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Abstract

Nonverbal communication with people who have physical disabilities is difficult. Eye-track-
ing technologies have recently been developed and applied to help people with physical dis-
abilities in their communication. However, the eye-gaze patterns of people with severe
motor dysfunction (SMD) have not been analyzed in detail. To clarify characterization of
people with SMD, we aimed to develop gaze position-based evaluation metrics and analyze
detailed eye-gaze patterns of people with SMD. We developed two new scoring metrics: (1)
saliency score based on three saliency maps—spectral residual (SR), fine grained (FG),
and motion (Mo); and (2) the distance score, which represents to what extent people can
chase an object in a video. The evaluation was performed on 102 participants, consisting of
35 subjects with profound intellectual and multiple disabilities (PIMD; SMD with 1Q < 20), 19
with severe physical disabilities (SPD; SMD with IQ > 20), and 48 healthy individuals. We
observed that two saliency scores (SR and FG) and the distance score showed significant
differences between the PIMD/SPD and healthy groups for the entire video, whereas Mo
scores did not. Moreover, the distance score was analyzed separately for each scene,
where scenes were categorized into three patterns—running, explanation, and hiding—
according to the behavior of the moving objects. In the SPD and healthy groups, the expla-
nation scenes accounted for the highest percentage of all scenes with the best distance
score (63.6% and 61.9%, respectively), whereas in the PIMD group, the running scenes
accounted for the highest percentage (54.5%). In conclusion, the new metrics were suc-
cessful in quantitatively assessing the gaze responsiveness of people with SMD, which
could not be assessed using a conventional metric, gaze-acquisition time. This study is
expected to expand the possibilities of nonverbal communication using eye-tracking devices
for people with SMD.

Introduction

People with severe motor dysfunction (SMD) frequently require support from others, such as
parents and helpers, and the maintenance of their quality of life depends on the caregivers
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such as parents and support staff [1]. People with profound intellectual and multiple disabili-
ties (PIMD), the most severe group of SMD, have severe intellectual disability (IQ < 20) and
various sensory disturbances. PIMD people are incapable of verbal communication [1-3].
Moreover, one-third of people with cerebral palsy, accounting for most people with SMD,
have speech/language/communication disorders triggered by sensory disturbances, such as
disturbances to the visual and auditory senses [4, 5]. Therefore, the majority of SMD use non-
verbal means (e.g., line of sight, facial expression, phonation, and movement) to express their
emotions and responses, and their caregivers are required to understand these nonverbal
expressions to communicate with them [6-8]. However, nonverbal expressions are not easy to
understand for caregivers; for example, previous studies have reported that communication
with people with cerebral palsy is not understandable at 67% of the occasions, even by the
familiarized caregivers [9].

Recent advances in digital devices for augmentative and alternative communication (AAC)
have attracted attention as powerful tools for nonverbal communication, e.g., microswitches,
voice output communication aids, and eye-tracking devices [10]. AAC devices are used to
observe nonverbal behaviors of people with SMD [11, 12]. The utility of eye-tracking devices
to detect behavior in people with intellectual or motor disabilities has also been reported [13,
14]. For example, a recent study on infants with Rett syndrome showed that they used eye-
gaze information to predict the behaviors of the characters in a video [14]. However, all these
previous studies on people with severe or multiple disabilities using eye-tracking devices have
methodological problems, being mostly case-series studies with small number of patients or
lacking comparisons with healthy controls. In addition, previous studies have evaluated only
the acquisition time of gaze on the screen or the object, and have not evaluated the detailed
gaze patterns using temporal and spatial information of gaze type, gaze position, and the
object, which are the strengths of eye-tracking devices [15].

In this study, eye-tracking data measured in a relatively large number of subjects were used
to compare people with SMD and healthy individuals. Moreover, we developed two new gaze
position-based evaluation metrics to analyze detailed eye-gaze patterns in people with SMD.
First is the saliency score, which measures the overlap between the eye-gaze position and an
object specified on the saliency map, reflecting eye-gaze responses to a characteristic object in
a video. Second is the distance score, which measures the distances per unit time between a
moving object and the gaze position, reflecting gaze tracking to the moving object in a video.
The use of these new metrics can help improve our understanding of eye-gaze responses in
people with SMD.

