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1. General Introduction 

Up to 70% of stroke survivors are affected by Homonimous Hemianopia (Rowe et al., 2009; 

Pambakian, et al. 2005). Homonimous Heminaopia (HH) is the most frequent symptom of 

neurological damage affecting the retrochiasmal visual pathways: that leads to the loss of 

the left or right half of the visual field contralesional to the defect. 

HH has many negative effects on functional abilities and activities of daily living (Han et al., 

2002 Jongbloed et al., 1986): the most common problem is a diminished visuospatial 

exploration, which can impact on reading, mobility, and driving (Gall et al., 2009). 

In many rehabilitation wards, HH is not still adequately considered. This could be ascribed 

to the fact that neurological impaired patients usually have comorbidity and more serious 

problem. Moreover, rarely their closest professionals are also expert in ophthalmology 

(almost all patients have some ocular problems additionally to the brain’s ones), so the 

situation gets difficult. Additionally, for many decades the hemianopia has been considered 

an untreatable pathology. Only in the 90’s the first studies on vision improvement of 

hemianopia following rehabilitation appeared. 

Generally, HH’s rehabilitation techniques are divided into two main groups, depending on 

their relevant approaches: 

 “compensatory”, aimed at allowing the visual images, that cannot be processed in the 

blind field, to be processed in the healthy visual field by means of behavioural training 

or instrumental assistance (Schofield & Leff, 2009) 

  “restorative”, based on the concept that the primary visual cortex of adults has a certain 

resilience and sufficient plasticity to be able to reorganize itself after brain damage 

(Brodtmann et al., 2015). 

Restorative Techniques used for rehabilitation of HH are designed to help the brain activate 

residual vision (Sabel et al., 2011) by training the patient to detect stimuli falling in their blind 

hemifield (Pollock et al., 1996). 

There are two main kinds of restorative rehabilitation for hemianopia:  
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  “border training,” which involves exercising vision at the edge of the damaged visual 

field; 

  “blindsight training,” based on exercising the unconscious perceptual functions deep 

inside the blind hemifield. 

Both techniques have proven to be useful for recovery of different visual functions (Kasten 

& Sabel, 1995; Kasten et al., 1998; Kasten et al., 1999; Kasten et al., 2000; Sabel et al., 

2000; Sabel et al., 2004; Poggel et al., 2006; Mueller et al., 2007; Jobke et al., 2009; Poggel 

et al., 2010; Gall et al., 2012; Sahraie et al., 2006, Sahraie et al., 2010; Sahraie et al., 2013). 

Additionally, in the last decade recent studies applying non-invasive brain stimulation (NIBS) 

techniques has led to promising results in the case of a number of focal brain lesions 

(aphasia, hemiplegia, etc.) (Meinzer et al., 2016; Cha et al., 2014). 

In the recovery of vision, studies on the effectiveness of NIBS techniques in vision 

restoration also appeared, showing to be effective on a large variety of visual problems going 

from retinal disease (Schatz et al., 2016), passing through the optic nerve disease (Gall et 

al., 2016) to the visual brain disease (Spiegel et al., 2013). 

Particularly with respect to HH, these techniques have proven to be effective in the recovery 

of vision if in combination with training (Plow et al. 2011, Plow et al. 2012 and Arber et al. 

2017). The effectiveness of brain stimulation alone in restoring HH is still unexplored. 

Additionally, it is still also unexplored the effect of current stimulation on blindsight 

rehabilitation. 

It would be interesting to deeply investigate what are the most appropriate methods to 

reactivate the injured tissue and/or to improve the visual performance in every-day life. 

This work was divided into three phases; each phase led to write a paper and the relevant 

publications are reported in the three main chapter of this thesis. 

1) The first phase was aimed to discover the state-of-art in HH rehabilitation by 

reviewing articles on the subject that describe the effects of restorative 

rehabilitation, whose long-term efficacy is still on debate. The review provides an 
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overview of all the possibilities of treating HH and evaluates what the most 

appropriate approach would be. Fifty-six articles, describing various techniques 

used to promote visual field recovery were analyzed. Although no formal meta-

analysis was possible, the results of a semi-quantitative evaluation suggested that 

the obtained improvement in visual skills obtained is related to the type of training 

used: “border rehabilitation” seems to improve the detection of visual stimuli, 

whereas “blindsight rehabilitation” seems to improve their processing. Finally, the 

addition of transcranial direct current stimulation seems to enhance the effects of 

visual field rehabilitation. The results were published in the Journal of Vision (2016, 

July 1;16(9):11. doi: 10.1167/16.9.11). 

 

2) The second phase was aimed to test if blindsight rehabilitation associated with 

tDCS is suitable for HH treatment. A pilot study was conducted representing the 

first attempt to associate the modulatory effects of tDCS over the parieto-occipital 

cortex to blindsight treatment in HH rehabilitation. Patients showed better scores 

in clinical-instrumental, functional, and ecological assessments after tDCS 

combined with blindsight rehabilitation rather than rehabilitation alone. In this two-

case report parietal-occipital tDCS modulates the effects induced by blindsight 

treatment on HH. This exploratory study provides some considerations both on the 

effectiveness of training and on electric stimulation treatment. The paper was 

published in Journal of Physical Therapy Science 2017 Sep;29(9):1700-1705. doi: 

10.1589/jpts.29.1700. Epub 2017 Sep 15. 

 

 

3) The third phase was aimed to test the effects of alternating and direct current 

stimulation without training on hemianopia. In this phase, the Milan-Bicocca 

University collaborated with the Institute for Medical Psychology at Otto-von-

Guericke University. At that time, they were involved in studying the effects of 

electrical stimulation on the hemianopics patients as active parts in the REVIS 
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(European consortium for restoration of vision) project. The design of the project 

was published in 2015 from Caroline Gall et al. on Contemporary Clinical Trials in 

a paper titled "Non-invasive electric current stimulation for restoration of vision 

after unilateral occipital stroke”. The project aimed to investigate the effects of 

electric current stimulation on hemianopics people using the different stimulation 

techniques: the expected result was to assess the method effectiveness and 

which, among the techniques, the most efficient. The project contemplated that  

brain electrical stimulation is not associated with other treatments or training. The 

preliminary results of the Magdeburg group was presented, as a conference paper, 

at the 4th international symposium “Low Vision and Brain, 24-26 November 2017, 

Berlin”. 
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2. Project I: Visual field Restorative Rehabilitation after brain injury 

2.1 Introduction 

Visual field defects 

One of the most frequent symptoms of neurological damage is a lesion affecting the 

retrochiasmal visual pathways that leads to the loss of the left or right half of the visual field 

of both eyes depending on whether the lesion is on the right or left side of the brain. Long 

known as homonymous hemianopsia (HH), the effects may vary from complete blindness 

to the loss of only a part of the affected hemifield. The lesion affects the visual fibres posterior 

to the lateral geniculate nucleus (LGN), and may involve the occipital lobe (about 40% of 

cases), the parietal lobe (30%), the temporal lobe (25%), or the pathway between the optic 

tract and the LGN (5%) (Grunda, Marsalek & Sykorova, 2013). 

The most frequent cause is stroke: it is estimated that 20-57% of stroke survivors are 

affected by HH (Rowe et al., 2009), but this percentage increases to 70% in the case of a 

stroke involving the district supplied by the posterior cerebral artery (Pambakian, Currie & 

Kennard, 2005). Other possible causes are subarachnoid bleeding, intracerebral 

hematomas, cerebral traumas, tumours and, much less frequently, brain surgery, 

demyelinating diseases and congenital diseases (Zhang, Kedar, Lynn, Newman & Biousse, 

2006). About 20-30% of all of the patients admitted to neuro-rehabilitation wards have visual 

field defects (Kerkhoff, Münssinger & Meier, 1994), whereas the visual acuity of patients 

with hemianopsia due to retrochiasmal lesions is generally not impaired (Zihl & von Cramon 

1982). Furthermore, according to Kerkhoff (1999), 70% of the subjects with HH show 

“macular sparing”: i.e. they have a preserved area of central vision whose amplitude ranges 

from 2° to 5° (Wang, 2003).   

The World Health Organisation International Classification of Functioning, Disability and 

Health (ICF) [WHO, 2004] recognises three principal types of visual deficiency: deficit 

(related to the organ), disability or limitation of activities (related to the person), and handicap 

or restricted participation (related to society). Homonymous visual field deficits usually cause 

the last two: the absence of, or a deficiency in spatial information, reading disorders, and 

orientation deficits that cause affected subjects to bump into objects or have problems in 
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finding their way; and major handicaps such as reduced participation in society, an inability 

to drive, a reduction in everyday activities, impaired independence, reduced social contacts, 

and severe reduction in the quality of life (Gall, Lucklum, Sabel & Franke, 2009). 

One of the main handicaps affecting the quality of life of hemianoptic patients is the reading 

impairment called hemianoptic alexia (Leff & Behrmann, 2008), but the occurrence and 

entity of the reading disorders due to HH depend on the side of the deficit and the presence 

of macular sparing (Schuett, 2009).  

 

Properties of cerebral hemianopsia: spontaneous recovery and blindsight 

Spontaneous recovery is most frequently observed within three months of the event (Pouget 

et al., 2012), but seems to be relatively limited. It has occurred in 30-50% of the cases 

considered in various studies (Hier, Mondlock & Caplan, 1983; Zhang et al., 2006), and the 

degree of recovery greatly depends on the type and site of the lesion: for example, when 

HH is caused by an ischemic lesion, the recovery rate is no more than 10% (Gray et al., 

1989). Furthermore, in the case of complete initial damage, recovery is greatest during the 

first ten days and, when the defect is incomplete, it is greatest in the first 48 hours and further 

recovery is minimal after 10-12 weeks (Zhang et al., 2006). Zhang et al. (2006) found that 

the possibility of spontaneous recovery during the first six months progressively decreases 

from 50-60% in the first month to 20% after six months, and then becomes zero; however, 

other authors (Trauzettel-Klosinski, 2010) claim that a slight subsequent improvement is 

possible even 8-12 months after the lesion. 

Functional magnetic resonance imaging (fMRI) studies have shown that recovery is 

associated with reactivation of the primary visual cortex (V1) and the restored integrity of 

ipsilateral optic radiations (Polonara et al., 2011), but this seems to be conditioned by the 

strictly unilateral retinotopical representation of V1, which probably limits the degree of 

reorganisation possible in other more overlapping neural networks (Kerkhoff, Münssinger, 

Haaf, Eberle-Strauss & Stögerer, 1992). 

A perimetry study by Çelebisoy M, Çelebisoy N, Bayam and Köse (2011) showed that 

spontaneous recovery occurs first in the peripheral areas of the inferior quadrants. Vision 
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generally returns to the blind hemifield in a sequence beginning with the perception of light, 

which is followed by the perception of movement, shape and colour, and finally by stereopsis 

(Pambakian et al., 2005, Gray et al., 1989). It has also been reported that perceptual 

recovery may occur in a deformed and/or distorted manner in the regions bordering the 

scotoma (Dilks, Serences, Rosenau, Yantis & McCloskey, 2007). 

Patients affected by HH may also have partially preserved visual perception in their blind 

hemifield (Weiskrantz,  Harlow & Barbur, 1991), a condition known as “blindsight” that 

represents a sort of unconscious sensitivity: for example, they may be capable of 

discriminating certain attributes such as the colour and shape of tachystocopic stimuli 

presented in forced choice tasks (Sanders, Warrington, Marshall & Weiskrantz, 1974; Zeki 

& Ffytche, 1998) or of processing emotional stimuli in the absence of awareness (Pegna, 

Khateb,  Lazeyras &  Seghier, 2005; Bertini, Cecere & Làdavas, 2013). Sahraie et al. (2006) 

distinguished two types of blindsight: type 1 characterised by some residual visual capacity 

in the absence of any acknowledged awareness by the subject, and type 2 by impaired 

awareness (patients can have some “feeling” of the occurrence of an event without seeing it 

per se). The reality of blindsight has been confirmed by fMRI studies that have revealed the 

activation of the amygdala when stimuli with an affective content are presented in the blind 

hemifield (De Gelder, Vroomen, Pourtois, & Weiskrantz, 1999). 

