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Retinitis pigmentosa (RP) is characterized by visual acuity decrease and visual field loss.
However, the impact of visual field loss on the cognitive performance of RP patients
remains unknown. In the present study, in order to understand whether and how RP
affects spatial processing and attentional function, one spatial processing task and three
attentional tasks were conducted on RP patients and healthy controls. In addition, an
EZ-diffusion model was performed for further data analysis with four parameters, mean
decision time, non-decision time, drift rate, and boundary separation. It was found that in
the spatial processing task, compared with the control group, the RP group exhibited a
slower response speed in large and medium visual eccentricities, and slower drift rate for
the large stimulus, which is strongly verified by the significant linear correlation between
the visual field eccentricity with both reaction time (p = 0.047) and non-decision time
(p = 0.043) in RP patients. In the attentional orienting task and the attentional switching
task, RP exerted a reduction of speed and an increase of non-decision time on every
condition, with a decrease of drift rate in the orienting task and boundary separation in
the switching task. In addition, the switching cost for large stimulus was observed in
the control group but not in the RP group. The stop-signal task demonstrated similar
inhibition function between the two groups. These findings implied that RP exerted the
impairment of spatial cognition correlated with the visual field eccentricity, mainly in the
peripheral visual field. Moreover, specific to the peripheral visual field, RP patients had
deficits in the attentional orienting and flexibility but not in the attentional inhibition.

Keywords: retinal pigmentosa, EZ-diffusion model, attentional orientation, attentional flexibility, attentional
inhibition

INTRODUCTION

Retinitis pigmentosa (RP) is a group of hereditary retinal diseases characterized functionally by
the degeneration of rod and cone photoreceptors (Hamel, 2006). Progressive peripheral visual field
loss, also known as visual field constriction or tunnel vision, is one of the most significant clinical
manifestations (Gordon and Johns, 1984).

Visual dysfunction has a negative impact in the information processing (Turatto et al.,
1999). Specifically, RP leads to a deficit in visual information perception and motor perception.
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For example, RP patients experience the compression of spatial
information and perceptual magnification in their visual fields
(Wittich et al., 2011), a phenomenon known as perceptual
filling-out (Temme et al., 1985). Besides, RP patients exhibit an
increase in the minimum motion threshold and a decrease in
the maximum motion threshold in motion coherence (Alexander
et al., 1998). It is also suggested that RP patients with severe
vision loss failed to perceive changes in various dot contrasts and
sizes, implying that information processing is closely related to
the remnant vision (Alexander et al., 1999).

Although accumulating evidence suggests a general
impairment in visual information processing in RP patients
(Herse, 2005; Wittich et al., 2011), to date, no precise quantitative
account exists of their special cognitive performance induced
by visual field loss, especially the attentional ability which is
fundamental for cognitive processing in the peripheral and
central visual fields. One way to quantify the cognitive function
is by conducting an observational experiment to obtain such
information as reaction time (RT) and accuracy on a specific
experiment. Actually, people tend to slow down response speed
for a higher accuracy (Ratcliff et al., 2016; Wagenmakers et al.,
2017). In order to propose concrete mechanisms that drive
observed behavior and explore the underlying processes that
determine performance on an experiment, the effect of such
speed-accuracy trade-off should be taken into consideration
during the process of data analysis. As successful cognitive
process models, the drift diffusion model (Ratcliff, 1978; Ratcliff
et al., 2016) and its simplified version EZ-diffusion model
(Moustafa et al., 2015) have been widely applied to compensate
for the insensitivity of the original data of accuracy and RT, and
the insufficient consideration of the speed-accuracy trade-off.

In this study, four experiments were established to investigate
the cognitive impairment in the central and peripheral visual
fields of RP patients. Experiment 1 aimed to evaluate the spatial
processing in the periphery and central visual fields with various
field sizes. Due to RP-related progressive loss in the peripheral
visual field, the following experiments focused specifically on
the peripheral visual field. Accordingly, the ability of basic
attentional orienting was examined in Experiment 2, and the
attentional inhibition and attentional flexibility were tested in
Experiments 3 and 4, respectively. In the last part of our study,
we analyzed the data with the EZ-diffusion model and tried
to explore the duration of spatial and attentional processes
including the decision and non-decision time in the central and
peripheral visual fields.

MATERIALS AND METHODS

Patients and Clinical Examinations
We have no prior beliefs or pilot data to estimate the minimum
required sample size to observe a significant difference between
groups. We recruited 19 RP patients and 13 healthy subjects for
Experiment 1 because this number reflects the average sample
size in similar RP studies (Alexander et al., 1998, 1999; Wittich
et al., 2011). Based on the results of Experiment 1, we conducted
a power analysis by using an alpha of 0.05, one-tailed, power

of 0.8, and the effect size from Experiment 1. The effect size
was computed to reflect a between-subject design. We found a
minimum required sample size to be 7 for RP patients and 5
for healthy subjects. Thus, same number of participants were
enrolled for each experiment.