Materials and methods
Participants

The present study was conducted from 2017 to 2018 at Akaimi Nursery School, Shitennoji
Yawaragien, Biwako Gakuen Medical Welfare Facilities for the Disabled, Yonaha General
Hospital, Kitakyushu Children’s Rehabilitation Center, National Rehabilitation Center for
Children with Disabilities, and Communication Support Course. A total of 119 participants
(69 people with SMD and 50 healthy people) were included. The inclusion criteria were people
who could maintain a lateral or sitting position for at least 5 min. Individuals with SMD, who
were bedridden and had an IQ < 20 were defined as people with PIMD (PIMD group, n = 47),
whereas those who were bedridden and had an IQ > 20 were categorized as people with severe
physical disabilities (SPD group, n = 22). Participants who were unable to open their eyes due
to sleepiness or disliked using eye-gaze positions were excluded from the study. This study was
approved by the ethics committee of Kyoto University Graduate School, Faculty of Medicine
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(approval number: R1156), and each facility’s ethics committee. Written informed consent
was obtained from all the subjects or their parents before the initiation of the study.

Data collection

We used the Tobii Pro™ Spectrum eye-tracking device to collect data related to eye-gaze posi-
tions. This device was selected for the following reasons:

1. Itis a nonwearable type, which allowed this experiment to be performed without imposing
a burden on the participants.

2. Itis portable, which allows for the experiment to be carried out in the living environment
of people with SMD.

3. Due to erratic eye movements of the PIMD group, such as those that were vibration-
induced, the high sampling frequency (600Hz) of this device enabled us to measure the eye
movements accurately.

The experiments were conducted at the participants’ facilities during their leisure time and
without disturbances due to any noises around them. The device was set up in a vertical posi-
tion, 60-65 cm away from the subject’s face. The participants faced the monitor that displayed
the video, and their eye movements and positions were captured using an infrared camera
connected to the device. The duration of data collection was 52.2 second, the same as the dura-
tion of the video. One author (M.S.) performed the measurements to ensure the stability and
reliability of the data.

Video

This study used a video (ColoColoAnimal 2 ©MC(NI)/P CCA2abc) of a dog and a cat running
and hiding, with Japanese audio (S1 video). Fig 1 shows the details of the video. The video was
divided into seven different scenes of characters (dog and cat), their motions (explanation
scenes [scenes 1, 4], running scenes [scenes 2, 5, and 6], and hiding scenes [scenes 3, 7]), and
their speed for the running scenes (slow [4.31 cm/s; scene 2], moderate [14.39 cm/s; scene 5],
and fast [24.90 cm/s; scene 6]).

Dataset

We collected data consisting of the time stamp, the average eye-gaze position of the right and
left eyes, and types of gazes (fixation—gaze; saccade—unconscious eye movement; unclassified
—gaze type could not be distinguished; and not found—eye-gaze position could not be
obtained). The time of the start of the video was stamped as 0. Gaze counts were called when
the gaze-type transition occurred between fixation and unconscious eye movement or fixation
and unclassified. Patients who had 0 gaze count in all scenes were excluded.

Conventional metric

This study used the eye-gaze acquisition time based on previous studies on eye-tracking [16]
as a conventional metric. The eye-gaze acquisition time was calculated by adding the number
of time units where the eye-gaze positioned on the screen.

Development of new scoring metrics

Saliency scores. We calculated saliency scores to analyze whether there were eye-gaze
positions in the part that was characteristic of visual recognition of videos and images. The
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Fig 1. Video contents used in this study. The video consisted of seven scenes. Scenes were categorized based on the
character’s motion: explanation, running, and hiding in a tree or grass. The characters’ running speed in running
scenes was divided into three paces; slow, moderate, and fast. The illustration in each scene was an exemplified frame.

https://doi.org/10.1371/journal.pone.0265623.9001

primary process of calculating the saliency score is computing a saliency map using an image
processing algorithm. We used spectral residual (SR) [17] and fine grained (FG) [18] for still
images, and motion (Mo) [19] saliency maps for the video (Fig 2).

SR was displayed by subtracting the average logarithmic spectrum value from the value
transformed from each image using the inverse Fourier transform method. FG emphasized
main border lines for essential parts of the object using an integral image. Mo detected objects
using background subtraction algorithms that selected useful backgrounds at different times.
Using these saliency maps, the saliency score was computed as the following process:

Step 1: Made saliency maps for each frame using SR/FG/Mo.
Step 2: Normalized saliency from 0 to 1.