Blindsight has been interpreted in various ways: it may be related to the presence of so-

called “spared islands” of functioning cortical striatal neurons, or spared axons fibers, that 

have survived the lesion and remain connected to the extra-striatal cortical region (Fendrich, 

Wessinger & Gazzaniga, 1992; Wust, Kasten & Sabel, 2002); in cases in which the striatal 

cortex is totally compromised (such as after surgical ablation), it may be due to the presence 

of connections between the extra-striatal/geniculate regions and sub-cortical structures 

(including the superior colliculus and the pulvinar) that reach the ipsilateral extra-striatal 

cortex via tecto-tectal pathways (Ffytche, Guy & Zeki, 1995). 

However, despite their highly disabling nature, visual field defects often remain untreated 

because they are under-estimated by physicians or because the people affected 

spontaneously learn methods of compensation (Zhang et al., 2006). Many studies have 

demonstrated that hemianoptic patients tend to compensate for their loss of visual field by 

modifying their eye movements or concentrating more on the blind hemifield (Ishiai, 
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Furukawa & Tsukagoshi, 1987; Pommerenke & Markowitsch, 1989). Together with the often 

conflicting results of the treatments described in the literature (Romano, Schulz, Kenkel & 

Todd, 2008; Marshall, Chmayssani, O'Brien, Handy & Greenstein, 2010), this probably 

explains why there is still no generally accepted method for rehabilitating people with visual 

field disorders. 

 

Rehabilitation strategies 

These can be divided into three broad categories: 

1. Behavioural compensation, which is aimed at optimising patients’ behaviour in order 

to improve their everyday functional performance. One example is explorative 

saccadic training (Roth T., Sokolov, Messias, Roth P., Weller & Trauzettel-Klosinski, 

2009), a form of rehabilitation that consists of increasing patients’ attention towards 

the blind hemifield in order to allow them to scan space more carefully.  

2. Substitutive compensation which has the aim of extending or improving the quality of 

vision with the aid of optical aids such as prisms (Bowers, Keeney & Peli, 2014).  

3. Restoration, which is intended to restore part of the visual field by means of 

rehabilitation (Kasten, Wüst, Behrens-Baumann & Sabel, 1998) 

The first two are “compensatory” approaches aimed at allowing the visual images that 

cannot be processed in the blind field to be processed in the healthy visual field by means 

of behavioural training or instrumental assistance (Schofield & Leff, 2009). On the contrary, 

visual field training techniques are aimed at improve or even restoring visual function by 

training patients to detect stimuli in the blind hemifield and increase their overall sensitivity 

to them. This is done by administering reiterated stimuli in order to help the brain reactivate 

visual function (Pollock et al., 2011).  

Although a number of comparative studies have been carried out (Mödden, Behrens, 

Damke, Eilers, Kastrup & Hildebrandt, 2012; Roth et al., 2009; Van der Wildt & Bergsma, 

1997), there is still no consensus as to whether the compensatory or restorative approach 
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is more efficacious in treating visual field loss due to brain injury (Goodwin, 2014; Dundon, 

Bertini, Làdavas, Sabel & Gall, 2015). 

However, the aim of this review is not comparative but to describe the characteristics and 

value of restorative treatment, which is based on the concept that the primary visual cortex 

of adults has a certain resilience and sufficient plasticity to be able to reorganise itself after 

brain damage (Brodtmann, Puce, Darby & Donnan, 2015). The residual structures can be 

reactivated by means of repeated visual stimulation (Sabel, Henrich-Noack, Fedorov & Gall, 

2011), alone or combined non-invasive brain stimulation (NIBS) (Ro & Rafal, 2006; Herpich, 

Melnick, Huxlin, Tadin, Agosta & Battelli, 2015), for which various methods and duration of 

treatment have been proposed. It is therefore interesting to consider which methods are 

more appropriate for reactivating injured tissue and/or improving visual performance in 

everyday life. 

 

2.2 Methods 

Between August 2015 and February 2016, the PubMed/Medline, PsycINFO and Web of 

Science databases were searched for original articles about retrospective and prospective 

studies using the key words “Rehabilitation” OR “Restoration” combined with “Visual Field” 

OR “Hemianopsia”. The search identified 1290 articles (793 from PubMed, 211 from 

PsycInfo, and 286 from Web of Science), to which a further 51 articles from other sources 

were added. 

After preliminary screening of the titles in order to eliminate duplications, articles not written 

in English, and articles that were not pertinent to subject, 126 articles were examined on the 

basis of the following eligibility criteria: the articles had to describe primary scientific research 

(i.e. reviews, meta-analyses, state-of-the-art articles, and letters to the editor were excluded) 

into the visual rehabilitation of human beings with retrochiasmatic lesion, without the use of 

compensatory methods, and without being specific for driving. Fifty-six articles were 

included in the final analysis (Fig. 1). 
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FIG. 1 - Flow chart of study selection 

 

 

The articles were divided into three categories: 

 

1) border-field training based on exercises specifically targeting the transition zone between 

intact and damaged visual fields (Schmielau & Wong 2007; Kasten, Wuest & Sabel, 

1998);  

2) blindsight training specifically targeting inside the blind hemifield (Sahraie et al., 2006);  

3) rehabilitation combined with non-invasive brain stimulation techniques such as 

transcranial direct current stimulation (tDCS). 

 

Each article was analysed by extrapolating the number of treated patients, the duration of 

the therapy, an assessment of the defect, the study end points, and the main results. Each 

end point of each study was associated with the type of instrument used to detect and 

measure it, and subsequently evaluated on the basis of the significance of the results: those 

that showed no positive variation in comparison with pre-training were classified as 



SCUOLA DI DOTTORATO 

UNIVERSITÀ DEGLI STUDI DI MILANO-BICOCCA 

 

 11 

 

“unchanged or worsened”; those leading to an improvement that was not significant or was 

only described qualitatively were classified as “improved”; and those leading to a statistically 

significant improvement (even in only some subjects) were classified as “significantly 

improved”. “Improved” was also used for the studies without a statistical analysis of the 

results, when the results were analysed in a descriptive qualitative manner, and when the 

author(s) explicitly declared that there was no improvement but the presented data showed 

an increase in comparison with baseline. 

The results were then analysed on the basis of the end point, the instrument used, and the 

results obtained, and the end points were then grouped into macro-categories in order to 

observe the effect of the rehabilitation on every general capacity related to the visual field. 

The first macro-category was stimulus detection, defined as the recognition of a threshold 

or above-threshold light stimulus. The second was stimulus processing (i.e. the ability to 

analyse a stimulus in time and space), defined as the perception of elements such as 

contrast, colour, shape, size, frequency and movement; the third included all of the 

neuropsychological end points such as the ability to read and be functionally attentive; and 

the fourth all of the subjectively/functional evaluated end points. 

Two contingency tables (one for border rehabilitation and the other for blindsight 

rehabilitation) were drawn up in relation to each macro-category and, finally, the distribution 

of the results within the macro-categories were statistically analysed when the numbers 

allowed. 

 

2.3 Results 

Table 1 shows that 35 articles concerned border visual field rehabilitation, 17 blindsight 

visual field rehabilitation, and four visual field rehabilitation combined with tDCS.  
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TAB. 1 –Studies of Restorative Rehabilitation classified by type of treatment performed 
Treatment Code Authors  Year Sample size Period of treatment  

Border VFR 

1 Zihl et al. 1979 12 30 one-hour sessions 
2 Zihl et al. 1985 55 80 and 120 trials daily  
3 Balliet et al. 1985 12 2-11 months 
4 Kasten et al. 1995 11 + 3 80-300 hours (1 h daily) 
5 van Der Wildt et al. 1997 1 27 one-hour sessions  
6 Kasten et al. 1998 19 + 19  6 months (150 h)  
7 Kasten et al. 2000 19 + 13  6 months (150 h) 
8 Kasten et al. 2001 16 + 6  2.3 months 
9 Julkunen et al. 2003 5 33–47 hours (1 hour 3 times a week) 
10 Mueller et al. 2003 69 6 months  
11 Poggel et al. 2004 10 + 9  6 months 
12 Sabel et al. 2004 16 6 months 
13 Reinhard et al. 2005 17 6 months 
14 Julkunen et al. 2006 1 3 months (37 hours) 
15 Kasten et al. 2006 15 3 months 
16 Schreiber et al. 2006 16 6 months (1 hour daily/6 days a week ) 
17 Poggel et al. 2006 9 + 7 +7 unspecified 
18 Kasten et al. 2007 23 3 months (30 min twice daily) 
19 Mueller et al. 2007 302 6 months  
20 Schmielau et al. 2007 20 8.2 months (45 min twice weekly) 
21 Bergsma et al. 2008 3 + 6  55, 40, 40 sessions 
22 Marshall et al. 2008 6 1 month 
23 Mueller et al. 2008 17 6 and 12 months 
24 Poggel et al. 2008 19 6 months 
25 Romano et al. 2008 161 6 modules 
26 Gall et al. 2008 85 3 and 6 months 
27 Bergsma et al. 2010 11 40 hours (1 hour daily)  
28 Marshall et al. 2010 7 3 months (twice daily) 
29 Poggel et al. 2010 19 6 months 
30 Raemaekers 2011 8 10 weeks (40 hours) 
31 Gall et al. 2012 11 6 months 
32 Mödden et al. 2012 15 + 15 + 15 3 weeks (15 30-min sessions)  
33 Sabel et al. 2013 23 6 months 
34 Bergsma et al. 2014 12 13 weeks (1-hour/day – 5 days/week) 
35 Poggel et al. 2015 9 3 months 

Blindsight 

VFR 

 

36 Vanni et al. 2001 1 1.5 years 
37 Hyvarinen et al. 2002 1 12 and 4 months 
38 Pleger et al. 2003 3 6 months 
39 Sahraie et al. 2006 12 3 months 
40 Heriksson et al. 2007 1 5 months (twice a week) 
41 Raninen et al. 2007 2 1 year (twice a week) and more 
42 Chokron 2008 9 22 weeks 
43 Huxlin 2009 7 9–18 months  
44 Jobke et al. 2009 8 + 10  90 days + 90 days  
45 Roth et al. 2009 13 + 15 6 weeks 
46 Sahraie et al. 2010 4 50-301 sessions 
47 Bergsma et al. 2012 12 10 weeks (40 1-hour sessions) 
48 Sahraie et al. 2013 5 30 min daily/ 3 months minimum 
49 Das et al. 2014 9  ≥5 day/week 
50 Vaina et al. 2014 1 11 months 
51 Elliot et al. 2015 3 4 treatment sessions 
52 Cavanaugh et al. 2015 7 ≤6 months 

VFR + tDCS 53 Halko et al. 2011 1 3 months (2 half-hour sessions 3 days a week) 
54 Plow et al. 2011 1 + 1  3 months (30 min / twice a day / 3 days per week) 
55 Plow et al. 2012 6 + 6 3 months (two half-hour sessions, 3 times a week) 
56 Plow et al. 2012 4 + 4  3 months (1 hour sessions 3 days a week) 

Were excluded:  all tDCS studies made in healthy subjects, study projects/protocols and studies that did not show results, articles that did not treat 

retrochiasmatic damage, rtACS sudies, the papers of  Cowey et al., (2013) and Olma et al., (2013) not doing rehabilitation but “offline tDCS”. 
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Border field training 

Border field training is the most frequently used method of rehabilitating patients with HH. 

The earliest approaches date back to the 1980s, when the first studies revealed an 

improvement in sensitivity to contrast and, above all, a post treatment increase in the visual 

field (Zihl & von Cramon, 1979 and 1985). Researchers have designed and tested various 

computer- and perimeter-based paradigms and algorithms aimed at stimulating the 

transition zone, each of which has its own particular characteristics, including Goldmann, 

Lubeck and Tubinger perimeter training, and specially designed computer programs (e.g. 

Vision Restorative Therapy). 

The treatments themselves consist of sometimes even domiciliary sessions during which 

patients are asked to adopt central fixation while they are presented stimuli directed at the 

transition zone, the detection of which they indicate by pressing a button or key.  