In this study, RP patients (RP group) were recruited from the
Second Hospital of Beijing Armed Police Corps office. Healthy
subjects chosen from the patients’ family and matched by age and
gender serve as the control group. For each subject, the following
examinations were taken, including E decimal charts, visual field
evaluations, slit-lamp biomicroscopy, and fundus inspection. The
research protocol was approved by the Ethics Committee of the
Capital Medical University, China. The complete details of the
entire study design and procedures involved were in accordance
with the Declaration of Helsinki. Written informed consent was
obtained prior to participation.

RP patients were included only if they fulfilled the following
criteria: (1) were ≥ 18 years of age; (2) with night blindness;
(3) with peripheral visual loss; (4) with typical abnormal
fundus appearance, including change in retinal pigmented
epithelium; (5) without movement disorders;, and (6)
without achromatopsia. Healthy subjects should have either
normal or corrected normal vision acuity (≥ 1.0), clear
ocular media, and normal-appearing fundi. For both groups,
exclusion criteria included a history of major physiological and
psychological diseases.

Materials, Apparatus, and Procedures
In this study, each participant completed four experiments in
a random order in a soundproof, light-isolated chamber with
a constant temperature of 25◦C (SD = 1◦C) (Figure 1). The
participant was seated in front of a 17-in. computer screen
(Lenovo ColorSync), positioned approximately 57 cm distant
from his eyes. Stimulus presentation was controlled with E-Prime
(Psychology Software Tools Inc., Pittsburgh, United States). For
each experiment, training trial identical to the formal one was
initially conducted 20 times.

Experiment 1 (The spatial processing task): The stimulus
picture consisted of one black circle and one black target number.
There were three sizes of circle with a visual angle of 3.5◦, 5◦,
and 7◦, respectively, horizontally from the center fixation. The
target number (between 1 and 9) was oriented clockwise in 0◦,
90◦, 180◦, or 270◦ either inside or outside the circle, with 0◦
defined as the upright of the circle. The font size of the number
was either 22-px, 31-px, or 44-px, congruent with the size of the
circle. There was a total of 132 trials with stimulus of each size
appearing randomly and equally. The formal trial began with the
appearance of a central fixation cross “+” for 500 ms, followed
by a stimulus for 3,000 ms. Each participant was instructed to
press the left (or right) key of the mouse at the appearance of
target number inside (or outside) the circle. Once the button was
pressed, the stimulus would disappear followed by a 500 ms blank
interval, and the next trial began (Figure 1B).

Experiment 2 (The attentional orienting task): The target was
one of four black geometrical figures (rectangle, diamond, circle,
and triangle), presented with 7◦ in eccentricity horizontally from
the center fixation. There were a total of 146 trials with figure
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FIGURE 1 | A diagram illustrating the experimental materials and procedures. Subjects were seated in front of a computer screen (A) to perform four experiments in
a random order. In Experiment 1, the stimulus picture consisted of one circle and one target number. The target number was oriented clockwise in 0, 90, 180, or
270◦ either inside or outside the circle, respectively (B). Each subject was asked to press the left/right key of the mouse according to the outer/inner location of the
targets. Stimulus in Experiment 2 was presented as one of four black geometrical figures (C). Each subject pressed the key according to the left/right location of the
target. Experiment 3 consisted of GO and STOP trials. The materials in the GO trial were similar to that in Experiment 2, whereas, the stimulus in the STOP trial is a
black-stop symbol (D). Subjects were instructed to press the left key of the mouse in the absence of STOP stimulus, otherwise, withhold the action. As for
Experiment 4, the stimulus was a pair of different geometric figures (as described in Experiment 2) placed horizontally, with one highlighted in red and the other in
green (E). The figure with the same color as the cue was regarded as the target. Subjects were asked to press the left/right key of the mouse if the target is (or is not)
a triangle figure (Exp, experiment).