Step 3: Aggregated normalized saliency at the subject’s eye-gaze position in the screen for each
time slice.

(A) The original frame (B) Spectral Residual (C) Fine Grained (D) Motion

Fig 2. Original frame and the three types of saliency maps. (A) The original frame. (B) The Spectral Residual
saliency map transformed from the original frame. (C) The Fine Grained saliency map transformed from the original
frame. (D) The Motion saliency map transformed from the original frame.

https://doi.org/10.1371/journal.pone.0265623.g002
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Step 4: Computed a saliency score for each participant, where a saliency score was defined as
the median of aggregated values for each scene or the entire video. The reference of each
saliency score was calculated in eye-gaze positions at the random point on the screen at
each time slice.

Distance score. The distance score evaluated the distance from a moving object in the
video to the eye-gaze positions. This score reflects how much the participants were chasing the
moving object. We have illustrated the method to detect the moving object in Fig 3. The posi-
tion of the moving object was obtained as described below [20]:

Step 1: Used three consecutive frames.
Step 2: Grayscaled these frames.

Step 3: Calculated the difference between the previous frame and the current frame and
between the current frame and the next frame. Then, these two differences were multiplied
together.

Step 4: Performed noise reduction through dilation processing and detected connected
objects.

Step 5: Calculated the center of gravity from an object. This center was defined as the moving
object’s position.

Step 6: Computed the distance between the moving object’s position p and the eye-gaze posi-
tion q at each time unit. This distance was measured on the screen (width: 720 pixels,
height: 480 pixels). Distance score was defined as a median of Euclidian distances between
p and g for each scene or the entire video. Note that the reference for distance score was cal-
culated as per eye-gaze positions at the random point on the screen at each time slice.

Statistical analysis

We calculated the eye-gaze acquisition time, saliency scores, and distance scores for the PIMD,
SPD, and healthy groups. The eye-gaze acquisition time was evaluated using conventional met-
rics. We compared the three saliency scores and distance scores of the entire video between
the three groups. We also analyzed the correlation between eye-gaze acquisition time, saliency
scores, and distance scores. To characterize the relationship between the content of the video
and these scores, we focused on scenes of videos described in the Materials and Methods sec-
tion (Fig 1). For each scene, saliency scores were compared for the PIMD/SPD groups to detect
the most useful saliency algorithm. The distance score for each scene was evaluated for partici-
pants, who had at least one gaze count for each scene, to extract the scene with the best (lowest)

Step2 Step3 Step4 Step5

,g::w ,a;:w ‘*q**
' (pl p2)
Jdlfference

Fig 3. How to find the motion object’s positions. Step 1: Used three consecutive frames. Step 2: Gray scaled these frames. Step 3:
Calculated the difference between the previous frame and the current frame and between the current frame and the next frame. Then,
these two differences were multiplied together. Step 4: Performed noise reduction by dilation processing and detected connected objects.
Step 5: Calculated the center of gravity from an object. This center was defined as the moving object’s position.

https://doi.org/10.1371/journal.pone.0265623.g003
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distance score among all scenes and running scenes (scenes 2, 5, and 6). The Kruskal-Wallis
test (SciPy v1.4.1) and Dwass-Steel-Critchlow-Fligner test (scikit-posthocs 0.6.4) were used for
the entire video, whereas Mann-Whitney U test (SciPy v1.4.1) was used for each scene of
saliency score and Chi-square test (SciPy v1.4.1) for each scene of distance score. The signifi-
cance level was set at p < 0.05.

Results and discussion

Characteristics of the subjects

Of the 119 subjects, those with no gaze count in the entire video (17 subjects, including 12 peo-
ple with PIMD, three people with SPD, and two healthy people) were excluded from the analy-
sis. Consequently, a total of 102 subjects, comprising 35 people with PIMD, 19 people with
SPD, and 48 healthy individuals, were analyzed (Table 1). In the PIMD/SPD group, most par-
ticipants were between 7-18 years old, whereas most participants were over 18 years old in the
healthy group (p < 0.001). Participants who had at least one gaze count for all scenes were 11
people with PIMD, 11 people with SPD, and 42 healthy people.