Table 2 shows the results of the border field rehabilitation studies. 
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TAB. 2 – RESULTS OF BORDER REHABILITATION STUDIES 
Category – Outcome Assessment method No. of articles Results  Total No. of  

patients Significantly 

improved 
Improved Unchanged 

or worsened 

DETECTION – Shift Goldmann 7 (3, 9, 14, 20, 27, 30, 34) 1 6 0 69 
DETECTION – Shift HRP 10 (6, 8, 11, 12, 15, 19, 23, 24, 26, 29) 8 2 0 527 
DETECTION – Shift Octopus 1 (14) 0 1 0 1 
DETECTION – Shift SLO 2 (12, 13) 0 0 2 33 
DETECTION – Shift Tubinger Perimeter 4 (1, 2, 4, 21) 1 3 0 81 
DETECTION – Shift TAP 6 (6, 8, 12, 16, 18, 32) 2 4 0 105 
DETECTION – Shift Supra-threshold perimetry 1 (25) 1 0 0 161 
DETECTION – Stimuli Kinetic perimetry 1 (5) 0 1 0 1 
DETECTION – Stimuli Octopus 1 (9) 0 1 0 5 
DETECTION – Stimuli HRP 17 (4, 6, 7, 8, 10, 11, 12, 15, 17, 18, 

19, 23, 24, 26, 29, 31, 35) 
17 0 0 692 

DETECTION – Stimuli Microperimetry 1 (28) 1 0 0 7 
DETECTION – Stimuli TAP 4 (7, 11, 20, 24) 3 1 0 77 
DETECTION – Stimuli Supra-threshold perimetry 1 (25) 1 0 0 161 
DETECTION - Misses HRP 3 (19, 29, 31) 3 0 0 332 
DETECTION - Misses TAP 5 (6, 12, 15, 18, 24) 4 1 0 92 
NPSY - Attention HRP reaction time 8 (12, 15, 17, 19, 22, 23, 26, 35) 4 4 0 473 
NPSY - Attention Spatial attention  1 (18) 1 0 0 23 
NPSY - Attention Alertness  3 (18, 24, 32) 2 1 0 57 
NPSY - Attention Cancellation task 1 (32) 1 0 0 15 
NPSY - Reading Words per minute 3 (13, 27, 31) 3 0 0 39 
NPSY - Reading Errors 1 (32) 0 1 0 15 
NPSY - Reading Reduction in time & errors 1 (2) 1 0 0 55 
FUNCT/SUBJ Evaluation of visual field 2 (9,14) 0 2 0 6 
FUNCT/SUBJ ADL rating in Visus status 

questionnaire 
1 (12) 1 0 0 16 

FUNCT/SUBJ ADL – Activity Daily 

Living interviews 
1 (20) 0 1 0 20 

FUNCT/SUBJ ADL – Activities Daily 

Life 
1 (10) 0 1 0 69 

FUNCT/SUBJ Subjective questionnaire 4 (6, 12, 13, 18) 2 2 0 75 
FUNCT/SUBJ Semi-structured 

Questionnaire 
1 (19) 0 1 0 302 

FUNCT/SUBJ Evaluation of daily life 1 (9) 0 1 0 5 
FUNCT/SUBJ  QOL  1 (26) 1 0 0 85 
FUNCT/SUBJ Barthel’s ADL  Index 1 (32) 1 0 0 15 
FUNCT/SUBJ Drawing Area 1 (24) 1 0 0 19 
FUNCT/SUBJ Helpfulness of 

rehabilitation 
1 (24) 0 1 0 19 

FUNCT/SUBJ GAS 1 (34) 1 0 0 12 
CORTICAL CHANGES VEP 2 (9, 14) 0 2 0 6 
CORTICAL CHANGES PET 1 (14) 1 0 0 1 
CORTICAL CHANGES fMRI 2 (22, 30) 2 0 0 14 
PROCESSING - Temporal Temporal Resolution 1 (35) 1 0 0 9 
PROCESSING - Form Peri-Form test 

improvement 
3 (4, 7, 8) 0 3 0 46 

PROCESSING – Form Form improvement 4 (1, 2, 20, 24) 0 4 0 106 
PROCESSING – Colour  Peri-Color test 

improvement 
3 (4, 7, 8) 2 1 0 46 

PROCESSING – Colour Colour improvement 5 (1, 2, 20, 21, 24)  0 5 0 132 
PROCESSING - 

Frequency 
Flicker recognition 2 (1, 21) 0 2 0 15 

PROCESSING - 

Discrimination 
Visual acuity 2 (18, 20, 24) 0 1 2 62 

PROCESSING - 

Discrimination 
Contrast sensitivity 2 (1, 24) 0 1 1 31 

EYE MOVEMENTS Visual conjunction search 1 (32) 0 1 0 15 
EYE MOVEMENTS Saccades 1 (15) 0 0 1 15 
EYE MOVEMENTS Search field test 1 (24) 1 0 0 19 
       

NPSY= Neuropsychology, FUNCT/SUBJ = Functional/Subjective Evaluation, HRP= High-resolution Perimeter, SLO= scanning laser 

ophthalmoscope, TAP= Tubingen Automated Perimeter, QOL= quality of life, GAS= Goal Attainment Scaling, ADL= activities of daily living, 

VEP= Visual Evoked Potentials, PET= Positron Emission Tomography, fMRI= Functional Magnetic Resonance Imaging. 
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The three parameters relating to the effects of treatment on stimulus detection were border 

shift (DETECTION – Shift), the stimuli detection rate (DETECTION – Stimuli) and the 

number of missed stimuli (DETECTION – Misses). The treatment had a significant effect in 

terms of border shift in 13 of the 31 studies, which was mainly revealed by means high-

resolution perimetry (HRP) and Tubinger perimeter, whereas the stimuli detection rate and 

number of missed stimuli improved in all of the studies, and significantly improved in 29. 

All of the considered neuropsychological parameters (e.g. performance on the alertness, 

attention and cancellation tasks, and reading time and errors) showed statistically significant 

improvements overall: attention (tested in a total of 568 patients) significantly improved in 

eight out of thirteen studies, and reading abilities (tested in a total of 109 patients) 

significantly improved in four out of five studies. 

All of the studies that analysed stimulus processing (the identification of shapes, colours 

temporal and flickers) found albeit non-significant improvements in 15 out of 17 results 

considered, but there was little or no improvement in visual acuity, contrast sensitivity or eye 

movement functions. 

Sixteen studies measured subjective improvements in various ways (drawings of the 

perceived visual field, questionnaires and interviews, evaluations of daily life, visual 

confidence, and the helpfulness of rehabilitation), all recorded an improvement, and seven 

a significant improvement. 

In relation to cortical function, two studies measured visual evoked potentials (VEPs), one 

of which obtained the appearance of a previously absent P100. Positron emission 

tomography (PET) revealed statistically significant diffuse changes in a single case, and 

fMRI revealed significant changes in a total of 14 patients participating in two studies. 

The sample sizes of the border rehabilitation studies have varied widely: the largest carried 

out so far are those of Mueller, Mast and Sabel in 2007 (302 patients) and Romano et al., in 

2008 (161 patients); the others have been decidedly smaller, sometimes considering just a 

single case. Treatment duration have also varied widely from just a few weeks to more than 

one year, but it seems that better results are obtained using at least twice- or thrice-weekly 

sessions for six months or more (Mueller, Gall, Kasten, & Sabel 2008).  
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The analyses made three months (Julkunen, Tenovuo, Jääskeläinen & Hämäläinen, 2003), 

six months (Schmielau & Wong, 2007), 6-12 months (Kasten & Sabel, 1995), and up to two 

years after the end of treatment (Kasten, Müller-Oehring & Sabel, 2001) show that the 

improvements persisted in most of the patients, with some differences between them. 

Kasten, Müller-Oehring and Sabel (2001) also claimed that age and gender had no effect 

on the stability of the improvements. 

Finally, Schmielau (2007) suggested that binocular training is more efficacious than 

monocular training. 

 

Blindsight training 

Blindsight training consists of training the blind hemifield (Zihl & Werth, 1984) by repeatedly 

stimulating the inside of the scotoma. The method of stimulation in the various studies is 

very different in terms of the part of the hemifield stimulated and the stimulation protocols. 

Some authors stimulated the inside of the scotoma at different degrees of eccentricity, 

whereas others used perimetry to decide the point to stimulate before rehabilitation: 

consequently the depth of the scotoma involved in the different studies was different. 

Furthermore, the stimulation paradigms may have been dynamic or static and at different 

frequencies, and included flicker stimulation, pointing at visual targets, letter recognition and 

identification, visual comparisons of the two hemifields, grating discrimination, spiral-like 

stimuli, and target movements.  
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Table 3 shows the results of the blindsight rehabilitation studies. 

TAB. 3 – RESULTS OF BLINDSIGHT REABILITATION STUDIES 
Category - Outcome  Assessment method No. of studies Results Total No. of 

patients Significantly 

improved 
Improved Unchanged 

or 

worsened 
DETECTION - Misses Humphrey: 

Undetected target 
1 (42) 1 0 0 9 

DETECTION – Stimuli Humphrey: 

Change in sensitivity  
3 (39, 43, 48) 1 1 1 24 

DETECTION – Stimuli Goldmann 2 (37, 41) 0 1 1 3 
DETECTION – Stimuli HRP 1 (44) 1 0 0 18 
FIELD SIZE Goldmann  2 (36, 47) 0 1 1 13 
FIELD SIZE TAP 1 (45) 0 0 1 13 
FIELD SIZE Octopus 1 (51) 0 1 0 3 
CORTICAL CHANGES ECSG 1 (47) 0 1 0 12 
CORTICAL CHANGES MEG 2 (36, 40) 0 2 0 2 
CORTICAL CHANGES fMRI 3 (38, 40, 50) 1 2 0 5 
CORTICAL CHANGES Evoked fields  1 (41) 0 1 0 2 
FUNCT/SUBJ NEI-VFQ 1 (44) 0 1 0 18 
PROCESSING – Form/Colour Form and colour 

perception 
1 (47) 1 0 0 12 

PROCESSING - Form/Colour/Pattern Figures, pattern and 

colour recognition 
1 (38) 0 1 0 3 

PROCESSING – Static  Verbal and motor 

target localisation  
1 (42) 1 0 0 9 

PROCESSING – Static Letter identification 1 (42) 1 0 0 9 
PROCESSING – Static Static sensitivity 1 (51) 0 1 0 3 
PROCESSING – Static Static discrimination 1 (49) 0 1 0 9 
PROCESSING – Frequency Flicker sensitivity 3 (37, 41, 51) 0 3 0 6 
PROCESSING – Frequency Letter recognition 2 (37, 41) 0 2 0 3 
PROCESSING – Frequency Awareness 1 (48) 1 0 0 5 
PROCESSING – Frequency Gabor patch detection 3 (39, 46, 48) 3 0 0 21 
PROCESSING - Motion Simple motion 1 (43) 1 0 0 7 
PROCESSING - Motion Complex motion 3 (43, 49, 52) 3 0 0 23 
PROCESSING - Motion Motion awareness 1 (43) 0 1 0 7 
EYE MOVEMENTS Search and fixation 1 (45) 0 0 1 13 
NPSY - Reading Reading speed 1 (47) 1 0 0 12 
       
NPSY= Neuropsychology, FUNCT/SUBJ = Functional/Subjective Evaluation, HRP= High-resolution Perimeter, TAP= Tubingen Automated 

Perimeter, ECSG= estimated cortical surface gain, MEG= magnetoencephalography, fMRI= Functional Magnetic Resonance Imaging, NEI-VFQ= 

National Eye Institute Visual Function Questionnaire. 

 

The detection of visual field test stimuli has been evaluated in six studies involving a total of 

45 patients: two found a statistically significant difference, two a non-significant difference, 

and two no improvement. One study of nine patients found a statistically significant reduction 

in missed stimuli. 

Two of the four studies of visual field size obtained positive results, but only nine of the 29 

patients showed greater visual field size.  
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Two studies of stimulus processing (Form/Colour/Pattern) involving a total of 15 patients 

obtained positive results.  Static perception improved in four studies, and significantly 

improved in two. The frequency processing improved in nine studies, and significantly 

improved in four: one of which showed a significant improvement in reported awareness.  

The results of motion perception tasks were significant in three studies involving a total of 

23 subjects, one of which recorded an improvement in motion awareness. 

The analyses of cortical function revealed ECSG, MEG and evoked field changes in four 

works. Three studies used fMRI to monitor cortical changes in a total of five patients 

observed an improvement. 

None of the blindsight rehabilitation studies had a sample size of more than 20 subjects. 

The reviewed studies highlight the fact that recovery can be slow and may require a large 

number of training sessions over a period of up to 18 months (Huxlin et al., 2009), although 

this can be reduced by using positive feedback (Sahraie, Macleod, Trevethan, Robson, 

Olson, Callaghan & Yip, 2010). 