form and location appeared randomly and equally. The formal
trial began with the appearance of a central fixation cross “+”
for 500 ms, followed by two identical gray horizontal boxes
(width = 7.4◦, SD = 0◦; height = 4.7◦, SD = 0◦) presented for
500 ms with a black central arrow in between. Afterward, a target

appeared inside either the ipsilateral (96, 65.8%) or contralateral
(50, 34.2%) box for 3,000 ms (Figure 1C). Each participant was
instructed to quickly press the left (or right) key of the mouse
according to the location (left or right) of the box where the target
figure appeared.
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Experiment 3 (The stop-signal task): This experiment
consisted of GO and STOP trials. Similar to Experiment 2, the
stimulus in GO trial (53.8%) was one of four black geometrical
figures, whereas, the stimulus in STOP trial (46.2%) was a black-
stop symbol. These stimuli appeared in either large size or
small size (width = 14◦/10◦, SD = 0◦; height = 14.13◦/11.1◦,
SD = 2.40◦/1.33◦, presented at 7 and 5◦ in eccentricity
horizontally from the center fixation, respectively). After the
appearance of a central fixation cross “+” for 500 ms, a GO
stimulus would appear for 1,900 ms, sometimes followed by a
STOP stimulus with stimulus onset asynchronies (SOAs) of either
200, 400, 600, or 800 ms. Each participant was instructed to press
the left key of mouse in the absence of STOP stimulus, otherwise,
withhold his action (Figure 1D). There were a total of 208 trials
in this experiment, including 112 GO trials and 96 STOP trials
(24 STOP trials for each SOA).

Experiment 4 (The attentional switching task): Stimuli in this
experiment were a pair of horizontally placed geometric figures
(as described in Experiment 2), highlighted in red (RGB: 255,
0, 0) and green (RGB: 0, 255, 0), respectively. There was a
total of 186 trials with large stimulus (width = 5◦, SD = 0◦;
height = 5.57◦, SD = 1.32◦) and small stimulus (width = 3.5◦,
SD = 0◦; height = 3.88◦, SD = 0.85◦), which were presented at
10 and 7◦ in eccentricity horizontally from the center fixation,
respectively, and appeared randomly and equally. A colorful
central fixation cross “+” (font size of 64-px) was first displayed
in either red (RGB: 255, 0, 0) or green (RGB: 0, 255, 0) randomly
as a cue for 1,000 ms, followed by the appearance of a stimulus for
3,000 ms. The figure with the same color of the cue was regarded
as the target. Each participant was instructed to press the left (or
right) key of the mouse if the target was (or was not) a triangle
figure (Figure 1E).

The EZ-Diffusion Model
Drift diffusion model and its simplified version EZ-diffusion
model have been widely applied in various cognitive tasks,
including the direction discrimination task (Metin et al., 2013),
reward and punishment learning task (Moustafa et al., 2015),
response signal and Go/No-Go tasks, value-based decision
making, as well as conflict tasks for ADHD (Metin et al.,
2013), schizophrenia (Moustafa et al., 2015), and healthy groups
(Ratcliff et al., 2016). In EZ-diffusion model, the observed RT can
be separated into mean decision time (MDT) and non-decision
time (Ter). Ter can be further divided into information encoding
time (the period before information accumulation to a response)
and motor time (the period after information accumulation)
(Wagenmakers et al., 2017). Information accumulation begins at
a certain level, proceeds over time with drift rate [information
processing speed (v)], and halts once either the upper or the
lower boundary is reached, during which the distance is called
boundary separation (A).

Data Analysis and Statistical Analysis
Accuracy (ACC) was defined as the number of correct response
(in percentage) in relation to the original response number,
and RT as the time period between the stimulus onset and the
participant’s response. Only trials with RT in the range of 200

and 3,000 ms were included for further data analysis (98.62% of
all correct trials). However, trials with appropriate RT, but the
incorrect response would be excluded from the analysis of RT. In
addition, several EZ-diffusion model parameters were calculated
according to the formula described elsewhere, including v, A,
MDT, and Ter (Wagenmakers et al., 2017).

Prior to statistical analyses, we compared the expected data
with the observed data by coefficients analysis using R software to
find whether this model fits our data quite well or the statistical
analysis was valid enough. The following results indicated
R2 = 0.125 and 0.222 for accuracy and RT in Experiment 1,
R2 = 0.105 and 0.242 in Experiment 2, and R2 = 0.147 and 0.149
in Experiment 4, respectively, which verified that the EZ model
provides a good fit to our data and can confidently investigate the
differences in performance between RP patients and controls.

Statistical analyses were performed by using SigmaStat
3.5 (SAS Institute Inc., Cary, NC). Group differences in
demographics, clinical data, and experimental data were analyzed
using independent samples t-tests (for quantitative data), Fisher’s
exact test (for categorical data), and two-way ANOVA (for
quantitative data) where appropriate. Holm-Sidak test was
conducted as post hoc test to analyze differences between and
within subjects. The correlation between the RT, EZ-diffusion
model parameters, and the visual field eccentricity was processed
using Pearson correlation in Experiment 1. All tests were two
sided, and statistical significance was defined as p < 0.05 for
multiple comparisons.

