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Abstract

Purpose Fixation stability (FS) of the preferred

retinal locus (PRL) may be improved by biofeedback

fixation training (BFT) with microperimetry. Such

training can be done on the patient’s PRL or in

different retinal loci with better functional character-

istics. We studied both options and compared the

outcomes.

Methods Sixty-seven consecutive patients with

bilateral central vision loss, poor FS and visual acuity

(VA) lower than 0.3 LogMAR were recruited for BFT

with microperimeter. Patients were assigned into 2

groups. In group A, BFT was performed on the

patient’s spontaneous PRL. In group B, PRL was

located between 2 adjacent loci with the highest light

sensitivity and the lowest distance from the fovea.

Two sets of 12 weekly BFT sessions were performed.

Primary outcomes were: FS, VA and reading speed.

Results Outcomes were statistically significantly

better in group B. Mean percentage of FS at therapy

end improved from 32 to 35% for group A and from 40

to 55% in group B. Mean VA improved from 1 to 0.86

in group A and from 1 to 0.84 in group B. Reading

speed (wpm) improved from 56 to 58 in group A and

from 63 to 89 in group B.

Conclusions This study describes a reliable method-

ology of improving eccentric fixation stability using

BFT in microperimetry, when the fixation training

locus is individualized as the retinal area with best

functional characteristics. Further studies are needed

to validate its value in a larger scale of patients, at

different stages of the disease, and its persistence over

time.

Keywords Macula � Low vision � Rehabilitation �

Retina � Macula � Visual function

Introduction

Motor neuro-rehabilitation aims to improve patient’s

functional abilities, replacing skills that have been lost

fully or partially. A general neuro-rehabilitation

mechanism of action is the potentiation of a group of

latent neuronal connections that are utilized repeatedly

during challenging behavioural practice. The repeated

and persistent practice, over several weeks, of a

challenging movement facilitates neural synapsis,
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which may result in lasting physiological changes in

motor neural networks [1, 2].

The motor skills acquisition process may be

described in distinct phases [2, 3], from the early to

the consolidation stages, when the newly acquired

skill is performed with minimal cognitive resources.

The final stage is defined as when performance can be

executed after long delays between training sessions

[3]. Although the literature on neurological rehabili-

tation is vast, there are numerous and inconsistent

parameters of intensity, frequency and therapy dura-

tion related to induced movement studies [1, 4].

The fovea, the centre of the macula, is responsible

for detailed vision and fixation. Patients with central

vision loss attempt fixation with an eccentric retinal

zone known as the preferred retinal locus (PRL) [5].

Macular functional characteristics of light threshold

sensitivity, fixation stability (FS) and PRL can be

assessed with a microperimetry test, a psychophysical

examination similar to static automated perimetry,

where patients press a response button when light

stimuli are visualized. In addition, a retinal eye-tracker

samples and corrects for eye movements, whilst

fixation location and FS are plotted as a cloud of

fixation points over a reference retinal image [6]. FS in

microperimetry is classified as stable, relatively

unstable or unstable [7]. The MAIA microperimeter

(CenterVue, Italy) scores FS with different indexes;

the most representative are P1 and the bivariate

contour ellipse area (BCEA) with proportional values

of 95% [8]. P1 describes the amount of retinal

displacement occurring within 1� from an initial

reference point, whilst BCEA describes 95% of retinal

loci used during fixation attempt.

Eyes with eccentric fixation regularly demonstrate

unstable FS with associated low vision. However, it

has been reported that FS can be improved with

oculomotor exercises known as biofeedback fixation

training (BFT) [6, 9–13], a task-oriented behavioural

therapy, which according to some authors may drive

neural plasticity changes in the visual system [11, 14].

BFT consists of asking patients to perform ocular

movements towards a specific direction, attempting to

align a selected retinal locus with a visual target. This

locus is known as the fixation training target. Biofeed-

back audio signals (beep sounds) aid patients during

the oculomotor task by increasing the auditory

frequency as the training target approaches the desired

alignment.