 

Transcranial direct current stimulation (tDCS) 

It is believed that anodic tDCS combined with visual field training is capable of accelerating 

the recovery of stimuli detection, and that its effect on visual recovery is task specific: i.e. 

related to the rehabilitation strategy used (Plow, Obretenova, Jackson & Merabet, 2012). 

The effects of anodal tDCS on perimetry in healthy subjects was studied by Costa et al., 

(2015), Kraft et al., (2010), and Olma, Kraft, Roehmel, Irlbacher and Brandt, (2011): these 

Authors found an improvement in the sensitivity linked to eccentricity of the visual field and 

recommended the use of tDCS in HH rehabilitation. 
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Table 4 shows the results of the studies of combined treatment, all of which combined tDCS 

with border rehabilitation.  

TAB. 4 – RESULTS OF VISUAL REHABILITATION AND TDCS STUDIES 
Category - Outcome  Assessment method No. of studies Results Total No. of  

patients Significantly 

improved 
Improved Unchanged 

or worsened 
DETECTION – Shift HRP 3 (54, 55, 56) 2 1 0 22 
DETECTION – Stimuli HRP 2 (55, 56) 2 0 0 20 
FUNCT/SUBJ Functional 

questionnaires  
1 (54) 0 1 0 2 

FUNCT/SUBJ ADLs 1 (56) 1 0 0 8 
FUNCT/SUBJ QOL 1 (56) 0 0 1 8 
CORTICAL CHANGES fMRI association 

activity  
2 (53, 54) 1 1 0 3 

PROCESSING Contrast sensitivity 

and MNREAD 
1 (55) 0 0 1 12 

       
NPSY= Neuropsychology, FUNCT/SUBJ = Functional/Subjective Evaluation, HRP= High-resolution Perimeter, ADLs= vision-related activities of 

daily living, QOL= quality of life, fMRI= Funtional Magnetic Resonance Imaging, MNREAD= Minnesota Low-Vision Reading Test. 

 

Shift stimulus detection was measured using the visual field test in three studies, two of 

which found a statistically significant improvement. The same two studies found also an 

improvement in the detection rate. 

Two single-case studies observed fMRI improvements. 

Three end points have been used to test functional/subjective improvements, two which 

revealed improvement, but little or no improvement was observed in the quality of life. 

No or little improvement was found of contrast sensitivity and reading performance, too. 

The use of tDCS may enhance the inherent mechanisms of plasticity associated with 

training: it improves the detection of stimuli in as little as one month, and broadening of the 

visual field occurs after three months (Plow et al., 2012). 
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Analysis of the distribution of the results 

As can be seen in Table 5, border rehabilitation had a higher percentage of statistically 

significant effects on neuropsychological and stimulus detection (visual field) end points 

(respectively 66.7% and 65.6%), and the majority of the stimulus processing and 

functional/subjective evaluation results were non-significantly positive (respectively 74% 

and 56.2%). 

TAB. 5- Distribution of the effects of border rehabilitation by macro-category of end points 

BORDER Significantly 

improved 
Improved Unchanged or worsened Total 

DETECTION 42 (65.6%) 20 (31.3%) 2 (3.1%) 64 (100%) 
PROCESSING 3 (13%) 17 (74%) 3 (13%) 23 (100%) 
NPSY 12 (66.7%) 6 (33.3%) 0 18 (100%) 
FUNCT/SUBJ 7 (43.8%) 9 (56.2%) 0 16 (100%) 
CORTICAL CHANGES 3 (60%) 2 (40%) 0 (0%) 5 (100%) 
EYE MOVEMENTS 1 (33.3%) 1 (33.3%) 1 (33.3%) 3 (100%) 
 

Excluding the macro-category of functional/subjective evaluation and eyemovements (which 

only included two end points), Table 6 shows that blindsight rehabilitation had a higher 

percentage of statistically significant effects on stimulus processing (55%), whereas the 

majority of the studies found no improvement in stimulus detection (36.4%). 

TAB. 6 - Distribution of the effects of blindsight rehabilitation by macro-category of end points 

BLINDSIGHT Significantly 

improved 
Improved Unchanged or worsened Total 

DETECTION 3 (27.2%) 4 (36.4%) 4 (36.4%) 11 (100%) 
PROCESSING 11 (55%) 9 (45%) 0 (0%) 20 (100%) 
NPSY 1 (100%) 0 (0%) 0 (0%) 1 (100%) 
FUNCT/SUBJ 0 (0%) 1 (100%) 0 (0%) 1 (100%) 
CORTICAL 

CHANGES 
1 (14.3%) 6 (85.7%) 0 (0%) 7 (100%) 

EYE MOVEMENTS 0 (0%) 0 (0%) 1 (100%) 1 (100%) 
 

 

Comparison of the two tables shows that the results were distributed differently. The sample 

sizes of the studies with end points falling in the neuropsychology, functional/subjective, 

cortical changes and eyemovements macro-categories are too small to allow comparisons 

in terms of percentages, but there were enough studies with stimulus detection and 

processing end points to make a statistical comparison of the types of rehabilitation using 

Fisher’s exact test. 
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In the case of border rehabilitation, the difference in the distribution of the studies with end 

points in the categories of stimulus detection and stimulus processing was statistically 

significant (p<0.0001), and in favour of stimulus detection. In the case of blindsight 

rehabilitation, the difference in the distribution of the studies in the two categories was again 

statistically significant (p=0.01), but this time in favour of stimulus processing. The same was 

true in the case of the number of significantly improved cases.   

 

2.4 Discussion 

The efficacy of restorative rehabilitation 

Over the last few years, various studies have overcome previous scepticism by 

demonstrating that it is possible to expand visual fields after a brain injury using specific 

rehabilitation techniques capable of stimulating the impaired areas (Romano et al., 2008; 

Sabel & Kasten, 2000; Sahraie et al., 2006; Pollock et al., 2011). However, despite the 

difficulty of making comparisons (see Appendix), the results seem to suggest that the visual 

capacities reacquired after different types of rehabilitation involve different mechanisms and, 

consequently, affect different visual skills, a supposition that is supported by the findings of 

neuroimaging studies. 

Border rehabilitation prevalently seems to improve signal detection as the improvements in 

the majority of studies were detected by means of a visual field tests, which simply require 

recognition of the light. After border rehabilitation, fMRI shows a shift in receptive fields 

toward greater eccentricity and simultaneously visual field test shows a significant increase 

(Raemaekers, Bergsma, van Wezel, van der Wildt & van den Berg, 2011). Detecting the 

signal also requires the involvement of many attentional resources, and this leads to their 

greater synchrony, which may explain why neuropsychological tests reveal improved 

alertness, reaction times and attention, and post-rehabilitation fMRI and PET findings 

concordantly show widespread cortical activation. Activation of attention-related brain areas 

has also been observed (Marshall et al., 2008; Julkunen et al., 2006). 

On the other hand, blindsight rehabilitation seems to affect signal processing, leading to a 

greater improvement in the detection and localisation of flickering, a target or movement that 
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mainly seems to involve the areas involved in processing visual stimuli. After blindsight 

rehabilitation, fMRI reveals the selective activation of the brain areas involved in associative 

vision (i.e. V2 [object recognition], V3 [global movement processing], and V5 [movement 

recognition]), even though isolated findings (Henriksson, Raninen, Näsänen, Hyvärinen & 

Vanni, 2007) indicate that the information arising from both hemispheres seems to be 

processed more in the intact hemisphere. 

Neural mechanisms of recovery 

The mechanism underlying the effects of visual field training are still not completely clear. 

The restorative approach was developed on the basis of the idea that the cortical visual 

system is plastic and capable of reorganising itself after it has been damaged (Romano, 

2009). Sabel, Kasten and Kreutz (1997) hypothesised that the survival of no more than 10-

15% of the neurons in a damaged region may be sufficient to restore basic visual functions, 

and so repeated stimulation may reactivate the cortical neurons in that portion of the visual 

field and improve synaptic connectivity (Poggel, Kasten, Müller-Oehring, Sabel & Brandt, 

2001) even if the blind field has only small, partially damaged areas of vision (Sabel et al., 

2011). 

Kasten, Wüst, Behrens-Baumann and Sabel (1998) hypothesised that the recovery zones 

are functional representations of partially spared neural structures in the visual area of the 

brain, which they classified as sharp (a small transition zone), medium, or fuzzy (scattered 

deficits). It is possible that these correspond to the visual field regions of recovery that Sabel, 

Kruse, Wolf and Guenther (2013) called “hot spots” (as against the “cold spots” that are held 

to be irremediably lost) because the probability of recovery increases when they are very 

near to each other (a visual angle of 5°) (Gall, Steger, Koehler & Sabel, 2013). Furthermore, 

Jobke, Kasten and Sabel (2009) hypothesised that stimulating extra-striatal cortical regions 

makes it possible to bypass the damaged striate visual cortex. In line with these hypotheses, 

the “bottleneck theory” postulates that effective training can be explained by a process of 

perceptual  learning in the transition zones that is capable of increasing the flow of 

information to the residual structures of the central visual pathways (Kasten, Poggel & Sabel, 

2000). 
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Sabel et al. (2011) argued that repeated stimulation synchronises neuronal firing in the same 

areas and, as this synchronisation requires attentional activation, it leads to synaptic 

plasticity. It is therefore interesting that there is fMRI evidence of cortical reorganisation 

(Raninen, Vanni, Hyvärinen & Näsänen, 2007; Bola, Gall, Moewes, Fedorov, Hinrichs & 

Sabel, 2014) and signs of neuroplasticity after both border and blindsight rehabilitation (Ajina 

& Kennard, 2012). 

The data concerning the effect of the nature and site of the lesion on the results of 

rehabilitation are insufficient to allow any definite conclusions but, as Melnick, Tadin and 

Huxlin (2015) said, it is reasonable to believe that the type of damage may affect the 

likelihood of plasticity and compensation. Sahraie et al. (2010) suggests that recovery is less 

if the lesion extends anteriorly to the thalamus, and Schmielau and Wong (2007) argued 

that rehabilitation outcomes are more successful in the case of damage following a 

hemorrhagic stroke, but Mueller et al. (2007) found that the efficacy of rehabilitation was 

unrelated to etiology. It has also been found that the size of the area of residual vision is a 

strong predictive factor (Poggel, Kasten & Sabel, 2004; Poggel, Mueller, Kasten & Sabel, 

2008; Mueller, 2007), although Romano et al., (2008) has asserted that rehabilitation is not 

affected by whether the visual field defect is complete or partial. Finally, it has been 

demonstrated that the effects of rehabilitation are not influenced by the duration of the lesion 

(Mueller et al., 2007; Romano et al., 2008). 

 

Debates and developments 

One frequent criticism of the use of border rehabilitation used to be that the characteristics 

of eye movements have not been duly considered. It was widely believed that, during visual 

field training, patients develop compensatory mechanisms that increase saccadic frequency 

and help them to concentrate on the shadow zones in their visual fields (Meienberg, 

Zangemeister, Rosenberg, Hoyt & Stark, 1981; Pambakian, Wooding, Patel, Morland, 

Kennard & Mannan, 2000), and that this may explain the reported 5° improvement in the 

blind hemifield (Sabel, Kenkel & Kasten, 2004; Reinhard et al., 2005). However, many 

authors have now monitored eye movements, and demonstrated that the post-rehabilitation 

improvement in visual fields is due to a real gain in sensitivity rather than compensation 
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(Kasten, Bunzenthal & Sabel, 2006; Mueller et al., 2007; Marshall et al., 2008; Marshall et 

al., 2010; Raemaekers et al., 2011; Gall & Sabel, 2012). 

One current subject of debate is the cost/benefit ratio of restorative rehabilitation. de Haan, 

Heutink, Melis-Dankers, Tucha and Brouwer (2014) had analysed homonymous visual field 

defects using the components of the International Classification of Functioning, Disability, 

and Health (ICF), and pointed out that there is no benefit in expanding the visual field unless 

this is accompanied by functional gains. They underline that what is most important is 

whether or not there is an improvement in the activities of daily life, and recommended the 

more frequent use of parameters relating to “patient participation measures” when assessing 

outcomes. In order to ensure an improvement in patient participation, it is necessary to be 

sure that the rehabilitation induces major visual field changes, and Melnick et al. (2015) 

wonders homonymous visual field defects can ever disappear completely and this remains 

an open question. 