Overview of the analysis in this study

In this study, we analyzed eye-gaze patterns using eye-tracking data measured for 35 people
with PIMD, 19 people with SPD, and 48 healthy people. To do this analysis, we developed two
new metrics to evaluate gaze responsiveness in people with SMD. In most of the previous stud-
ies using eye tracking, only the gaze-acquisition time was used as an evaluation metric, and the
relationship between the acquired gaze position and the object was not analyzed in detail. In
contrast, the two new metrics we developed, saliency score and distance score, provide more
detailed evaluation of the patient’s gaze responsiveness compared with the gaze-acquisition
time. Saliency score is the degree of coincidence between the gaze position and the object iden-
tified by the saliency map, which indexes characteristic parts such as objects in the video. Here,
we used three saliency maps: spectral-residual (SR), fine-grained (FG), and motion (Mo)

Table 1. Characteristics of study subjects and subjects with gaze count >0 for each scene.

Age, n (%)
<6
7-18
18 <
Number of subjects with
gaze count >0, n (%)
All scenes
Scene 1
Scene 2
Scene 3
Scene 4
Scene 5
Scene 6

Scene 7

PIMD group SPD group Healthy group Total
(n=35) (n=19) (n=48) (n=102)
6(17.1) 4(21.1) 15 (31.3) 25 (24.5)
17 (48.6) 13 (68.4) 8 (16.7) 38 (37.3)
12 (34.3) 2(10.5) 25 (52.1) 39 (38.2)
11 (31.4) 11 (31.4) 42 (87.5) 64 (62.7)
28 (80.0) 16 (45.7) 45 (93.8) 89 (87.3)
26 (74.3) 17 (48.6) 46 (95.8) 89 (87.3)
25 (71.4) 17 (48.6) 47 (97.9) 89 (87.3)
20 (57.1) 18 (51.4) 47 (97.9) 85 (83.3)
22 (62.9) 17 (48.6) 47 (97.9) 86 (84.3)
18 (51.4) 16 (45.7) 45 (93.8) 79 (77.5)
21 (60.0) 16 (45.7) 47 (97.9) 84 (82.4)

PIMD, profound intellectual and multiple disabilities; SPD, severe physical disabilities.

https://doi.org/10.1371/journal.pone.0265623.t001
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Fig 4. Distribution for eye-gaze acquisition time. (A) The distribution of the eye-gaze acquisition time for the entire video between the PIMD, SPD, and

healthy groups is presented as Box-and-Whisker Plots. Significant statistical differences were observed between the PIMD and healthy groups and between
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groups. PIMD, profound intellectual and multiple disabilities; SPD, severe physical disabilities.

https://doi.org/10.1371/journal.pone.0265623.g004

saliency. Further, the distance score is the degree of coincidence between the gaze position and
the moving object, which can be used to evaluate the degree of tracking of the moving object
in the video. We evaluated the performance of the saliency scores and distance score in two
cases, one for the entire video (S1 Video) and the other for each scene of the video (Fig 1). The
results are presented in the following sections.

Analysis of eye-gaze acquisition time as a conventional metric

To compare the conventional metrics with our new metrics, we first analyzed the eye-tracking
data using gaze-acquisition time as a conventional metric. The extent to which eye gazes were
successfully acquired in the entire video was evaluated for all three groups (Fig 4A). In Fig 4A,
the distributions of PIMD, SPD, and healthy groups were different. Because the variances of
gaze-acquisition time for PIMD and SPD groups were large, we further analyzed the frequency
of the participants for each period of the eye-gaze acquisition time (Fig 4B). In Fig 4B, the
healthy group showed a monotonous increasing trend, whereas the PIMD and SPD groups
showed a bimodal distribution. For example, subjects who could maintain eye-gaze for more
than half of the video (eye-gaze acquisition time > 26.1 s) included eight patients in the PIMD
group (22.9%), 13 patients in the SPD group (68.4%), and 42 participants in the healthy group
(87.5%). The percentage of subjects who could maintain eye-gaze for more than half of the
video in the PIMD group was lower than those of the SPD and healthy groups (p < 0.05).
Alternatively, gaze-acquisition time was less than half of the video for the majority of subjects
in the PIMD group, which indicates that the analyses using the eye-gaze acquisition time may
underestimate the gaze performance of the PIMD group. Therefore, we used the saliency score
and distance score as new evaluation metrics to assess gaze performance when gaze-acquisi-
tion time is short.