To be of value, the training target should have better

functional characteristics than the PRL previously

used by the eye with unstable fixation. However, the

selection of this training target has not been previously

described.

In this study, we describe a methodology for

selecting the best fixation training target, with the

aim of improving eccentric fixation through BFT with

microperimetry in patients with unstable fixation.

Methods

This was a prospective, consecutive, case series study

of a cohort of patients with irreversible bilateral

central vision loss, poor FS and best corrected visual

acuity (VA) of 0.3 LogMAR or worse, who performed

and completed BFT sessions with the MAIA. The eye

with better VA was selected for this study. If both eyes

had equal VA, the eye with better FS was chosen. The

study included participants from the Low Vision and

the Macular Clinics of the Queen’s Medical Centre,

Nottingham (UK), from January 2013 to June 2017.

Local ethical board approval (NRES Committee East

Midlands—Nottingham 1) and written informed con-

sent were obtained from all individual participants

included in the study, whilst the study met the tenets of

the Declaration of Helsinki.

Ninety recruited patients were alternatively divided

in 2 different groups. In group A (mean age

64.7 ± 22 years), the retinal locus for BFT was set

on the baseline patient’s spontaneous PRL, assessed

with the MAIA Standard-Macula-Test (10�, 37 stim-

uli). In group B (mean age 70.4 ± 14 years), fixation

training was set on the locus with the best functional

characteristics. To determine this locus, two custom

MAIA examinations were performed: (a) the ‘‘Low-

Vision-Assessment’’ grid test (30�, 83 stimuli) with

the 4-levels-fixed projection strategy, which scores

retinal sensitivity as ‘‘good’’ (25 dB), ‘‘relatively

good’’ (15 dB), ‘‘relatively poor’’ (5 dB), ‘‘poor’’

(0 dB) and ‘‘scotoma’’ (\ 0 dB); and (b) the ‘‘Fixa-

tion-Training-Target’’ grid test (7� 9 5�, 35 stimuli)

with the 4–2 projection strategy. The first one, (a), was

centred on the estimated foveal location or on the

patient’s PRL in cases of GA larger than 3 times the

optic nerve head size (ONH). The Low-Vision-

Assessment grid output was used to identify retinal

loci with at least 2 consecutive stimuli, distributed
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horizontally, showing ‘‘good’’ or ‘‘relatively good’’

light sensitivity, and served as a reference to centre the

Fixation-Training-Target grid, prioritizing the supe-

rior retina (inferior visual field) and the smaller

distance from the anatomical fovea (Fig. 1). The

second custom test, (b), is used to select the target

locus for BFT. This locus was set in the centre of the

two adjacent stimuli with highest light sensitivity and

lowest distance from both the anatomical fovea and

the baseline PRL.

Adapting the training frequency reported in the

literature [10–12, 15, 16], and with the scope to reach

consolidation and retention therapeutic stages, we

performed 2 sets of 12 weekly training sessions

separated by a 3-month period of no training. Each

session lasted 10 min. BFT consisted of asking

patients to slightly move their gaze towards the

training locus. The auditory signal increased fre-

quency as the desired eye movement reached the

target. Patients were asked to remember the gaze

movement performed during the training sessions and

to try to reproduce the same movement in their daily

life when attempting to steadily see a visual target.

Final results were assessed 2 weeks after complet-

ing BFT sessions. Primary outcomes were classifica-

tion of FS, fixation indices P1 and BCEA@95%, VA,

and reading speed (IReST) [17]. FS values after the

first training session and after 6 months from baseline

were also recorded. Secondary outcomes were mean

light sensitivity. The anatomical location and the

visual field correspondence of the PRL were also

annotated.