Another aspect is the cost of the long and specific periods of training required for visual 

rehabilitation and retinotopic-specific learning. Compensatory techniques still have a certain 

advantage in terms of costs (Lane, Smith & Schenk, 2008), but it is to be hoped that these 

will be reduced as a result of further research into non-invasive brain stimulation (NIBS) 

which, when combined with rehabilitation, has led to promising results in the case of a 

number of focal brain lesions (aphasia, hemiplegia, etc.) (Meinzer, Darkow, Lindenberg & 

Flöel, 2016; Cha, Ji, Kim & Chang, 2014), including the study of restorative therapy and 

tDCS-induced modulation by Plow et al. (2012). 

In conclusion, the results of our analysis indicate that the type of rehabilitation (border or 

blindsight) leads to different outcomes, and this opens up new perspectives in the 

development of rehabilitation strategies for the treatment of visual deficits due to permanent 

brain damage. It could be useful to define the type of effect desired before planning a 

rehabilitation programme and/or considering whether combining the two techniques may be 

more functionally successful. 
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Limitations 

Comparing the results of different techniques may be questioned for four main reasons: 1) 

the difference in the number of the studies of the different types of rehabilitation; 2) the size 

of the study samples; 3) the absence of standardised stimulation protocols; and 4) the choice 

of the considered end points. 

The number of studies of border rehabilitation (35+4) is much higher than the number of 

studies of blindsight rehabilitation (17); furthermore, although some of the studies of border 

rehabilitation have included a large number of patients, the evidence in favour of blindsight 

rehabilitation is based on much smaller samples. Thirdly, although it is true that the border 

rehabilitation method is standardised in many studies (VRT or similar paradigms), the 

techniques of blindsight rehabilitation have still not been standardised. However, our 

detailed analysis made using a checklist designed to evaluate the methodological quality of 

interventional healthcare studies (Downs & Black, 1998) did not reveal any critical 

weaknesses in the studies of either technique. 

Other limitations are the variability of the end points considered: the massive presence of 

“detection” end point in border rehabilitation studies and “processing” one in blindsight 

rehabilitation studies might be a confounding factor and the fact many of the studies used 

very similar instruments of evaluation and rehabilitation, thus making it impossible to exclude 

a learning bias. However, it must not be forgotten that vision is a multi-faceted function 

involving various factors, such as attention and the perception of light, patterns, shapes, 

movement, and frequency, which justifies the use of different end points even though this 

makes comparisons more difficult. 
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3. Project II: Transcranial direct current stimulation (tDCS) combined 

with blindsight rehabilitation for the treatment of homonymous 

hemianopia: a report of two-cases 

 

3.1 Introduction 

Homonymous hemianopia (HH) is the result of retro-chiasmal pathway damage and is a 

common symptom of neurologic damage affecting 20–70% of stroke survivors (Rowe et al., 

2009; Pambakian et al., 2005). 

HH is characterized by a visual field impairment on the same side in both eyes due to a 

lesion contralateral to the defect. Vision impairments may vary from blindness of an entire 

hemifield to loss of only a part of the affected field. HH has many negative effects on 

functional abilities and the activities of daily living (Han et al., 2002 Jongbloed et al., 1986): 

the most common problem is diminished visuospatial exploration, which can impacts on 

reading, mobility, and driving (Gall et al., 2009). 

In general, spontaneous recovery occurs within three months of the event; after six months, 

significant improvement is unlikely (Zhang et al., 2006; Trauzettel-Klosinski et al. 2010). 

Techniques used for rehabilitation of HH are designed to help the brain activate residual 

vision (Sabel et al., 2011) by training the patient to detect stimuli falling in their blind hemifield 

(Pollock et al., 1996). There are two main kinds of restorative rehabilitation of hemianopia: 

“border training,” which involves exercising vision at the edge of the damaged visual field, 

and “blindsight training,” which is based on exercising the unconscious perceptual functions 

deep inside the blind hemifield (Kasten & Sabel, 1995; Kasten et al., 1998; Kasten et al., 

1999; Kasten et al., 2000; Sabel et al., 2000) 

Both techniques have proven to be useful for recovery of different visual functions (Sabel et 

al., 2004; Poggel et al., 2006; Mueller et al., 2007; Jobke et al., 2009; Poggel et al., 2010; 

Gall et al., 2012)-Sahraie et al., 2006, Sahraie et al., 2010; Sahraie et al., 2013), and 

functional imaging studies have shown neuroplasticity and cortical reorganization following 

restorative rehabilitation (Julkunenet al., 2006; Marshall et al., 2007; Raemaekers et al., 

2011; Henriksson et al., 2007; Vaina et al., 2014; Vanni et al., 2001; Pleger et al., 2003) 
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For HH, Plow et al. (2011), Plow et al. (2012) and Arber et al. (2017) reported that anodal 

transcranial direct current stimulation (tDCS) applied over the occipital cortex influenced 

border rehabilitation training, when associated treatments (tDCS + training) were compared 

with training alone. tDCS treatment, in fact, influenced recovery speed and entities. Studies 

on offline tDCS with hemianopic patients showed an improvement of motion perception in 

the healthy hemifield and, in one case, the increase speed of blindsight (Cowey et al., 2013; 

Olma et al., 2013). Although these studies documented the efficacy of tDCS in association 

with border rehabilitation, its effects on blindsight rehabilitation have not yet been studied. 

In the present study, we hypothesized a modulatory effect of tDCS when combined with 

blindsight rehabilitation. Therefore, we present a pilot study of blindsight rehabilitation after 

tDCS over the parieto-occipital cortex in two patients affected by chronic HH. 

 

3.2 Methods 

 The study complies with the Declaration of Helsinki and was performed following approval 

by the ethics committee of University of Milan-Bicocca (date: 21/09/2016). Written informed 

consent was obtained from both patients. The study design was a crossover AB BA.

 

 

 

 

 

 

Figure 1 - Study design. Both patients underwent a baseline 

diagnostic test when the study start. TA underwent twenty 

triweekly sessions of one-hour blindsight training. The firsts 30 

min of the training were combined to tDCS. After two weeks 

pause, he underwent twenty triweekly sessions of training 

alone. MR underwent the same rehabilitation in the reverse 

order. At the end of each training round, patients underwent a 

post training assessment 
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TA was a 39-year-old right-handed salesman (Table 1). He presented with right HH due to 

a first-ever unilateral embolic infarction in the left hemisphere. His ischemic lesion was 

located on the left paramedial occipital cortex. Patient TA had a corrected-to-normal visual 

acuity and was able to maintain fixation. He was alert and cooperative. The rehabilitation 

program started 12 months after the event causing the visual field defect.  

MR was a 27-year-old right-handed unemployed woman who presented with left HH (Table 

1).  Magnetic resonance imaging showed a right parieto-occipital first-ever ischemic stroke. 

She had normal visual acuity and was vigilant and compliant and able to maintain fixation. 

Her rehabilitation program started 14 months after the event causing the visual field defect. 

 

Table 1: Characteristics of patients 

Case Gender Age Side of Lesion Type of Lesion 
 

Age of the Lesion 

TA Male 39 Left Ischemic 12 months 
MR Female 27 Right Ischemic 14 months 

 

 

Patients underwent blindsight therapy in two rounds of training.  

TA underwent tDCS during the first round of rehabilitation, MR was treated with tDCS during 

the second round of rehabilitation. Each round is composed by twenty one-hour sessions of 

training occurring three times a week with a two-week interval between two rounds (see 

Fig.1). 

 During each one-hour session, the patients were seated in front of a 19-inch monitor with a 

white screen in background at a distance of 50 cm, sub-tending a visual angle of 45° × 27°, 

in a darkened room. Patients were asked to maintain central fixation and were exposed to 

visual stimuli in their blind hemifield. The patients’ task was to detect and/or discriminate 

between stimuli. They were presented according to a random sequence with respect to 

exposure time (from 1 to 10 s), color, shape (geometrical figures or letters), and frequency 

(from 0 to 5 Hz). The size of each stimulus was subtended approximately by 5°–2° of visual 

angle (dimension of the stimuli varied from 5 to 2 cm). The patients were subjected to around 
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700 different stimuli variously associated in space and/or time. During all the exercise times, 

fixation stability was required of the patient, and this was monitored by a Tobii X2 eyetracker.  

tDCS treatment was carried out simultaneously to the training in one round. The stimulation 

started at the beginning of the rehabilitation session, and continued for the firsts 30-min 

training period, then tDCS stopped and training continue in order to complete the one-hour 

session.  

Anodal tDCS was applied, using a battery-driven constant current stimulator (BrainStim, 

E.M.S. s.r.l., Bologna, Italy, http://brainstim.it), and a pair of surface saline-soaked sponge 

electrodes (5 × 5 cm). Current intensity was 2 mA (Fade-in/-out = 10 s), for a total duration 

of 30 min. The anode was placed over the parieto-occipital cortex of the affected hemisphere 

(PO4 for TA. PO3 for MR; according to the international reference EEG 10-20 system). The 

cathode was placed in the contralateral supraorbital position.  

To assess the improvement after rehabilitation, we used clinical, functional, and ecological 

endpoints.  

Clinical-instrumental assessment: A threshold visual field Humphrey SITA-standard 30-2 

program was used to measure the central 30 degrees of visual perception. To treat 

perimetric data, the Sahraie et al. method 21) was used. 

For peripheral visual field testing, the Schuhfried Vienna PP-R test was used to measure 

visual perception up to 180 degrees. During the test, a second simultaneous task in central 

vision (following a moving target) was performed in order to verify test reliability.  

Functional visual field assessment: The test for attention performance (TAP, v. 2.3) visual 

field 92 stimuli subtest (Leclerq et al., 2013) was performed. 

Ecological assessment: During the initial and final interviews, data for an International 

Classification of Functioning (ICF) profile of the subject was collected. The profile included 

mainly the activity and participation categories of ICF as recommended by de Haan et al. 

(2014). A clinical assessment was also carried out to verify the absence of confounding 

factors such as comorbidities, including neurological, psychiatric, or ophthalmological 

pathology and to exclude the presence of visuo-spatial neglect. In order to verify satisfaction 
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of the inclusion criteria for non-invasive brain stimulation (Bikson et al., 2016), clinical and 

instrumental investigations were performed before treatment. 

 

3.3 Results 

None of the patients reported any complications or adverse events associated with 

rehabilitation treatment and tDCS. 

TA Quality of fixation, registered by means of the TobiiX2 eyetracker, was registered as 

stable. During rehabilitation, his fixation remained stable and the standard deviation of the 

fixations was 1.35 degrees. 

As shown in Table 2, the TA sensitivity in the blind hemifield in the threshold test increased 

by 35.5 dB (+103%) after training combined with tDCS, and it improved by only 3 dB (+4%) 

after training without tDCS. 

The TA Schuhfried Vienna PP-R test showed an increase in the peripheral stimuli perception 

by 35 degrees (from 95 to 130 - that represents an improvement of 37%) with an enhanced 

accuracy in tracking task (deviation from 14 to 4.2 mm). At the end of second training 

round—without tDCS—we observed a further enlargement of peripheral perception of 13° 

(+10%) and the accuracy was almost stable (from 4.2 to 5.3 mm). 

The TA TAP Battery subtest of the visual fields recorded 4 points (of 46 points tested in the 

affected hemifield) at the patient’s baseline. After training with tDCS, the detected stimuli 

increase to 10, and after training without, they were 11. Therefore, we observed a gain of 6 

points (+150%) of vision after the first round, and one additional point after the second round 

(+10%). 

Regarding the response speed, for TA there was a decrease of reaction time after both 

rehabilitative rounds, averaging 212 ms after the rehabilitation combined with tDCS and 98 

ms after blindsight rehabilitation alone.  

As regards the ecological improvement, the rehabilitation had a positive effect in all ICF 

codes considered (Table 3). 



SCUOLA DI DOTTORATO 

UNIVERSITÀ DEGLI STUDI DI MILANO-BICOCCA 

 

 31 

 

In particular, as observed from the subjective qualitative questionnaire, TA reported an 

improvement in the perception of people and objects in his blind hemifield. Although he was 

not able to define them clearly, he felt their presence. The patient also often noticed a 

distorted view at the edge of the scotoma, with elongated shapes and washed out colors. 