RESULTS

Demographics
Table 1 presents the demographic and clinical characteristics of
the study population. There was no significant difference between
the two groups in terms of sex ratio, age, educational attainment,
Edinburgh hand scale, and Mini-Mental State Examination
(MMSE), respectively. However, in either right or left eye, a
significant lower corrected visual acuity was found in the RP
group (right eye: 95% CI, 0.27–0.42; p < 0.001; left eye: 95% CI,
0.13–0.25; p < 0.001), when compared with the control group
(right eye: 95% CI, 0.99–1.08; left eye: 95% CI, 0.98–1.04). In
this study, RP patients had disease duration of 95% CI, 5.31–
9.63 years, among which 9 patients had a family history (Table 1).

Effect of RP on Spatial Processing
Experiment 1 was designed to evaluate the spatial processing in
the peripheral and central visual fields with various field sizes.
Figure 2 showed the results of ACC, RT, and EZ-diffusion model
parameters in two groups. A distinct longer RT was observed
in the RP group in comparison with the control group for
large (eccentricity 7◦) (RP: 95% CI, 970.51–1,416.02 ms; control:
95% CI, 626.03–909.45 ms; p = 0.001) and medium stimuli
(eccentricity 5◦) (RP: 95% CI, 881.97–1,236.94 ms; control: 95%
CI, 881.97–1,236.94 ms; p = 0.008), respectively. While there was
no significant change of RT for the small stimulus (eccentricity
3.5◦) between two groups (RP: 95% CI, 811.45–1,123.46 ms;
control, 95% CI, 619.30–899.95 ms), statistically significant
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TABLE 1 | Demographics and clinical data in RP and control groups.

RP group (95% CI) Control group (95% CI) T-value P-value (t-test)

95% CI

Subject number 19 13

Male/Female 12/7 9/4 1.000#

Age (years old) 34 (29.15–38.94) 28.28 (26.02–30.47) 1.905 0.066

Education levels (years) 12.63 (10.48–14.78) 15.23 (14.33–16.13) −2.599 0.053

Edinburgh hand scale 87.91 (82.25–93.55) 87.89 (79.47–96.31) 0.003 0.998

MMSE 27.94 (27.45–28.44) 28.00 (27.01–28.98) −0.098 0.923

VA (log MAR)

RE (mean ± SD) 0.34 (0.27–0.42) 1.04 (0.99–1.08) 19.275 < 0.001

LE (mean ± SD) 0.19 (0.13–0.25) 1.02 (0.98–1.04) 15.762 < 0.001

Family history (n, %) 9 (47%)

Disease duration (years) 7.47 (5.31–9.63)

RP, retinal pigmentosa; MMSE, Mini-Mental State Examination; VA, visual acuity; MAR, minimum angle of resolution; RE, right eye; LE, left eye.
#Fisher’s exact test.

FIGURE 2 | The results for the spatial processing task (Experiment 1). Results of accuracy (A), RT (D), and EZ-diffusion model parameters, as well as their
correlations with visual field eccentricity were presented in two groups. The RP group responded much slower to large (eccentricity 7◦) and medium stimuli
(eccentricity 5◦) when compared with the control group. In addition, the RP group presented significantly smaller v for the large stimulus (B) and longer Ter at each
eccentricity than the control group (F), respectively. There were no significant differences between the two groups in mean decision time (C) and boundary
separation (E) at each eccentricity, respectively. In addition, a significant correlation of visual field eccentricity was observed with RT (D) and Ter (F) in the RP group,
respectively. (RP, retinal pigmentosa; Cont, control). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, RP group vs. control group; p < 0.05, eccentricity 7◦ vs. eccentricity 5◦.

difference between large and small stimuli was observed in the
RP group (p = 0.039), suggesting an impaired spatial processing
in RP patients in the peripheral visual field.

For the analysis on the EZ-diffusion model, a significantly
smaller v was revealed in the RP group only in a large field (95%
CI, 0.16–0.24; p = 0.020) when compared with the control group
(95% CI, 0.21–0.33). This result indicated a slower processing
speed in RP patients in the peripheral visual field. Moreover,
the deficit in information coding was also observed in RP
patients, which was proved by the Ter significantly longer than

their healthy counterparts in either large (RP: 95% CI, 448.26–
632.26 ms; control, 95% CI, 156.74–414.31 ms; p < 0.001),
medium (RP: 95% CI, 477.77–633.90 ms; control, 95% CI,
289.94–426.16 ms; p = 0.005), or small visual field (RP: 95% CI,
416.87–614.63 ms; control, 95% CI, 71.22–351.43 ms; p< 0.001).
Taken together, RP patients presented a far more serious defect
phenomenon on the spatial processing in their peripheral visual
field, which may relate to the peripheral visual field loss in these
patients (Figure 2). Additionally, by Pearson correlation analysis,
significant correlation of visual field eccentricity was observed
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with RT (R = 0.265, p = 0.047) and Ter (R = 0.269, p = 0.0430)
in RP patients, respectively. Whereas no significant correlation of
visual field eccentricity was found with other EZ-diffusion model
parameters in RP patients, as well as RT and all EZ-diffusion
model parameters in the control group (Figure 2).