Statistical analysis and graphics (GraphPadPr-

ism_7.04) included standard errors, 95% confidence,

interquartile intervals and robust regression outlier

removal. Assuming a nonparametric distribution, a

one-tailedMann–Whitney test was applied to compare

outcomes between baseline and the last training

sessions for each group, and between groups with a

significant difference of p\ 0.05. Outcome correla-

tions were analysed through Spearman’s rank-order

coefficient (rs).

Results

Sixty-seven patients completed the study; 30 had

geographic atrophy (GA), 19 moderate dry AMD, 9

Best’s disease, 6 myopic macular degeneration, and 3

central serous retinopathy (CSR). Group A included

28 (20 female) and group B 39 (27 female). Mean

central scotoma sizes were 5.4� ± 3.8� and

5.7� ± 4.5� for groups A and B, respectively.

At baseline, FS classification in group A was

unstable in 18 subjects (64%), relatively unstable in 9

(32%) and stable in 1 (4%). At the end of therapy, 16

subjects (57%) were classified as unstable, 11 (39%)

as relatively unstable, and 1 (4%) as stable. In group B,

baseline classification was unstable in 19 (49%)

subjects, relatively unstable in 19 (49%), and

Fig. 1 a ‘‘Low-Vision-Assessment’’ grid centred on patient’s

PRL with the 4-levels-fixed projection strategy, showing four

different dB levels of intensity, plus absolute scotoma:

green = 25 dB, yellow = 15 dB, red = 5 dB, purple = 0 dB,

black = scotoma. b ‘‘Fixation-Training-Target’’ grid with the

4–2 projection strategy, used to select the locus with highest

retinal sensitivity for subsequent BFT sessions

123

Int Ophthalmol (2020) 40:305–312 307



stable in 1 (2%). At therapy end, 11 subjects (28%)

were classified as unstable, 16 (41%) as relatively

unstable, and 12 (31%) as stable (Fig. 2).

In group A, mean FS index P1(%) was 32 ± 19 at

baseline, 26 ± 18 after the first BFT session, 34 ± 22

at 6 months, and 35 ± 23 at the end of therapy. In

group B, mean P1 was 40 ± 24 at baseline, 27 ± 20

after the first BFT, 48 ± 29 after 6 months, and

55 ± 29 at therapy end (Fig. 3).

The mean area (deg2) of BCEA@95 in group A was

38 ± 23 at baseline, 51 ± 47 after the first BFT,

33 ± 22 at 6 months, and 32 ± 25 at study end. In

group B, it was 39 ± 40 at baseline, 64 ± 70 at first

BFT, 30 ± 31 at 6 months, and 19 ± 18 at therapy

end (Fig. 3).

FS index P1 did not improve in 50% of subjects in

group A and 18% in group B. Similarly, 35% of group

A subjects did not improve in BCEA@95%, compared

to 10% of those from group B.

Mean VA (LogMAR) improvement was observed

in 16 (57%) subjects from group A (1.0 ± 0.48 to

0.86 ± 0.53) and 26 (67%) from group B (1.0 ± 0.51

to 0.84 ± 0.49). VA was unchanged in 4 (14%)

subjects from group A and 10 (25%) from group B,

whilst a decrease in VA was seen in 8 (29%)

participants from group A and 3 (8%) from group B.

Mean reading speed (wpm) improved from 56 ± 30 to

58 ± 32 in group A and from 63 ± 36 to 89 ± 46 in

group B.

Treatment efficacy (baseline vs therapy end)

showed no significant difference in any of the studied

variables in group A, as demonstrated with the one-

tailed Mann–Whitney test shown in Table 1a. In

contrast, differences were found in all group B

variables except on light threshold sensitivity (LTS)

(Table 1b). When comparing final outcomes between

groups, a significant difference in all parameters was

found, except for VA (Table 1c).