MR quality of fixation, registered by means of the TobiiX2 eyetracker, was registered as 

stable. During rehabilitation, her fixation remained stable, as indicated by the standard 

deviation of all fixations in every session of 0.9 degrees. As shown in Table 2, after the first 

training round—without tDCS— MR sensitivity in the affected hemifield documented an 

increase of 69.5 dB (+41%). After the second round, the testing showed a further 

improvement of 201.5 dB (+85%) associated with tDCS. Both the stimulus detection and 

tracking tasks were stable in the Schuhfried Vienna PP-R test after the first round of 

rehabilitation. After the second round of rehabilitation with tDCS, peripheral stimulus 

detection increased by 45 degrees  (35%) and the tracking task improved by 0.4 mm. 

At baseline, patient MR recorded 20 out of 46 stimuli in her blind hemifield in the TAP test. 

After the first rehabilitation round, the detected points remained unchanged, and after the 

tDCS rehabilitation round, they increase to 29 (+45%). Patient MR show an average 

reduction of response time of 7 ms after blindsight rehabilitation and a further reduction of 

416 ms more after rehabilitation combined with tDCS. 

The rehabilitation had a positive effect in all ICF codes considered (Table 4). In particular, 

MR regained an independent life. She was able to return to living independently (she went 

to live in her parent’s house after the event) and was able to take care of her son and resume 

gainful employment. 
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Table 2: Clinical-instrumental and functional assessment for TA and MR. Outcome variables in absolute values and in percentage of change are 

reported. VF sensitivity: value in decibel in Humprey SITA-standard 30-2 program; VF extension: total extension in degrees of vision in Vienna 

Schuhfried PP-R test; Detected stimuli: number of perceived stimuli in affected hemifield in TAP, v. 2.3, visual field 92 stimuli subtest; Reaction time: 

average of reaction time in the affected hemifield in TAP, v. 2.3, visual field 92 stimuli subtest. 

Case Assessment Baseline After  Round 1 After Round 2 

Abs. 

value 

Abs. value % of change Abs. value % of change 

TA VF sensitivity (dB) 34.5 70 103% 73 4% 

VF extension (deg.) 95 130 37% 143 10% 

Detected stimuli (no.) 4 10 150% 11 10% 

Reaction Time (ms) 2835 2623 7% 2525 4% 

MR VF sensitivity (dB) 168.5 238 41% 439.5 85% 

VF extension (deg.) 134 130 3% 175 35% 

Detected stimuli (no.) 20 20 0% 29 45% 

Reaction Time (ms) 2031 2024 0% 1608 21% 

       

 

Table 3: Patient TA ICF Activity and Participation Report. List of Capacity before and after training. S =Self Report, T= Test Report. Functions: d110 

Watching, d155 Acquiring skills, d210 Undertaking a single task, d230 Carrying out daily routine, d360 Using communication devices and techniques, 

d460 Moving around in different locations, d475 Driving, d620 Acquisition of goods and services, d630 Preparing meals, d640 Doing housework, 

d660 Assisting others, d850 Self-employment, d920 Recreation and leisure. 

Code Pre 0 1 2 3 4 Post 0 1 2 3 4 

d110 S      S      

T      T      

d155  S      S      

T      T      

d210 S      S      

T      T      

d230 S      S      

T      T      

d360 S      S      

T      T      

d460 S      S      

T      T      

d475 S      S      

T      T      

d620 S      S      

T      T      

d630 S      S      

T      T      

d640 S      S      

T      T      

d660 S      S      

T      T      

d850 S      S      

T      T      

d920 S      S      

T      T      
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Table 4: Patient MR ICF Activity and Participation Report. List of Capacity before and after training. S =Self Report, T= Test Report. Functions: d110 

Watching, d155 Acquiring skills, d210 Undertaking a single task, d230 Carrying out daily routine, d360 Using communication devices and techniques, 

d460 Moving around in different locations, d475 Driving, d620 Acquisition of goods and services, d630 Preparing meals, d640 Doing housework, 

d660 Assisting others, d850 Self-employment, d920 Recreation and leisure. 

Code Pre 0 1 2 3 4 Post 0 1 2 3 4 

d110 S      S      

T      T      

d155  S      S      

T      T      

d210 S      S      

T      T      

d230 S      S      

T      T      

d360 S      S      

T      T      

d460 S      S      

T      T      

d475 S      S      

T      T      

d620 S      S      

T      T      

d630 S      S      

T      T      

d640 S      S      

T      T      

d660 S      S      

T      T      

d850 S      S      

T      T      

d920 S      S      

T      T      

 

 

 

3.4 Discussion  

Both patients showed major positive training effects when blindsight exercises were 

combined with tDCS.  

From the clinical-instrumental point of view in the threshold test, we observed an 

improvement of visual field sensitivity with a higher improvement when tDCS is utilized for 

rehabilitation. This led us to think that tDCS could enhance the effects of rehabilitation. From 

the functional point of view, a two-fold positive effect was induced by the TAP battery. 
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Improvements occurred in visual perception and response speed in stimulus detection. 

Interestingly, reaction times became faster after tDCS-rehabilitation (Poggel et al., 2015).  

Furthermore, to the best our knowledge, this is the first study of HH rehabilitation with a 

computerized evaluation of up to 180 degrees to test the effectiveness of the treatment on 

the extremes of peripheral vision (using the Schuhfried Vienna PP-R). The degree of 

peripheral visual field extension in the PP-R test increased after rehabilitation treatment. 

This is probably the reason for the improvement in the patients’ quality of life. Given that 

space exploration and mobility are the most impaired functions in hemianopic patients (Gall 

et al., 2009), improved lateral visual field usage allowed the resumption of key activities of 

daily living such as driving, cooking, and leisure time pursuits.  

When we analyzed the ICF profile (Tables 3 and 4), it was noted that the capacity increased 

after rehabilitation. This supports the idea that there had been improvement in the patient’s 

ADLs and social life activity (Gall et al., 2008). The monitoring and the checking of stability 

fixation by means of eyetracker during rehabilitation sessions led us to exclude the 

possibility that the observed improvements can be induced by compensative eye 

movements (Reinhard et al., 2005).  

Therefore, the two cases presented here show for the first time that ipsilesional parieto-

occipital anodal tDCS influences the effects induced by blindsight treatment. It can be 

argued that stimulation of visual associative areas is useful to promote and enhance the 

blindsight phenomenon. 

Our previous paper (Matteo et al., 2016) strongly suggest that blindsight rehabilitation 

improves the processing of visual stimuli, so it is possible that stimulation of associative 

areas could facilitate this processing mechanism.  

We have reason to believe that even in these patients, this may have occurred by way of 

the cortical rearrangement via long-term potentiation mechanisms (Cooke et al., 2006). The 

neuroplasticity hypothesis is consistent with the literature concerning border rehabilitation 

associated with tDCS, (Plow et al., 2001; Plow et al., 2012; Plow et al., Alber et al., 2017; 

Halko et al., 2011). In light of this primary results, we recommend further studies to 

investigate the tDCS effects on blindsight treatment in HH. 
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Although there is presently no evidence in the literature regarding the best stimulation 

protocols and electrode montage to obtain the greatest rehabilitation effect on HH 

(Mahmoudi et al., 2011), the hypothesis of anodal stimulation over PO3 and PO4 merits 

further investigation. 

In conclusion, the results of the two case studies indicate that positive effects could occur 

after rehabilitation treatment of HH, by enhancing blindsight. This is consistent with prior 

reports in the literature (Sahraie et al., 2010; Sahraie et al., 2013). The results obtained in 

these two case reports seem to be promising. However, it is not possible to generalize from 

these individual cases: the results show an improvement but they do not provide conclusive 

or statistical evidence. Thus, our two case study may be able to guide further studies in 

order to validate the results with a larger population, using a sham-controlled study design, 

with correlated functional images and monitoring of the long-term stability using an 

appropriate series of follow-up evaluations. 
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4. Project III: Non-invasive electric current stimulation in the treatment 

of homonymous hemianopia 

  

4.1 Introduction 

Homonymous hemianopia is considered a permanent visual loss of one hemifield. Recent 

studies applying vision restoration methods such as visual training and non-invasive 

electrical stimulation are shown to be effective for the treatment of optic nerve damage 

suggesting plasticity processes within the visual system. However, the potential clinical 

application of alternating current stimulation in homonymous hemianopia after stroke is still 

unexplored. The aim of the study is to explore if alternating current stimulation alone or 

combined with direct current stimulation induce significant increase in the visual field as 

compared to sham stimulation in hemianopic patients. 

 

4.2 Methods 

Study design 

24 participants were randomized into three groups of eight. 

Each group received a different treatment: 1) Sham tDCS and sham ACS; 2) Verum tDCS 

and Verum ACS; 3) Sham tDCS and Verum ACS. 

A total of three assessments were carried out: the baseline at least 48 hours prior 

intervention, the second one immediately after intervention, and the follow-up eight weeks 

after the end of the treatment.  

Subjects 

The patients included in the study were patients above 18 years who presented: HH due to 

ischemic or haemorrhagic stroke, with a cronic lesion age (at least 6 months) and visual 

acuity at least 0.4. 

Patients presented eye or central nervous system diseases or any exclusion criteria for the 

non-invesive brain stimulation therapy (Antal et al., 2017) were excluded from the study.  
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Intervention 

Each group received 10 daily stimulation sessions (30 min) within a period of 2 weeks 

In the Alternating Current Stimulation the stimulating electrode were placed at Fpz (10–20 

EEG system) and the reference electrode on the right arm. The intensity was below 1.5 

milliampere and the duration was 20 minutes. In the ACS-sham condition patients received 

occasional current bursts causing a weak sensation of phosphenes. 

In the Direct Current Stimulation (applied for 10 minutes before ACS) the stimulating 

electrode were placed over the occipital cortex and the reference electrode at Fpz. The 

intensity was set at 1 milliampere.  

In the tDCS sham condition, patients received only the fade in/fade out for 30 seconds 

causing the skin sensation similar to the real stimulation. 

 

Endpoints 

The primary endpoints were the percentage of change after treatment in Detection Accuracy 

assessed by HRP and the Mean Sensitivity assessed by standard static perimetry. 

Secondary endpoints included foveal sensitivity, fixation, visual acuity and contrast vision. 

The change after treatment was calculated in percentage respect to the baseline.  

 

4.3 Results 

Due to the small sample size, non-parametric statistical analysis was used. 

No significant difference was found between groups at baseline level.  

Kruskall Wallis one-tail test revealed a significant difference between the three groups after 

treatment in Standard Perimetry outcome. 

Groups differs in Foveal sensivity in ipsilesional eye (p=0.006) and Mean Sensitivity in 

ipsilesional eye (p=0.025) and contralesional eye (p=0.022).  
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Post-hoc Mann Whitney tests revealed after treatment Alternating Current group showed a 

significant decrease in bilateral Mean Sensitivity and both Active groups showed a 

significant increase in Foveal Sensitivity in the ipsilesional eye.  

At follow-up these differences were no more evident; however the fixation rate differs across 

groups in ipsi (p=0.031) and contralesional eye (p=0.027). Active groups showed better 

bilateral Fixation in comparison to sham group. 

 

 

4.4 Discussion 

Main Conclusions 

1.      The study did not show a significant increase in the visual field by means of rtACS 

and tDCS/rtACS in homonymous hemianopia. Given the increase in foveal sensitivity 

observed in AC stimulation group, it may be that with the present stimulation parameters it 

leads to improvements in central vision rather than peripheral. 

2.      The worsening in Mean Sensitivity after rtACS but not after combined tDCS/rtACS 

suggests different mechanisms of action between both methods. It could be that rtACS is 

more feasible for the treatment of optic nerve damage or to improve central vision.  

3.      The baseline differences in visual function between ipsi and contralesional eyes must 

be taken into account to define more accurate and individualized treatments. 

4.      Further studies are needed to explore if the combination of tDCS/rtACS could have 

clinical applications. 

 

Kind of current 

The group treated with the AC (Alternating Current) stimulation had a significant worse of 

the visual field respect to the sham group.  
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The group treated combining the AC (Alternating Current) and DC (Direct Current) did not 

present a worse visual field respect to sham group. 

Visual field sensitivity worsened, with respect to sham, only in the group of alternating 

current stimulation alone, the visual field did not degraded in the group where the alternating 

current stimulation was combined with the direct current stimulation: when tDCS was used 

in combination with tACS we did not observe a worsening in the visual field.  

It appears that tDCS has a “protective” factor on the worsening induced by the tACS:  it 

seems that tDCS stops the worsening effects of alternating current on the visual field. 

