision (QoV) questionnaire because it is a 2nd generation questionnaire, 

unlike most dysphotopsia questionnaires, which are first generation.49 First generation 

questionnaires assume that the space between response categories is equidistant and that all 

questions have the same value. They cannot be used in statistical analysis of correlation or 

change. Rasch analysis solves this problem and was used for scoring the QoV questionnaire 

answers. The QoV evaluates 10 symptoms (glare, halos, starbursts, hazy vision, blurred vision, 

distortion, double or multiple images, fluctuations, focusing difficulties and difficulty judging 

depth) with pictures to elucidate each term meaning. Each symptom has three questions 

associated with it about the frequency, severity and bothersome of the symptom. 

 

The FMRI experiment involved retinotopy for visual cortex mapping and the aforementioned 

functional task, in which subjects had to discriminate a low-contrast target against the 

background in an event-related design. Half of the runs had a light source surrounding the low-

contrast grating for inducing glare. We also studied a healthy control group to account for 

time-dependent changes and carry-over effects. 

 

We found that glare has a stronger impact over recently operated patients (3 weeks after 

surgery) than in control subjects. Glare decreases the BOLD signal to low-contrast visual stimuli 

in the primary visual cortex, which means that patients are more affected by light sources 

surrounding a visual target.  At the third postoperative week, before adaptation occurs, the 

stimuli was difficult to discern, especially in the presence of a glare source, and therefore the 

BOLD signal (both the area under the curve and the peak value) was low. As time goes by, a 

better processing of the visual stimuli was accompanied by better contrast sensitivity and 

therefore higher BOLD signal in the primary visual cortex. Glare induces a veil of luminance that 

can be compared to noise. The activation elicited by this “noise” decreased during follow up. 

Consequently, the signal elicited by the contrast stimulus, despite the presence of the irrelevant 

stimulus (glare), was higher in the second visit. 

Patients also showed significant activations of the attention network (frontal, middle frontal, 

parietal frontal and the postcentral gyrus) when asked to discriminate low-contrast stimuli 

under glare, whereas controls only showed deactivations in the occipital lobe, likely related to 

visibility levels. Patients who were more bothered by visual symptoms showed more activity in 

the top-down attentional network (parietal and frontal lobes). In addition, they also had 

increased activity in the cingulate cortex and in the caudate nucleus. The increased activity 
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of cortical areas dedicated to attention (frontal and parietal lobes), of cortical areas 

dedicated to learning and cognitive control (cingulate) and to task planning and solving 

(caudate) likely represent the beginning of the neuroadaptation process.50-53 

 

At the 6th month visit, glare no longer significantly decreased visual cortex activation to 

threshold stimuli, meaning that patients are eventually more able to discriminate low contrast 

stimuli, despite the presence of glare. This is an objective measure of the improvement of 

disability glare, at the cortical level. There was also only a relative recruitment of the middle 

frontal gyrus when patients discriminated very low contrast targets, meaning that less effort-

related areas had to be activated for stimuli discrimination. Indeed, previous studies have 

shown a FMRI response enhancement in the visual cortex associated with the development of 

expertise in visual tasks, and reduction of effective effort for a preserved level of task efficacy.50 

At this visit (6 months), there were additionally no significant differences in FMRI activations 

between high-score (feeling more bothered by dysphopotsia) and low-score (less bothered) 

groups, in accordance with symptomatic improvement. Again, this likely reflects that patients 

more bothered by dysphotic symptoms required increased activity of the attentional network 

at the first visit, which facilitated perceptual learning through an interaction of attention-

related and visual cortical regions, leading to a normalization at the second visit.51 

 

It has been shown that cortical regions associated with the attentional network are less 

activated after learning a visual task, and the decrease in brain activation is highly correlated 

with the magnitude of expertise acquisition and performance improvement.51 Although there 

was no visual task training in our experiment, as the visual task was repeated only once at the 

6th month follow-up, we can consider every day vision after surgery as a learning experience. 

Patients are exposed to glare sources and low contrast stimuli on a daily basis, and repeated 

experience with a visual stimulus can result in improved perception of the stimulus, i.e., 

perceptual learning.51  With practice, humans become attuned to the relevant features and, 

over time, come to extract these with increasing selectivity and fluency.54 The reduction of 

activation in attention-related areas during learning may represent a reduced requirement for 

attention as the task becomes easier due to improved processing efficacy.50, 51 The cingulate 

gyrus region has an important role in attention, goal-directed behaviours and error monitoring, 

which explains its relative activation in the first study visit, when neuroadaptation has just started 

taking place, but no longer at the second visit, when task performance efficacy is improved.52 
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The same rationale applies to the relative absence of caudate activations in the second visit, 

as this sub-cortical region is involved in the planning and execution of strategies to attain 

complex/difficult goals.53 

 

Because improvements during follow-up could be attributed to an improvement in optical 

properties, we performed wavefront analysis with a ray-tracing aberrometer at both study visits. 