Effect of RP on the Attentional Orienting
Experiment 2 was conducted to investigate the attentional
orienting by judging the location of stimulus in the peripheral
visual field. The results of ACC, RT, and several EZ-diffusion
model parameters are presented in Figure 3. The effect of
attentional orienting can be reflected by comparing the high
proportion of valid stimuli (ratio > 70%) with the low proportion
of invalid stimuli (ratio < 30%). However, in this study, no
significant effect was found in RT data of 96 valid stimuli
(ipsilateral, 65.8%) in comparison with 50 invalid stimuli
(contralateral, 34.2%), probably because the valid/invalid ratio
was not particularly high. Therefore, all the data (both the
valid and invalid stimuli) were finally integrated to analyze the
difference between the RP and the control groups. Compared
with their healthy counterparts (95% CI, 356.56–450.97 ms), RP
patients exhibited a much longer RT (95% CI, 477.12–636.83 ms;
p = 0.004). Under the EZ-diffusion model analysis, there was no
statistical significance of group between difference in neither A
nor MDT. However, the RP group exhibited a distinct smaller v
(95% CI, 0.33–0.40; p = 0.006) and longer Ter (95% CI, 219.39–
301.24 ms; p = 0.003) than the control group (v: 95% CI, 0.46–
0.52; Ter: 95% CI, 112.11–213.25 ms), indicating that RP could

lead to a deficit in the information processing speed and encoding
speed (Figure 3).

Effect of RP on the Attentional Inhibition
Experiment 3 was conducted to assess the patient’s attentional
inhibition by observing the ability of control in the peripheral
visual field. Figure 4 illustrated the results of RT and ACC
in two groups. In the GO and STOP trials, the statistically
significant difference could not be evaluated between two groups
in either ACC or RT. Results in GO trial indicated that RP
patients had general performing ability, similar to their healthy
counterparts. In addition, regardless of grouping and stimulus
size, a significantly lower ACC was found with 800 ms SOA,
compared with that with 200, 400, and 600 ms SOA, respectively.
Results of ACC in the STOP trials suggested a similar outcome
when treated with SOA in the two groups, indicating that the
RP group presented similar symptom of the attentional inhibition
when compared with the control group (Figure 4).

Effect of RP on the Attentional Flexibility
As for Experiment 4, the attentional flexibility under sustained
and switching conditions in the peripheral visual field was
evaluated. Results of ACC, RT, and the EZ-diffusion model
parameters in the two groups are presented in Figures 5, 6,
respectively. The attentional flexibility is mainly reflected
by the difference between the switching and the sustained
conditions, which is the so-called switching cost. The greater the
switching cost means the stronger the flexibility. Interestingly,

FIGURE 3 | The results for the attentional orienting task (Experiment 2). Results of accuracy (A), RT (D), and EZ-diffusion model parameters were presented in two
groups. Compared with the control group, the RP group responded much slower in attentional orientation. In addition, the RP group presented significantly smaller v
(B) and longer Ter than the control group (F), respectively. There were no significant differences between the two groups in mean decision time (C) and boundary
separation (E), respectively. (RP, retinal pigmentosa; Cont, control). ∗∗p < 0.01, RP group vs. control group.
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FIGURE 4 | The results for the stop-signal task (Experiment 3). Results of accuracy and RT were presented for the STOP and GO trials in two groups. As for the
STOP trials, there was no significant difference between the two groups in accuracy for either large (A) or small stimulus (B). In addition, regardless of group and
stimulus size, significantly lower ACC was found with 800 ms SOA, compared with that with 200, 400, and 600 ms SOA, respectively. As for the GO trials,
statistically significant difference did not exist between the two groups for large and small stimuli in either accuracy (C) or RT (D), respectively. (RP, retinal
pigmentosa; Cont, control; SOAs, stimulus onset asynchronies). &&&p < 0.001, compared with that with 800 ms.

the switching cost for large stimulus existing in the control
group (sustained condition: 95% CI, 630.67–809.28 ms; switching
condition: 95% CI, 763.65–1,044.71 ms; p = 0.044) was not
observed in the RP group (sustained condition: 95% CI, 777.31–
1005.89 ms; switching condition: 95% CI, 825.91–1,073.61 ms;
p = 0.435) (Figure 5).