Baseline FS indexes in group A showed moderate

correlation (0.50\ rs\ 0.70) with their final FS

values and scotoma extension. However, high corre-

lation (rs[ 0.7) was found with final reading speed. In

group B, baseline FS indexes were highly correlated

(rs[ 0.7) with final FS values, whilst moderately

correlated with final VA and reading speed. FS

outcomes demonstrated a negligible correlation with

scotoma size (rs = 0.2), whilst low dependence with

the trained location (rs = 0.3) was found. Final VA

showed better correlation with baseline FS in group B

(rs = 0.4) than in group A (rs = 0.2). Final reading

speed correlation with FS in group A was high

(rs = 0.7) and moderate (rs = 0.5) with the trained

location, whilst in group B correlation with FS was

moderate with FS (rs = 0.5) and low with the trained

location (rs = 0.3). Low correlation was found

Fig. 2 Classification of

fixation stability (FS) on

baseline (BL) and end of

biofeedback training for

both groups A and B
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(rs\ 0.3) in both groups between functional outcomes

and patient’s age. Similarly, no correlation was found

(rs\ 0.3) after performing a subgroup analysis to

study the PRL behaviour in the different pathologies

investigated.

Discussion

Although task-specific training to enhance motor

representations has been reported for several decades

[1], only a few authors have demonstrated FS

improvement in patients with foveal impairment using

biofeedback and microperimetry

[9–13, 15, 16, 18, 19]. Furthermore, detailed

methodologies adopted to define the best functional

retinal locus for such training have not been fully

described.

Ramirez et al. [20], following our suggestions,

demonstrated the effectiveness of BFT 1 week after

completion of therapy, whilst Ratra et al. [21] recently

demonstrated in a small number of patients that the

BFT effect can be maintained for up to 6 months with

a slight reduction in fixation stability. Our study

demonstrated a similar reduction, suggesting that such

visual training should be attempted for longer periods

to achieve maximum results.

Our study adds additional credence to the notion

that fixation in patients with eccentric vision can be

improved through biofeedback therapy (Fig. 4). Nudo

Fig. 3 Box-and-whisker

plot showing quartile

distribution and mean data

of fixation index P1 and

BCEA@95% at baseline

(BL), after the first BFT

session, 6 months after first

treatment and at the end of

all BFT sessions (EBFT)

Table 1 Mann–Whitney

test of (a) baseline versus

therapy end for group A.

(b) Baseline versus therapy

end for group B.

(c) Therapy-end

comparison for group A

versus group B

P1 BCEA@95% VA Reading speed LTS

(a) GpA (n = 28): baseline versus therapy end

p value 0.3895 0.0734 0.1002 0.4306 0.4115

Significantly different (p\ 0.05)? No No No No No

Mann–Whitney U 374.5 303 314 381 378

Median of baseline 25.5 34.7 1 49 13.25

Median of therapy end 27.5 21.65 0.7 46.5 13

(b) GpB (n = 39): baseline versus therapy end

p value 0.0098 0.0038 0.04 0.0078 0.1471

Significantly different (p\ 0.05)? Yes Yes Yes Yes No

Mann–Whitney U 528 495 586 519 655

Median of baseline 38 24.7 0.92 61 17.4

Median of therapy end 56 13 0.7 85 18

(c) GpA versus GpB therapy end

p value 0.0008 0.0035 0.4582 0.0029 0.04

Significantly different (p\ 0.05)? Yes Yes No Yes Yes

Mann–Whitney U 303 336 537.5 331 408.5

Median of GpA, n = 28 27.5 21.65 0.7 46.5 13

Median of GpB, n = 39 56 13 0.7 85 18
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[2] suggested that without behavioural training, plas-

ticity in spared motor areas, which occurs sponta-

neously, largely reflects the development of

compensatory motor patterns rather than patterns of

true recovery. Our findings highlight the concept that

localized fixation training may enhance plasticity

more efficiently than when training is performed on

the PRL which was spontaneously developed by the

individual after the loss of foveal function.

BFT is reported to be dependent on the location,

with the highest retinal sensitivity in small central

scotomata [22]. However, we explored the possibility

of standardized BFT in cases with any central scotoma

size.

The BFT theory is based on neuro-plasticity, where

healthy neural sensors are frequently stimulated.