Evaluation of the gaze responses to objects in videos using the saliency
scores

In this subsection, we first show the result of evaluation using the entire video, and then
explain details of scene-wise results. Fig 5 shows the distribution of saliency scores for the
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entire video for the PIMD, SPD, and healthy groups. Significant statistical differences in SR
and FG scores were observed between the PIMD and healthy groups and between SPD and
healthy groups, respectively (p < 0.001). SR and FG scores failed to show any statistical differ-
ences between the SPD and PIMD groups. The SR and FG scores successfully stratified
between PIMD/SPD groups and healthy group. For subjects with the eye-gaze acquisition time
with > 26.1 s, significant statistical differences were observed between PIMD/SPD groups and
the healthy group (p < 0.01) regarding SR score and between SPD and healthy groups

(p < 0.01) regarding FG score. In contrast, for subjects with the eye-gaze acquisition time
with < 26.1 s, PIMD/SPD groups tended to have smaller SR or FG scores than those of the
healthy group, although the analysis did not reach statistical significance (p = 0.08 and

p = 0.32, respectively) (S1 Fig). Mo scores for the entire video were 0 for all subjects except for
one healthy subject. This was due to the characteristics of the Mo scores, where zero saliency
occupied most areas in each frame except limited high saliency areas on moving objects.
Therefore, SR or FG scores are more useful to reflect eye-gaze responses compared with the
Mo score.

Fig 6 shows the relationship between the saliency scores for the entire video and the eye-
gaze acquisition time for the PIMD, SPD, and healthy groups. The healthy group had higher
scores for both eye-gaze acquisition time and SR or FG scores than those of the PIMD and
SPD groups. There was no correlation between eye-gaze acquisition time and SR or FG scores
of each group. Note that some subjects in the PIMD and SPD groups had high saliency scores
even when their eye-gaze acquisition time was low. Therefore, we suggest that the saliency
score may enable to evaluate the gaze response that cannot be evaluated by conventional
metrics.
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disabilities.

https://doi.org/10.1371/journal.pone.0265623.9006

To clarify whether the SR/FG scores can be used to evaluate the eye-gaze responses of the
PIMD/SPD groups to objects in the video, we analyzed the scores for each of the seven scenes
(Fig 1). Fig 7 shows the distribution of SR/FG scores for each scene for the PIMD/SPD groups.
The FG scores were significantly higher than the SR scores for all scenes in the PIMD group
and for four scenes (scenes 2, 3, 5, and 6) for the SPD group. There was no significant differ-
ence between FG and SR scores when adjusted by the median value of the reference
(0.14 + 0.05 vs 0.08 + 0.08 in FG and SR scores, respectively, p = 0.15). The FG saliency maps
scored the area of any object on the screen, whereas the SR saliency maps scored only the loca-
tion of moving objects. In the running scenes (scenes 2, 5, and 6), even if the SR score is low
due to the inability to accurately track moving objects of the individuals in the PIMD and SPD
groups, the FG score is useful to evaluate the responses to at least any object in the video.
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Fig 7. Distribution of saliency scores for each scene in PIMD and SPD groups. Distribution of spectral-residual and fine-grained
scores for each scene are presented as box-and-whisker plots in (A) PIMD group and (B) SPD group. The fine-grained scores were
significantly higher than the spectral-residual scores for all scenes for the PIMD group and four scenes (scenes 2, 3, 5, and 6) for the SPD
group. Box-and-whisker plots show median values (=), average (x), interquartile ranges, minimum and maximum values, and outliers.
*p <.05,**p < .01, *** p < .001. PIMD, profound intellectual and multiple disabilities; SPD, severe physical disabilities.

https://doi.org/10.1371/journal.pone.0265623.g007
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Evaluation of the gaze responses to moving objects in videos using the
distance score

This subsection demonstrates the three results related to the distance score. The former two
results are the same with the previous subsection of the saliency scores: entire video and scene-
wise results. In addition, a result associated with speeds of moving objects is described.