Significantly, RP patients presented a worse performance in
RT when compared with their healthy counterparts for small
stimulus under sustained (RP: 95% CI, 877.48–1,083.95 ms;
control: 95% CI, 684.01–958.81 ms; p = 0.004) and switching
condition (RP: 95% CI, 928.56–1,090.02 ms; control: 95% CI,
764.21–956.27 ms; p = 0.026), as well as for large stimulus
under sustained condition (RP: 95% CI, 777.31–1,005.89 ms;
control: 95% CI, 630.67–809.28 ms; p = 0.041). These findings
suggested that RP led to the impairment in reaction speed

under both conditions, with a more severe symptom under
sustained condition.

By the EZ-diffusion model analysis, under sustained and
switching conditions, significantly smaller A and longer Ter
were observed in the RP group than the control group for both
large and small stimuli, respectively (Figure 6). Besides, the
RP group showed slower v for small stimulus under sustained
condition (RP: 95% CI, 0.18–0.27; control: 95% CI, 0.26–0.39;
p = 0.011). Notably, the switching cost for large stimulus existing
in the control group in Ter (under sustained condition: 95% CI,
135.46–234.09 ms; under switching condition: 95% CI, 162.03–
496.78 ms; p = 0.036) was not found in the RP group, which
may be due to the considerably longer Ter in the RP group for
large stimulus under sustained condition (RP: 95% CI, 408.15–
548.95 ms; control: 95% CI, 135.46–234.09 ms; p < 0.001). Our
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FIGURE 5 | The results for the attentional switching task (Experiment 4). Results of accuracy and RT for large and small stimuli under sustained and switching
conditions are presented. As for accuracy, there was no significant difference between the two groups under either sustained or switching condition for either large
(A) or small stimulus (C). As for RT, significantly worse performance was found in the RP group for small stimulus (D) under sustained and switching condition, as
well as for large stimulus (B) under sustained condition. The switching cost (longer RT was found under switching condition than under sustained condition) for large
stimulus existed in the control group, but not in the RP group. (RP, retinal pigmentosa; Cont, control). ∗p < 0.05, ∗∗p < 0.01, RP group vs. control group; #p < 0.05,
switching condition vs. sustained condition.

findings in Ter explained the disappearance of switching cost in
RT, since the RP group has longer encoding time than the control
group under sustained condition (Figure 6).

DISCUSSION

The spatial processing and attentional ability of RP patients
in both the central and peripheral visual fields has never
been examined before, and we firstly reported the findings as
mentioned in the “Result” section. Our findings demonstrated
that RP patients exhibited impairment in spatial processing
correlated with the visual field eccentricity and mainly in the
peripheral visual field. Moreover, specific to the peripheral
visual field, RP patients exhibited deficits in attentional

orienting and flexibility, whereas no deficits were found in
attentional inhibition.

Previously, the stimuli were presented at a visual angle of
about 1, 3, or 5◦ horizontally from the central fixation point,
and the deficits of spatial processing was only observed at
the largest angle in RP patients (Wittich et al., 2011). Similar
results were found in this work, in which the eccentricity range
was expanded to 3.5, 5, and 7◦ from boundary to the center,
respectively, and considerable impairment mainly existed at two
bigger angles. EZ-diffusion model analysis further indicated that
such slow performance in RP patients relates to the long non-
decision time for each size stimulus and slow drift rate v for large
stimulus. The similar phenomenon, also observed in myopic
patients, was thought to be associated with the narrowed visual
perception field at large eccentricity (Turatto et al., 1999). This
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FIGURE 6 | The results for the attentional switching task (Experiment 4). Results of EZ-diffusion model parameters for large (A–D) and small (E–H) stimuli under
sustained and switching conditions are presented. Under sustained and switching conditions, significantly smaller A (B,F) and longer Ter (D,H) were observed in the
RP group than the control group for both large and small stimuli, respectively. Besides, the RP group showed shorter Ter (E) for small stimulus under sustained
condition. The switching cost (longer Ter was found under switching condition than under sustained condition) for large stimulus existed in the control group, but not
in the RP group. (RP, retinal pigmentosa; Cont, control). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, RP group vs. control group; #p < 0.05, switching condition vs.
sustained condition.

could lead to the ignorance of patients on the peripheral visual
stimulus and to allocate few attentional resources to the periphery
field, causing a defective attentional orienting and processing
(Turatto et al., 1999). In view of an even more severe visual field
dysfunction than myopia patients, it is not surprisingly to find
that RP patients, with progressive peripheral field loss, exhibited
impairment of spatial processing in the peripheral field.