Ray-tracing aberrometers use parallel thin beams in separate and concentric arrays that are 

projected sequentially onto the eye.55 This method avoids any data confusion by enabling 

highly aberrated eyes to be measured on a point-by-point basis.55 The location on the retina 

where each entering light beam reflects is sensed by photodetectors. This property is especially 

useful in the setting of multifocal IOLS, in which other aberrometers tend to have unreliable 

measurements.56 Furthermore, the device is equipped with a topographer and its software 

allows for angle kappa and alpha measurement, as well as the decentration of the IOL from 

the first Purkinje reflex. It is important to measure and control the eye´s optical properties to 

ensure that improvement has occurred due to better processing in the brain and not due to 

an improvement in optical parameters, such as higher-order aberrations, modulation transfer 

function (MTF) or Strehl ratio. There were no significant changes between visits in total root 

mean square (RMS), higher-order RMS, average MTF height, MTF for 10 cpd spatial frequencies 

and Strehl ratio. This fact highlights that the improvements noted in our study were unlikely to 

be related to optical properties. 

 

We also evaluated if there was an association between optical properties and population 

receptive fields (PRF). 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.57, 58 Our study demonstrated, for the first time, that optical 

properties of the eye influence PRF sizes and, consequently, cortical resolution of subjects who 

underwent recently cataract surgery. However, patients with better (smaller) PRF had higher 

questionnaire scores (more dysphotopsia). Indeed, our results showed a striking dissociation 

between optical parameters/PRFs and the perceived quality of vision, often even in opposing 

directions. These findings suggest that a more fine-tuned visual processing (with smaller PRF 

sizes) may allow more intense perception of dysphotic phenomena (halos around lights, 

starbusts, glare) and therefore paradoxically worsened subjectively perceived quality of vision. 

This may explain why there is no correlation between questionnaire scores and optical 

properties in the literature of the field. 
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Therefore, this study also shows, for the first time, an association between patients reported 

subjective difficulties and FMRI outcomes, independently of optical parameters and 

psychophysical performance. It also provides compelling evidence that neuroadaptation to 

multifocal IOLs occurs through a process of attentional network, sub-cortical caudate and 

cingulate recruitment in the initial post-operative period. A form of long-term 

adaptation/functional plasticity (probably perceptual learning) leads to a regularization of 

brain activity towards a non-effort neural activation pattern. It is likely that this change in 

activity represents an increase in neural efficiency such that fewer brain regions are required 

to perform the tasks, as previously reported for gaining of expertise in computer game tasks.59  

 

The immediate application of this work lies in patient reassurement. Patients feeling more 

bothered by lights may paradoxically have an improved tuning of their visual cortex properties 

and achieve excellent optical and visual outcomes. In addition, brain activity regularization 

towards a non-effort pattern will probably occur in the following months after cataract surgery. 

Moreover, patients should not refrain from using their eyes and performing demanding tasks. 

They may require additional attentional network activity initially, but we have shown that this 

activation decreases over time and is accompanied by visual, psychophysical and reading 

performance improvement. Indeed, attentional network recruitment has been shown to 

facilitate perceptual learning through an interaction of attention-related and visual cortical 

regions.51  

Bridging the gap between optical properties and subjective symptoms may lead to improved 

treatment of dysphotopsia. Anxiety may have an impact on perceptual learning.60 

Performance declines when resources (e.g.,spatial attention, executive function) devoted to 

goal-directed behaviors are consumed by anxiety.60, 61 Anxiety impacts both verbal and spatial 

processes, as described by correlations between anxiety and performance impairment.60 

Therefore, anxiety may have to be addressed in some post-operative patients. Perceptual 

training through demanding visual tasks could also help symptomatic patients to select 

relevant information, ignore noise stimuli, such as halos, and improve low-contrast detection 

under glare. 

 

Dysphotopsia may also occur with monofocal IOLs, particularly in the early post-operative 

period. Therefore, our results may be applicable to all IOL adaptations and may not be specific 
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to multifocal IOLs. It would also be interesting, in the future, to compare adaptation in patients 

undergoing cataract surgery with monofocal versus multifocal IOL implantation. 

In addition, it will be clinically relevant to study neuroadaptation to different IOL designs, as 

some designs may induce less dysphotopsia and allow a physiological adaptation. This 

question will be addressed in the continuation of one of the funded projects leading to this 

thesis. Furthermore, evaluating functional connectivity among visual and attention-related 

areas would be especially important in patients in which adaptation failed to occur. 

Specifically, corticostriatal loops contribute to the interpretation of ambiguous visual scenes, 

which may be the case in the presence of haloes, glare and starbursts.62 This could lead to the 

identification of pre-operative markers associated with a positive adaptation to multifocal IOLs 

and other refractive approaches. Specifically, this knowledge may allow to the development 

of a visual stress test (inspired by cardiovascular stress tests) for pre-operative use, in which 

psychophysical and FMRI could be combined to test adaptability to glare and visual attention, 

despite the presence of distractors.   

We look forward to continue this research and contribute to a better understanding of human 

perceptual construction of adaptive vision. 
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SUPPLEMENT 1 – PROTOCOL APPROVAL: COMISSÃO NACIONAL DE 
PROTEÇÃO DE DADOS 
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