Obviously, due to the small number of the tested people, it is not possible to generalize any 

concept because it is possible that other factors could have influenced the observed results, 

particularly when we speak about the combination between direct and alternating current 

stimulation. 

The effects of direct and alternating current stimulation of the brain are, worldwide, largely 

studied but, as resulted from our tests, the two kinds of stimulation had different mechanisms 

on the hemianopic brain. 

 

Electrodes position 

For the stimulation by means of the alternating current, the elctrodes were placed in a 

periorbital position; this because it was demonstrated a resynchronization and modifications 

of cortical networks following the tACS applied in the forehead (Bola et al., 2014). The tACS 

was applied to the patient by means a forehead electrode and the reference electrode on 

the right arm. 

For tDCS, two stimulations were performed at the same time:  

 the anodal stimulation of the affected hemisphere: anode was positioned in the 

ipsilesional occipital area with the reference electrode on the ipsilesional forehead 
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 the cathodal stimulation of the intect hemisphere: cathode was placed in the 

contralesional occipital area with the reference electrode on the contralesional 

forehead 

 

That configuration was designed to re-balance the two hemispheres. In fact, it was 

registered a hyperactivity in the contralesional hemisphere related to a reduced activity in 

the damaged hemisphere following the stroke (Kinsbourne, 1977). 

The position of electrodes could be a factor that influences the effectiveness of the 

treatment.  

For example, when the brain stimulation is performed using ACS, it is possible that a 

different electrodes montage (closer to the damage) would be more effective in the 

hemianopia’s care.  

A stimulation physically closer to the damaged area could be more effective; in this way, the 

electrical current should arrive directly, without dissipations, to the damaged area.  

Future studies addressing the better electrodes position could be useful to prove if 

Alternating Current Stimulation could have positive effects on visual field in hemianopia. 

 

Foveal vision improvement 

After treatment, both the active groups (stimulated with alternating current alone and with 

alternating current alternate with direct current) showed a better ipsilesional foveal vision: 

we observed an improvement in foveal sensitivity of the ipsilesional eye.  

This result is consistent with the previous literature papers that state an improvement of 

central vision following alternating current stimulation (Sabel et al., 2004; Anastasiou et al., 

2013; Shinoda et al., 2008). 

It is not possible to say if the tDCS is effective too, but it is possible to state that a deeper 

investigation, to better understand the specific effects in stimulation by using the 
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alternating current for retinal diseases or central vision impairment (i.e. Age-related 

macular degeneration), is recommended.  

The central area is part of the visual field (also if it is tested separated by the device) and it 

is a fundamental component of vision. The central vision is so important that, in 

ophthalmology, it is considered as a standard of visual function assessment: it is related to 

the visual acuity. In fact, the vast majority of optic nerve fibres convey information 

regarding central vision (Rogers, 2010). 

When the alternating current pass through the optical nerve, it happens the stimulation of 

the nervous tissue more ascribed to the central vision. The potentiation of central vision 

could be related to a weakness in the peripheral area lacking energy that is concentrated 

into the central vision. 

Follow-up 

At follow-up, two months after the treatment, the effect of the treatments on visual field and 

foveal threshold disappeared, but both the active groups showed a better fixation. 

The differences in visual field sensitivity are not more evident at follow-up; the 

improvement occurred after the treatment does not last over time. During the two months 

between the end of the treatment and the follow-up evaluation, something happened: both 

active groups showed a better fixation. It could be possible that the central vision (foveal 

threshold) should have changed the fixation ability. 

The fixation and central vision are strictly related (Abdelnour et al., 2001). In fact, the more 

the foveal provide detail for central vision, the greater fixation has the elements to stay 

stable. 

In fact, when pathologies alter the foveolar fixation (i.e. Age-related macular degeneration, 

strabismus amblyopia etc.) the more fixation is far from foveal (very central retina) the 

greater vision decrease.  

In the case of alternating current stimulation an improvement in foveal vision should be 

related to a more stable eye, a crucial factor when evaluating patients with hemianopia. 
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Perspectives  

The analysis of the results obtained through our experimentation leads us to the conclusion 

that it was not exhaustive: there are still too few certainly answers and too many are the 

outstanding questions. 

The original project design (Gall et al., 2015) belonged three centers:  

 a two-arms in Italy aimed to discover the effects of tDCS compared to sham 

stimulation; 

 a two-arm in Finland aimed to discover the effects of alternating current stimulation 

compared to sham stimulation; 

 a three-arm in Germany aimed to discover the effects of alternating current 

stimulation alone, alternating current stimulation associated to direct current 

stimulation, and sham stimulation. 

In the next future it will be interesting to compare and analyze together all the results of the 

three centers included in the REVIS study (Rome and Finland, too). Crosschecking and 

analyzing all the data it will be possible to eliminate some confounding’s factors and to verify 

the rightness of some of the hypothesis here stated. 
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5. General Discussion 

Literature summary 

Even though the first approach to direct current stimulation are back to 60s (Bindman 1964), 

the firsts approach on visual system appears from 70s (Dobelle und Mladejovsky 1974) 

when the current stimulation effect on the visual system was studied producing the 

phosphenes. 

Afterward, to answer the question of what the stimulation parameters were to determine the 

phosphenes vision, a large number of studies have been performed.  (Turi et al., 2013; 

Schutter et al., 2010; Kar et al., 2012; Kanai et al., 2008; Naycheva et al., 2012; Fujikado et 

al., 2006; Raco et al., 2014; Terhune et al., 2015; Antal et al., 2003a; Antal et al., 2003b; 

Chaieb et al., 2007; Delbeke et al., 2003; Kanai et al., 2010). 

In these clinical investigations were examined patients with different causes of visual 

impairments and healthy subjects, respectively 118 and 196, were examined.  Based on 

that, it is now a fact that the phosphenes occurrence depends on stimulation frequency and 

current strength.  

It has also been shown that the stimulation with current modulates the brain activity: this 

was observed and recorded by VEP, EEG, and electro-retinography. Generally, an 

enhancement of the alpha activity and/or a stronger connectivity of the different parts of the 

visual cortex was registered. (Antal et al., 2004a; Antal et al., 2004b; Chaieb et al., 2007; 

Costa et al., 2015; Reinhart et al., 2017; Sczesny-Kaiser et al., 2016; Strigaro et al., 2015; 

Ding et al., 2016;  Halko et al., 2011; Spiegel et al., 2013; Bola et al., 2014; Schmidt et al., 

2013; Kurimoto et al., 2011; Naycheva et al., 2013). In total, 75 patients with different visual 

impairments and 185 healthy subjects participated to these investigations.  

Specific visual tasks, in subjects treated with the electrical brain stimulation, may worsen or 

improve. Many studies, involving 251 healthy subjects, were performed to demonstrate the 

correlation between electrical stimulation and its effects on visual tasks. (Kar et al., 2014; 

Laczó et al., 2012; Kanai et al., 2010; Brignani et al., 2013; Xie et al., 2011; Cosman et al., 

2015a; Costa et al., 2012; Costa et al., 2015b; Kraft et al., 2010; Reinhart et al., 2016; 

Richard et al., 2015).  
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It is important to highlight that there are significant differences when treating healthy subjects 

or visually impaired persons with electrical current stimulation.  

The first approach to treat visual impairment by means of the stimulation with current is from 

Shinoda et al., 2008. This first, preliminary, study conducted on Age-related Macular 

Degeneration (AMD) recognized an improvement of best-corrected visual acuity after 

transcorneal alternating current stimulation. 

Afterward, many studies conducted for assessing if the electrical current stimulation was 

useful in restoring the visual function in visually impaired patients, were published. It was 

shown that the current stimulation is effective in restoring function in three different districts 

of the visual pathway systems: in the retinal district, in the optic nerve district and in the 

visual brain district. 

In particular, we found evidence in the treatment of glaucoma, age-related macular 

degeneration, optic nerve damage, optic neuropathy, retinal dystrophy, diabetic retinopathy, 

retinitis pigmentosa, retinal artery occlusion, amblyopia and also myopia.  

The following table reports the list of papers and the treated condition. 
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Visual pathway 

district  
Kind of 

stimulation 
Conditions  First author and 

year 

Retina ACS, RNS ·        Age-related macular 

degeneration 

·        Macular dystrophy 

·        Retinal artery occulsion 

·        Retinitis Pigmentosa 

·        Myopia 

Anastassiou 2013, 

Shinoda 2008, Ozeki 

2013, Naycheva 

2012 , Schatz 2011, 

Morimoto2006, 

Inomata 2007, 

Camilleri 2014, 

Camilleri 2016, 

Fujikado 2007,  

Optic nerve ACS ·        Glaucoma 

·        Optic nerve damage 

·        Optic neuropathy 

Sabel, 2011; Gall 

2016, Gall 2011, 

Bola 2014, Fujikado 

2006 , Fedorov 

2011, Naycheva 

2013, Oono 2011, 

Schatz 2017 

  

Brain ACS, RNS, 

tDCS 
·        Hemianopsia 

·        Brain trauma 

·        Ambliopia 

Gall 2013, Schmidt 

2013,  Gall 2010, 

Campana 2014, 

Alber 2017, Cowey 

2013, Ding 2016, 

Halko 2011, Olma 

2013, Plow2011, 

Plow 2012, Plow 

2012, Spiegel 2013, 

Spiegel 2013 

  

As above reported, many visual pathologies with a so various scenario on the pathogenesis 

could be treated by means of the electrical stimulation, but the main question was: why? 

A paper by Sabel et al., published in 2011, answers to the question: the authors proposed 

the “residual vision activation theory”. 

The theory is based on the fact that the loss of vision in stroke, neurotrauma, glaucoma, 

amblyopia and age-related macular degeneration, usually, is not complete: some structures 

are typically spared by the damage. Engaging the residual structure in repetitive electrical 

stimulation the neural tissue can be reactivated and restored. 
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The stimulation can be done by means of a repetitive and non-invasive electrical brain 

current stimulation. The stimulation can have the effect to strength the synaptic 

transmission, to synchronize the partially damaged structures (within-systems plasticity) 

and, downstream, to reconnect the neuronal networks (network plasticity).  

Stimulation methods 

The pathologies were treated with transcranial direct current stimulation (tDCS) or 

alternating current stimulation (tACS) and, in addition, with the random noise stimulation 

(tRNS, a random amplitude and frequencies alternating stimulation). 

In tDCS, the stimulation current intensity is constant on time. This is the most used and 

studied kind of current stimulation in rehabilitation. tDCS can be anodal or cathodal. 

Normally, anodal has excitatory effects on brain, while cathodal has inhibitory effects.  

tACS is a stimulation where the current intensity is time dependent with a sinusoidal shape. 

The description of this stimulation could be done by means of amplitude, frequency and 

phases data. tACS is supposed to facilitate the re-syncronization of the brain in neuro 

rehabilitation.  

tRNS is a type of ACS where the stimulation values varied randomly. tRNS is the mostly 

recent used in neuro rehabilitation and its effects on the brain are promising but the 

mechanisms of action on brain are not yet completely clear. 

 

Stimulation parameters 

About the electrical stimulation, two main factors have to be considered: the usage of 

electrodes and the current delivery.  

One of the main difference between the stimulation methods is represented by the place 

where the electrodes to deliver the electrical current for stimulation are placed. 

In any event, the design of the electrodes location is such that the current’s flow passes 

through the eyes and the brain structures involved in the visual process. 
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In the tDCS, usually, the active electrode is placed over Oz (the 10-20 EEG international 

reference system) and the reference electrode is placed over Cz.  

In the RNS the active electrode is placed, like for tDCS, over Oz but the reference electrode 

is normally placed on the right arm. 

In tACS the stimulating electrode (one or more) is generally placed close to the orbit of the 

eye: normally on the forehead or on the scalp. The reference electrode position may vary; it 

could be placed on the right arm, near the eye or on the scalp (so the current flow could 

better stimulate the injured visual pathway). 

In case of alternating trans-corneal stimulations, the electrode is placed directly on the 

cornea. Two main kinds of electrodes are used for trans-corneal: “Dawson, Trick and 

Litzkow electrode” (a metal coated nylon thread that is installed between the medial and 

lateral eyelid) or “contact lens” electrode.  

About the current intensity, in the guidelines of Antal et al., 2017, the authors define Safety 

for low-intensity “conventional” TES as <4 mA, up to 60 minutes duration per day.  