First, we show the distribution of distance scores for the entire video in the PIMD, SPD,
and healthy groups in Fig 8. Significant statistical differences were found among all three
groups (SPD group vs. healthy group: p < 0.001, PIMD group vs. healthy group: p < 0.001,
and SPD group vs. PIMD group: p = 0.020). For subjects with the eye-gaze acquisition time
with > 26.1 s, significant statistical differences were observed between PIMD/SPD groups and
healthy group (p < 0.01). In contrast, for subjects with the eye-gaze acquisition time
with < 26.1 s, PIMD/SPD groups tended to have higher distance scores compared with the
healthy group, although the analysis did not reach statistical significance (p = 0.10) (S2 Fig).
The distance score evaluates the distance between the position of the moving object and the
eye-gaze position, with greater scores in the PIMD and SPD groups indicating that their eye
gazes and position of the moving objects are father away.

Fig 9A shows the relationship between distance score for the entire video and the eye-gaze
acquisition time for the PIMD, SPD, and healthy groups. The subjects in the healthy group
had better scores both in eye-gaze acquisition time and distance scores than those of the PIMD
and SPD groups. There was no correlation between eye-gaze acquisition time and distance
scores for each group. Some subjects in the PIMD and SPD groups had better distance scores
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Fig 8. Distribution of distance score for the entire video. Distribution of distance score for the entire video for the
PIMD, SPD, and healthy groups is presented as box-and-whisker plots. Significant statistical differences were observed
among all three groups (SPD group vs. healthy group: p < 0.001, PIMD group vs. healthy group: p < 0.001, and SPD
group vs. PIMD group: p = 0.020). Box-and-whisker plots show median values (-), average (x), interquartile ranges,
minimum and maximum values, and outliers. *p < .05, ** p < .01, *** p < .001. PIMD, profound intellectual and
multiple disabilities; SPD, severe physical disabilities.

https://doi.org/10.1371/journal.pone.0265623.g008
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Fig 9. Relationship between distance score and eye-gaze acquisition time or saliency scores. (A) The relationship between eye-gaze acquisition time and
distance score. (B) The relationship between distance score and fine-grained score. (C) The relationship between distance score and spectral-residual score.
PIMD, profound intellectual and multiple disabilities; SPD, severe physical disabilities.

https://doi.org/10.1371/journal.pone.0265623.9g009

even when their eye-gaze acquisition time was low, indicating that distance scores can be used
to assess subjects who cannot be evaluated by conventional metrics. Moreover, the relationship
between distance score and saliency scores were analyzed for the entire video for the PIMD,
SPD, and healthy groups. The correlation coefficient between FG and distance score was lower
for the PIMD group (R* = 0.01) than for SPD (R = 0.44) and healthy (R* = 0.32) groups (Fig
9B). The correlation coefficient between SR and distance score was also lower in the PIMD
group (R* = 0.33) than in the SPD (R* = 0.51) and healthy groups (R* = 0.48). The distribution
range of distance score, however, was wider than that of the SR score for the PIMD group, sug-
gesting that the distance score may have higher classification performance than the SR score
(Fig 9C).

To analyze the gaze tracking of moving objects in each of the seven scenes (Fig 1) in the
PIMD/SPD groups, scenes where the PIMD and SPD groups had their best (lowest) distance
scores were evaluated. Table 2 describes the distribution of scenes with the best distance scores
in the PIMD, SPD, and healthy groups, respectively. In the PIMD group, the frequency of the
best score scenes was highest for the running scenes (scenes 2, 5, and 6; 45.5%), followed by
the hiding scenes (scenes 3 and 7; 18.2%) and the explanation scenes (scenes 1 and 4; 36.4%).
For the SPD and healthy groups, the frequency of the best score scenes was higher for the
explanation scenes (scenes 1 and 4; 63.6% vs. 64.3%) than that for the running scenes (scenes
2,5, and 6; 36.3% vs. 16.7%) and the hiding scenes (scenes 3 and 7; 0% vs. 19.1%). People with
PIMD have a lower IQ and may have more difficulty understanding language compared with
SPD and healthy people. This may have led to the difference in eye-gaze patterns for the PIMD
group, who were more responsive to a running object compared with to an explanation scene
without movement.

Table 2. Characteristics of study subjects’ group of the best distance score by each description.