When retina photoreceptors and ganglion cells are

healthy, microperimetry outcomes demonstrate high

light threshold sensitivity values. For this reason, our

first FTT selection criteria are a retinal location with

good light sensitivity.

Detailed vision is performed with high packing

density of cone photoreceptors. Its density peak,

located at the foveal centre, decreases rapidly within

the central 2 mm, with a gradual decrease further

away [23]. Subjects with healthy vision perform

fixation within the central 2�, as demonstrated with

the MAIA [8]. Consequently, the assumed correlation

between density of cones and fixation abilities is valid.

Recent studies confirmed photoreceptor’s density

decreases at 1�, 2�, 4 and 6� of eccentricity, showing

a homogenous drop in each of the four retinal

meridians, and high agreement between nasal and

temporal locations [23, 24]. These results suggest that

patients may have similar anatomical visual capabil-

ities at any retinal meridian with eccentric equidis-

tance from the fovea. In light of these associations, the

second FTT selection criterion corresponds to an area

located closer to the anatomical fovea without dis-

crimination of the retinal meridian.

Previous studies suggest that reading with eccentric

viewing may be more efficient if the PRL is located on

the left hemisphere and the lower visual field [25–27].

These observations reinforced our third FTT selection

criterion, suggesting the predilection on the left and/or

superior side of the central scotoma whenever good

light sensitivity is present.

Finally, it is well known that PRL positions may

also depend on the visual task. In the western world,

reading is performed from left to right. Reading tasks

involve eye fixation and saccadic movements follow-

ing a horizontal path. For that reason, our methodol-

ogy locates the training location in the middle of a

horizontal line, with at least 2 adjacent stimuli with

good sensitivity.

Our investigation contributes to the literature with a

thorough BFT analysis and scope to understand the

rationale behind the selection process of an effective

retinal locus useful during eccentric fixation training

in patients with foveal function loss. This methodol-

ogy is summarized as follows:

1. Perform the ‘‘Low-Vision-Assessment’’ grid test

with the 4-levels-fixed projection strategy centred

on the anatomical foveal or on the patient’s

baseline PRL in eyes with Geographic Atrophy

larger than 3 times the optic nerve head (ONH).

Fig. 4 Example of a group

B patient, showing the cloud

of fixation points with

different PRL location and

improvement of fixation

stability from baseline (a),

to end of biofeedback

training (b). Fixation

improved from unstable to

relatively unstable and

visual acuity from 1.03 to

0.8 LogMAR
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2. Identify loci with at least 2 consecutive stimuli,

distributed horizontally, of good or relatively good

threshold sensitivity (GTS).

3. Perform the ‘‘Fixation-Training-Target’’ grid test

with the 4–2 projection strategy. Centre the grid

on the GTS loci. If there are more than 1 GTS

option, prioritize the smaller distance to the fovea

on either the superior retina or the left visual field

with lower distance from the baseline PRLs.

4. Use the ‘‘Fixation-Training-Target’’ grid out-

comes to select the final trained retinal locus to

perform biofeedback training (BFT). This locus

should be set in the centre of the 2 highest

horizontal adjacent threshold stimuli.

5. Perform 10-min BFT sessions over the selected

training target on a weekly basis for 12 weeks.

After a resting period of 3 months, perform a new

set of 12 weekly BFT sessions to aid visual

plasticity consolidation.

To conclude, in this study we have described a

methodology for biofeedback training with

microperimetry, with the scope to improve eccentric

vision through better fixation control. Further studies

are needed to validate the effectiveness of this

methodology in everyday visual tasks, such as reading

and other visuomotor activities. Of paramount impor-

tance is an investigation of the different motor-

sequence adaptation stages during BFT, in particular,

the recognition of the consolidation and automatic

stages, as these may be the key to optimizing

frequency and duration for individual therapeutic

strategies, as well as to understanding whether long-

term plasticity changes can be achieved and retained.
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