Our finding of significant correlation of visual field
eccentricity with RT and Ter in RP patients provides additional
evidence that the impairment of spatial processing speed was
mainly caused by visual field loss. Nevertheless, many other
factors should also be considered, including luminance contrast,
spatial contrast, duration and receptor sampling density of
stimuli, contrast sensitivity, glare sensitivity of human eye (Szlyk
et al., 1995; Herse, 2005). It was suggested that RP patients may
exhibit an elevation in threshold to vernier, letter, and grating
visual acuity (Sandberg and Berson, 1983; Alexander et al.,
1986, 1991, 1992a,b), a reduction in grating contrast sensitivity
(Temme et al., 1985; Turano, 1991; Turano and Wang, 1992;
Alexander et al., 1998), as well as a delay in flash detection and
a loss of flicker sensitivity (Marmor, 1981; Alexander et al.,
1995; Akeo et al., 2002). Notably, compared with their healthy
counterparts, such influencing factors may have more severe
impact on RP patients, and a slightly functional loss would be
considerably amplified. For example, with the decrement of
luminance, the environmental adaptability decreases and the
contrast sensitivity threshold increases in RP patients, leading
to their difficulty in walking, driving, reading the street signs,
and crossing obstacles at night (Herse, 2005). In parallel, the
slight changes of stimulation in pattern contrast (Michelson)
or in temporal frequency sensitivity will cause more errors in
the symmetry discrimination for RP patients, and the error

number presents a functional change related to the visual field
eccentricity (Szlyk et al., 1995). Due to the importance of the
human eye characteristics, further investigations are warranted
to understand the relationship among the spatial processing,
visual field loss, and contrast sensitivity in RP patients.

As reported, an RP patient is prone to being tripped
by obstacles during walking, implying an attentional deficit
or orientation difficulty (Herse, 2005). Our findings from
Experiment 2 suggested that there was a deficit in attentional
orienting in the peripheral field (7◦ from the central fixation
point). By the EZ-diffusion model analysis, the decrease of
response speed in orienting was proved to be attributable
to declined drift rate and increased non-decision time. It is
widely recognized that attentional orienting is associated with
the frontoparietal network, including the dorsal and ventral
attentional network (Vincent et al., 2008; Farrant and Uddin,
2015). The attentional information processing through this
network was reportedly delivered via primary visual area (V1),
where the earliest neural activity of cognition was detected
(Li, 1999; Chen et al., 2016). As demonstrated in myopic and
strabismus amblyopia patients (Mori et al., 2002; Thiel and
Sireteanu, 2009; Baranton et al., 2014), those with V1 lesion may
be at risk of damaging the attentional network and therefore
causing the orienting difficulty. In this regard, the decreased
activities in V1, previously reported in RP patients (Ferreira et al.,
2017) may at least partly interpret their attentional orienting
deficit revealed in the present study.

Attentional switching refers to a process of reorganizing
attentional set with the change of goal and task and therefore
reflects the attentional flexibility. People usually keep the present
attentional set active with sustained attention, and then activate
a new one while leaving the previous one with switching
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attention (Mayr and Keele, 2000). Consequently, they tend to
respond substantially slower and with higher error rate under
switching condition than sustained condition (Monsell, 2003).
Such discrepancy in RT between two kinds of trials is known
as the attentional switching cost (Meiran and Chorev, 2005).
It is worthwhile to notice that attentional switching cost only
existed in large stimulus trial in the control group but not
in either large or small stimulus trial in the RP group. The
disappearance of the switching cost in RP patients should be
ascribed to the lengthening of RT and information encoding time
under sustained condition. RP patients presented a reduction
of boundary separation and non-decision time under both
sustained and switching conditions, especially under sustained
condition. Such findings, taken together with the decrease in
drift rate in the sustained trial with small size, implied that
RP patients have difficulty in maintaining visual stability. An
increase of eye movement was previously reported in RP patients
during walking (Yoshida et al., 2014). Visual instability may relate
to the narrowed visual field, since healthy subjects constricted
to narrowed visual field presented increased pause frequency,
prolongation of reading time, and increased eye movements
during reading (Turano et al., 1993). The visual instability in
RP patients could be explained by the insufficient sampling, the
impaired spatial and temporal contrast sensitivity, the decreased
threshold for motor perception, or the combination of the above
(Wittich et al., 2011).