Explanation (scenes 1 and 4) | Running (scenes 2, 5, and 6) | Hiding (scenes 3 and 7)

PIMD group, n (%) 4(36.4) 5(45.5) 2(18.2)
SPD group, n (%) 7 (63.6) 4(36.3) 0(0.0)
Healthy group, n (%) 27 (64.3) 7 (16.7) 8(19.1)

PIMD, profound intellectual and multiple disabilities; SPD, severe physical disabilities.

https://doi.org/10.1371/journal.pone.0265623.t002
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Table 3. Characteristics of subjects of the study’s group with the best distance score based on running scenes.

Scene 2 (slow) Scene 5 (moderate) Scene 6 (fast)
PIMD group, n (%) 4(36.4) 5(45.5) 2(18.2)
SPD group, n (%) 5 (45.5) 6 (54.5) 0(0.0)
Healthy group, n (%) 33 (78.6) 9 (21.4) 0(0.0)

PIMD, profound intellectual and multiple disabilities; SPD, severe physical disabilities.

https://doi.org/10.1371/journal.pone.0265623.t003

Finally, we compared the distribution of scenes with the best distance scores among the
three running scenes with different speeds (scene 2 [slow], scene 5 [moderate], and scene 6
[fast]) (Table 3). The frequency of the best score scenes was highest for scene 5 in the PIMD
and SPD groups (PIMD group: 45.5%, SPD group: 54.5%), whereas that of scene 2 (78.6%)
was highest for the healthy group (p < 0.01). As shown in the healthy group, a slower speed is
more likely to be followed by gaze. In contrast, in the PIMD/SPD groups, moderate pace was
best to obtain the best distance scores. This result indicates that appropriate speeds for good
eye-gaze response are clearly different for people with PIMD/SPD compared with the healthy
subjects.

To support the forementioned results, S3 Fig shows plots of the trajectory of moving objects
and eye-gaze positions during scenes 2, 5, and 6 for representative subjects from the PIMD
(Ba-Bc)/SPD(Ca-Cc) groups and healthy group (Da-Dc) showing the best distance scores for
scenes 5 and 2, respectively. For all three groups, the gaze positions were plotted overlapping
with the trajectory of the moving objects, showing that the distance score represented the abil-
ity of the eye tracking the moving objects.

Advantages and limitations of the eye-tracker device in evaluating the gaze
responses of people with SPD and PIMD

It is challenging to evaluate eye-gaze responses in people with SPD and PIMD with the same
accuracy as healthy subjects. The most confounding factors affecting accuracy are as follows:
1) erratic eye movements are often observed in people with PIMD so that the gaze position
shifts with instantaneous amplitude, 2) people with SPD and PIMD are usually hard to follow
instructions, 3) people with SPD and PIMD have difficulty maintaining interest in particular
objects and need to complete the measurements in a short time. Therefore, to analyze gaze
positions in SPD and PIMD patients, eye-tracking devices with high sampling frequency and
short, objective observations in an environment suitable for measurement are essential to
ensure accuracy. Although eye-tracking could be difficult for conventional devices with low
sampling frequency, we used Tobii Pro™ Spectrum eye-tracking device to analyze eye-gaze
positions in the present study. The tracking system latency of the device was 50 ps that enabled
high sampling frequency faster than erratic eye movements (S1 Table).

Temporal calibration and offsets of eye-gaze positions in people with SPD and PIMD are
matters, as people with SPD and PIMD have difficulty looking at the instructed points. There-
fore, calibration and offset settings were performed by a healthy person instead of each subject.
Intergroup comparisons were carried out to reduce measurement error due to the device. In
addition, a single observer performed measurements using the same device and video to mini-
mize the measurement time and errors on the observer side. On the other hand, the measure-
ment conditions of the subject differed from person to person because each subject had a
different clinical background and spent leisure time differently. So far, no studies have
addressed the objective evaluation of the gaze characteristics of people with SPD and PIMD.
Although the limitation of measurement errors, the present study has, for the first time,
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succeeded in obtaining and evaluating the eye-gaze positions and patterns of people with SPD
and PIMD, which showed the significance of our novel scoring metrics using eye-tracking and
video analysis. The present study was designed to analyze the eye-gaze position and patterns of
moving objects that attracted the subject’s interests. The cognitive functions were not
addressed, as a distinct position in the face was so close (e.g., the distance between the eye and
mouth was about 15 pixels on a 480 x 720-pixel screen) that precise evaluation of what were
stared had not been performed precisely. A future investigation may be necessary to conduct
using video images focused on the specific area of interest in the objects.