To avoid burnings and permanent tissue injuries the German authorities (Bundesanstalt für 

Arzneimittel und Medizinprodukte) suggest to stay within a limit of 0.1 mA/cm², (current 

densities >0.028 mA/cm² may sometimes be painful) and the total charge should not be 

higher than 216 C/cm².  

The standard stimulation protocol used in human trials are: ≤40 min, ≤4 milliamperes, ≤7.2 

Coulombs, well under the limits that cause damages on animals (Bikson et al., 2016).  

Usually, in visual restoration, the current intensity used for tDCS is about 2 mA, whereas the 

intensity for tACS is around 1.5mA peak-to-peak in the ACS as the RNS. The frequency 

range from 0 to 50 Hz for ACS and from 100 to 640 Hz for RNS.  

Multiple daily stimulation sessions are usually applied and the duration is about 20-30 min 

per day. 
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Safety 

One of the main aspects about the treatment of patients with the electrical current is the 

safety aspect: its assessment is of paramount importance. 

The safety aspect, when using the electrical current for brain stimulation on all the 

pathologies was analyzed in different studies. 

A recent review (Russo et al., 2017), analyzed 86 papers in order to find the occurrence of 

tDCS adverse effects in stroke patients. The authors found that only 11% of published 

papers report the occurrence of side effects. The most common was itching (70%), followed 

by burning sensation (40%), headache (40%), tingling (30%), sleepiness (20%), difficulty of 

concentration, mild fatigue, skin redness, and dizziness (10%). 

Another review (Bikson et al., 2016) performed the analysis on Safety using Direct current 

stimulation. In this work, the authors measured the frequency of Serious Adverse Effects 

(SAE) considering the stimulation parameters like intensity, duration, density, charge, and 

charge density. Considering more than 33000 sessions over 1000 subjects, they concluded 

that the protocols usually used for the humans did not produce any SAE or irreversible injury.  

Regarding safety, alternating current stimulations looks safer than direct current stimulation.  

Fertolani et al. (2015) found that the application of alternating current stimulation over the 

scalp induced less sensation compared with transcranial direct current stimulation. 

Therefore, anodal tDCS induced more annoyance compared to other tES. 

We hereby suppose the reason: in alternating current stimulation, the area under the curve 

of current intensity on time is set to be equal, under and above the null value. Due to this 

layout, we obtain an equal number of charge in time. This leads the ions towards and away 

from electrodes preventing the tissues damage and electrodes corrosion.  

When using current stimulation to restore vision, the most common reported side effects are 

the same observed in other medical applications: itching, pitching, tingling and warmth 

sensation below the stimulation electrode.  
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The more general adverse events that occurred, even if rare, are: weak headache, 

drowsiness or poor sleep, occasional blood pressure fluctuations, dizziness and general 

fatigue.  

Analyzing the studies aimed at restoring the visual system by means of tDCS, for a total of 

164 patients, we did not find any SAE. (Campana et al.,  2014; Alber et al., 2017; Cowey et 

al., 2013; Halko et al., 2011; Ko-Un et al., 2016; Olma et al., 2013; Plow et al., 2011; Plow 

et al., 2012a; Plow et al., 2012b; Ding et al., 2016; Spiegel et al., 2013a; Spiegel et al., 

2013b). 

The only adverse events found in literature related to tDCS for visual impairment 

are “occasional itching or tingling” (Alber et al., 2017) and “slight tingling sensation under 

the electrodes” (Spiegel et al., 2013b). It is to be pointed out that in all these studies only 

one patient withdrew because of discomfort (Spiegel et al., 2013a); and the authors stated: 

“there were no adverse effects during or following tDCS" 

The same level of safety was found analyzing the studies aimed at restoring the vision by 

means of Alternating current stimulation. (Sabel et al., 2011;  Gall et al., 2016; Gall et al., 

2011; Fedorov et al., 2011; Schmidt et al., 2013; Gall et al., 2010; Gall et al., 2013; Bola et 

al., 2014; Terhune et al., 2015; Anastassiou et al., 2013; Shinoda et al., 2008). 

Among 627 treated people, in rare cases (<10%) the patients treated with trans-orbital 

stimulation reported cutaneous sensations and in sporadic cases (<5%) patients 

experienced mild headache, general fatigue, dizziness or blood pressure fluctuations. These 

mild accompanying effects are benign and do not raise concerns about the safety of 

stimulation with alternating current for vision restoration.  

The only adverse event considered as “serious” after stimulation with Alternating 

electrical  current (Transpalpebral) is a dermatitis on both superior lids, occurred in a 62-

year-old man (Shinoda et al. 2008). In that specific case, despite the strong preference of 

the man to continue the treatment, researchers decided to stop it. 

Transcorneal stimulation with alternating current (TES) was performed over 194 visually 

impaired patients. (Ozeki et al., 2013; Naycheva et al., 2012; Schatz et al., 2011; Morimoto 

et al., 2006; Inomata et al., 2007; Fujikado et al., 2006; Fujikado et al., 2007; Naycheva et 

al., 2013; Oono et al., 2011; Schatz et al., 2017) 
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The following side local effects were reported: foreign body sensation, dry eye, and transient 

superficial keratitis. About 15% of the patients being treated with transcorneal electrical 

stimulation reported dry eye and <3% reported foreign body sensations in the eye. 

In rare case (<6%) patients suffered a transient superficial or punctate keratitis (non-

detectable to the sit-lamp examination and healed by the next day).  

This kind of side effects could be related to the electrode kind. In fact, the transcorneal 

electrical stimulation is applied with some electrodes directly in touch with the cornea that is 

one of the most sensitive parts of the human body.  

The study of Random Noise Stimulation on visually impaired patients been tested over 45 

patients. (Camilleri et al., 2014; Camilleri et al., 2016; Campana et al., 2014). None of them 

reported any side effects during or after treatment.   

Finally, there was no report of any single serious adverse event (SAE) in all these studies 

using tDCS, tACS, TES and RNS on visual system. 

Considering the low frequency and the low level of concern of the adverse events reported 

with >1000 visually impaired patients that have undergone the stimulation with current in 

different institutions and different treatment protocols, it is possible to state that the use of 

the electrical stimulation, for the treatment of vision loss, can be considered safe.  

 

Efficacy of current stimulation in restoring vision 

The results obtained from most of the studies are promising: they demonstrate the efficacy 

of current stimulation in restoring vision when the vision loss is caused by a variety of 

ophthalmological or neurological disorders. Statistical and clinically relevant effects were 

achieved.  
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The patients, suffering from various visual impairments, treated with electrical stimulation 

registered one or more of the following advantages: 

1.      Improved visual acuity VA (or BCVA) 

2.      Improved contrast sensitivity 

3.      Improve stereopsis  

4.      Enlarged visual field  

5.      Augmented detection accuracy in the visual field  

6.      Change in brain activity measured by EEG or VEP 

7.      Subjective improvements reported by the patient (with respect to color 

vision, contrast sensitivity, blurred vision, acuity, visual field expansion or 

others). 

 

The Alternating current stimulation was demonstrated to be effective in improving visual 

field, improve visual acuity, contrast and change alfa-band brain activity.  

With the large sample of patients reported by Fedorov et al. (2011), it has been shown that 

visual acuity (VA) significantly increased in both eyes (right = 0.02, left = 0.015; p < 0.001) 

and visual field (VF) size increased in the right and left eye by 7.1% and 9.3% (p <0.001), 

respectively. VF enlargements were present in 40.4% of right and 49.5% of left eyes.  

The best methodological study (multicenter, prospective, randomized, double-blind, sham-

controlled trial) with the biggest sample size was carried out by Gall et al. (2016). People 

with different pathologies (91 subjects with Glaucoma, AION, and other optic atrophy) 

participated to this study.  Results show that the ACS led a mean improvement of visual field 

of 24.0% significantly greater than after sham-stimulation (2.5%). This improvement 

persisted for at least 2-months.   
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Direct Current Stimulation demonstrated effective in improving contrast, stereopsis, motion 

perception, visual field and VEP. 

The larger sample of patients is reported by Ding et al., 2016. The authors tested 21 

amblyopic patients (both eyes) and 27 normal-vision subjects (one eye randomly selected). 

They underwent separate sessions of anodal, cathodal or sham tDCS over visual cortex. 

Contrast sensitivity and pattern VEP were tested. 

As a result, it was found a specific effect of anodal tDCS in increase VEP amplitude and 

contrast sensitivity for amblyopic eyes. Similar effects were found for control eyes, however 

the fellow eyes of amblyopic patients did not show increased contrast sensitivity following 

anodal tDCS. A decrease in VEP amplitude and contrast sensitivity occurs following 

cathodal stimulation. They concluded hypothesizing that anodal tDCS alone might have 

clinical relevance for the treatment of amblyopia in adulthood. 

The most relevant studies associating tDCS to training (Vision Restoration Therapy) are by 

Plow et al., 2012 and Alber et al., 2017; both of them were conducted on hemianopic 

patients. 

Their study design was aimed to compare two groups of patients: one group treated with 

training alone, the other group was treated with training associated to tDCS. For the Plow 

study were recruited 6 patients per group; in Alber 7 patients for each group. 

Plow et al, 2012, showed an accelerated recovery in the visual field and a greater shift of 

the visual field border when tDCS is associated with the training.  

Alber et al., 2017 showed that the recovery in the percentage of change of the visual field 

stimulus detection was significantly greater when tDCS was associated with the training. 

Both results showed a facilitation role of tDCS in the treatment of hemianopia when it is 

associated with training. 

The effectiveness of training associated with current stimulation was found also in Miopia 

when the Random Noise Stimulation is applied. The random noise stimulation was 

demonstrated to be effective in improving visual acuity and contrast sensitivity.  
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In 2014, Camilleri et al. studied the effect of RNS on myopia. They showed that the training 

(contrast detection task) associated with RNS improve the contrast sensitivity and the visual 

acuity when compared to training alone. In 2016 the same research group (Camilleri et al., 

2016) divided 30 myopic patients into three groups: the first underwent training with RNS, 

the second underwent training with sham-RNS and the third underwent RNS alone. 

The training was shown to improve Visual Acuity and Contrast sensitivity when coupled with 

RNS and marginal effects on Contrast Sensitivity are found with the sole administration of 

RNS. 

 

Concluding remarks 

Until now, many studies treating the cortical modulation by means of electrical stimulation in 

all neurological field and, analogously, in the visual system, have been published: the 

technique looks promising. 

The electrical stimulation for recovery of vision is a technique that needs to be deeply 

investigated in all its possible applications. At the state of the art, there are still too 

heterogeneous stimulations parameters and end points in order to design the best protocol 

for each pathology. 

In the ophthalmological field, it seems that the stimulation with alternating current gives good 

chances of recovery in patients suffering from untreatable pathologies (Glaucoma, Age-

Related Macular Degeneration, Retinitis pigmentosa, etc.). 

In the field of hemianopsia, there are evidence of beneficial effects in using the direct current 

stimulation, but not yet using the alternating current. Further studies, to assess different 

electrodes position, current type, and different treatment conditions, are required. 

Some questions remain open and still need answers. First of all, if the electrical stimulation 

has to be associated with the training, or it could be effective alone.  

I would like to conclude this thesis by focusing on the discussion of how difficult is to evaluate 

the benefit of rehabilitation in the visual system. 
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Generally, the test of visual field is very hard for the patients and the results depends on 

patient to patient and their conditions. Here below are reported the preliminary results of a 

rehabilitation study in hemianopia by means of training and tDCS (see image of poster 

below). 

This research resulted in a Conference Paper entitled “Visual field improvement hidden 

behind the reliability values?” presented in the “Low Vision and Brain Conference, Berlin, 

24-26 November 2017. 

We did not find any improvement in visual field, but the patients had less false positive rate 

after treatment.  

It is possible that the high false positive ratio at the beginning of the treatment masked some 

part of the defect. When the patients at the end of treatment are more reliable in their 

answers (maybe as an effect of training) the false positive rate decreases. 

Our hypothesis is that the decrease of false positive rate, together with an unchanged 

visual field, could lead to a non-detectable improvement. 
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Then, if on one hand we can state that the current stimulation is useful, on the other hand 

we have a lot of work to do in order to perfecting the techniques and discover how to optimize 

the results. 

Certainly, treating vision by means electrical stimulation, the benefit of improving visual 

functions outweighs by far the risks to the patient. Given that the patients that have an 

irreversible visually-impaired, doesn’t have other options to improve their vision, this is surely 

a method to keep into consideration. 
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