Several brain areas have already been reported in the process
of sustained attention, such as prefrontal (Wilkins et al., 1987),
parietal (Thakral and Slotnick, 2009), V1 area, and anterior
cingulate cortex (Kerns et al., 2004; Silver and Ress, 2007).
Among these areas, the first three were reported to be damaged
in RP patients (Yoshida et al., 2014; Ferreira et al., 2017)
which may result in the instability of sustained attention.
Also, it is reported that activities of an attentional network
including frontal and parietal areas were related to the drift
rate in diffusion model (Karalunas et al., 2012), which is
likely associated with the sustained attentional deficit in RP
patients revealed in our study. Hence, further investigations
are warranted to understand the underlying neural mechanisms
behind our findings.

As recognized, an effective information processing relies on
three inseparable and interactive aspects, that is, attentional
orienting, switching, and inhibition. Deficit in either aspect will
lead to a damaged processing; for example, an individual with
hyperactivity may fail to control himself from the interference
of novel information and was found with deficit in attentional
inhibition by the stop-signal task (Rasmussen et al., 2015; Grane
et al., 2016). In this work, RP patients exhibited a deficit in
the attentional orienting and flexibility but not in attentional
inhibition. Although the stop-signal task applied in this study was
structured with 53.8% GO trials and 46.2% STOP trials, it was
shown that the accuracy increases with the difficulty of inhibition
(SOA), and its accuracy curve is similar to that of the typical stop-
signal task with a high proportion of GO trials (∼75%) (data
not shown), indicating the validity of our experimental design.
As such, the presented normal inhibition function in RP patients
may, in turn, provide additional evidence that the impairment

in spatial processing should be attributable to the deficit in
attentional orienting and flexibility revealed in this study.

Additional information about recognition processing is
obtained from the EZ-diffusion model analysis. Generally, an
increase in RT could be interpreted by a slow motor response
(Ter), increased boundary separation (A), and/or decreased drift
rate (v) (Ratcliff et al., 2016). Notably, the result of Experiment
4 gave the evidence for the impulsive information processing
style (i.e., significantly lower in boundary estimates). Therefore,
it is quite likely that the slow performance of RP patients was
associated with either the reduction in drift rate, or the increase
in non-decision time, or both. Since the drift rate represents
the rate of information accumulation and reflects the efficiency
of information processing (Karalunas et al., 2012), its reduction
found in Experiments 1, 2, and 4 indicates a general impairment
in the information processing in RP patients, leading to reduced
reaction speed. Similar to patients with visual field loss including
glaucoma and unilateral anterior ischemic optic neuropathy, RP
patients exhibited longer RT than their healthy counterparts in
certain experiments (Nowomiejska et al., 2010). Additionally,
RP exerts an increase in the non-decision time in these three
experiments. Considering that all responses were key responses in
these experiments, non-decision time mainly reflects the duration
of information encoding. The information encoding may link
to the visual acuity in some way. It is speculated that impaired
visual acuity or restricted visual field may credit to reduced
fixation stability for amblyopic and RP patients (Chung et al.,
2015; Zipori et al., 2018; Raveendran et al., 2019), suggesting that
the poor information encoding could be caused by the visual
instability in RP patients. Further study on RP patients with
poor visual acuity demonstrated that eye-movement training
may lead to an improvement in the recognition performance
(Yoshida et al., 2014).

Interestingly, the RP-induced extension during the encoding
processing in attentional orienting and switching could partly
give the reason for the slow performance of RP patients
presented in Experiments 1 and 4. Also, V1 area may be
involved in the impairment during the information processing
as observed from RP patients. This abnormal activation of
V1 area due to the reduction in pigment optical density of
cone photoreceptors was related to the information processing,
including the spatial perception, and discrimination, attentional
shifting (Chirimuuta et al., 2003; Fortenbaugh et al., 2008;
Eichhorn et al., 2009). On the other hand, the deficit in boundary
separation was only found in the attentional switching task,
suggesting a possible impairment in the information processing
caution in RP patients.

CONCLUSION

Or study found that RP exerted impairment in spatial processing
mainly in the peripheral visual field, which may be attributable
to the decrease of information processing speed and increase of
information encoding time. Moreover, specific to the peripheral
visual field, RP patients exhibited normal inhibition function but
impaired attentional orienting and flexibility. The impairment

Frontiers in Neuroscience | www.frontiersin.org 10 January 2021 | Volume 14 | Article 583493

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-583493 December 29, 2020 Time: 17:11 # 11

Luo et al. Attentional Ability in RP Patients

of attentional orienting is mainly related to the decrease
of processing speed and poor performance of information
encoding. Meanwhile, the impaired attentional flexibility
is quite likely related to the prolongation of information
encoding time under sustained condition due to
visual instability.
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