Prospects for the use of new methods for supporting communication with
people with PIMD/SPD

Families and caregivers of people with SMD are required to respond appropriately to patients’
reactions to improve communication and interactions [21]; however, thus far, they have not had
a sensible method to evaluate patients’ eye-gaze responsiveness. This study, for the first time, has
quantitatively evaluated how people with PIMD look at characteristic objects or to what extent
they traced moving objects. Using our proposed metrics, families and caregivers can utilize the
eye-gaze pattern of people with SMD to improve communication abilities. Moreover, a previous
study has reported that the gaze performance for tasks improved after 5-10 months of training
with an eye tracker for people with SMD [11, 22]. If the quantitative improvement of eye-gaze
responsiveness can be achieved through daily practice, it could be used as an achievable goal for
better understanding of and communication with people with SMD.

Strengths and limitations

The strengths of this study are as follows: this study included a large number of people with
PIMD/SPD (54 subjects in total); experiments were conducted in the living environments of
the PIMD and SPD groups to minimize the burden on the patients; and the experimental task
was just to watch a video, something that people with SMD do daily [23]. Despite these
strengths, the study had two limitations. First, there were variations in the clinical back-
grounds, comorbidities, visual acuity, and experience with viewing videos. Second, measure-
ment errors for each subject and device accuracy might occur because of the difference in
individual measurement conditions as discussed above. Therefore, combinations of the pro-
posed scores with subjects’ background and further studies with bigger samples are warranted
to develop an evaluation score tailored to individual situations in people with SMD.

Conclusion

We developed two novel scoring metrics—saliency and distance scores—that are capable of
quantitatively analyzing the eye-gaze patterns. The new metrics successfully quantified the
gaze responsiveness of people with SMD, which cannot be otherwise assessed by a conven-
tional metric. The saliency score and the distance score are useful to stratify the subjects’ eye-
gaze pattern, whereas the distance score further identified the scenes where people with SMD
reacted. This study could lead to the expansion of the possibilities of nonverbal communica-
tion using eye-tracking devices for people with SMD.

Supporting information

S$1 Video. A video of a dog and a cat running and hiding, with Japanese audio used in the
study.
(TIFF)
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S1 Fig. Relationship between saliency scores and eye-gaze acquisition stratified by eye-gaze
acquisition time. Distribution of saliency scores for the entire video for the PIMD, SPD, and
healthy groups are presented as box-and-whisker plots, under the conditions of eye-gaze
acquisition time of (A) < 26.1 s and (B) > 26.1 s. Box-and-whisker plots show median values
(-), average (x), interquartile ranges, minimum and maximum values, and outliers. *p < .05,
p < .01, ***p < .001. PIMD, profound intellectual and multiple disabilities; SPD, severe
physical disabilities.

(TIF)

S2 Fig. Relationship between distance scores and eye-gaze acquisition stratified by eye-
gaze acquisition time. Distribution of distance scores for the entire video for the PIMD, SPD,
and healthy groups are presented as box-and-whisker plots, under the conditions of eye-gaze
acquisition time of (A) < 26.1 s and (B) > 26.1 s. Box-and-whisker plots show median values
(-), average (x), interquartile ranges, minimum and maximum values, and outliers. “p < .05,
**p <.01, ***p < .001. PIMD, profound intellectual and multiple disabilities; SPD, severe
physical disabilities.

(TIF)

S3 Fig. Plots of the locations of moving objects’ positions and eye-gaze positions in scenes
2, 5, and 6 for representative subjects. Moving objects’ position (x) and eye-gaze position (o)
were plotted in (a) scene 2, (b) scene 5, and (c) scene 6 for representative subjects. A color gra-
dient represents the start (blue) and the end (red) points of the scene. (A) A moving objects’
trajectory. (B) Eye-gaze positions of a person with PIMD who had the best distance score for
scene 5. (C) Eye-gaze positions of a person with SPD who had the best distance score for scene
5. (D) Eye-gaze positions of a healthy subject who had the best score for scene 2.

(TIF)

S1 Table. Specifications of Tobii Pro™ Spectrum eye-tracking device.
(DOCX)
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