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Abstract
Background: School-age children with attention deficit hyperactivity disorder (ADHD) have difficulties in interpersonal
relationships, in addition to impaired facial expression perception and recognition. For successful social interactions, the
ability to discriminate between familiar and unfamiliar faces is critical. However, there are no published reports on the
recognition of familiar and unfamiliar faces by children with ADHD.
Methods: We evaluated the neural correlates of familiar and unfamiliar facial recognition in children with ADHD
compared to typically developing (TD) children. We used functional near-infrared spectroscopy (fNIRS) to measure
hemodynamic responses on the bilateral temporal regions while participants looked at photographs of familiar and
unfamiliar faces. Nine boys with ADHD and 14 age-matched TD boys participated in the study. fNIRS data were Zscored prior to analysis.
Results: During familiar face processing, TD children only showed significant activity in the late phase, while ADHD
children showed significant activity in both the early and late phases. Additionally, the boys with ADHD did not show
right hemispheric lateralization to familiar faces.
Conclusions: This study is the first to assess brain activity during familiar face processing in boys with ADHD using
fNIRS. These findings of atypical patterns of brain activity in boys with ADHD may be related to social cognitive
impairments from ADHD.
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Background
Attention deficit hyperactivity disorder (ADHD) is characterized by major symptoms of hyperactivity, impulsivity, and inattention, which result in problems in the
individual’s quality of life [1, 2]. It is believed that it is
due to these symptoms that school-age children with
ADHD have difficulties in interpersonal relationships
[3]; however, children with ADHD may have additional
social cognitive impairments [4]. These impairments related to ADHD frequently lead to difficulties in daily life
and may occasionally result in stressors. Understanding
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the mechanisms of these impairments and stressors is
crucial in developing supports for children with ADHD
that prevent secondary disabilities such as school refusal
and psychosomatic disorders.
The early development of facial processing has been
considered fundamental to the development of social
abilities and theory of mind [5]. Several abilities compose social cognition, including the ability to perceive
the emotions of another person from affective prosody,
faces, and body posture [4]. It has been shown repeatedly that children with ADHD, particularly those that
are school-age, have impaired facial expression perception and recognition [4, 6, 7].
However, there is limited knowledge regarding basic facial processing in ADHD. Tye et al. (2013) were the first
to explore the face inversion effects and gaze processing in
children with ADHD using event related potentials (ERPs)
[8]. They found that children with ADHD displayed a
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reduced face inversion effect on P1 latency compared with
TD children. Sinzig et al. (2008) reported that the ability
of facial affect recognition is reduced in children suffering
from ADHD symptoms, both in autistic and ADHD children [9]. Several lines of evidence have suggested differential processing between familiar and unfamiliar faces with
behavioral as well as neural findings in typical adult studies [10, 11]. Therefore, we hypothesized that ADHD children, who present with social cognitive impairments, may
have different familiar and unfamiliar facial recognition
compared with TD children.
fNIRS is a neuroimaging device which provides an
index of brain function by measuring changes in the
concentration of oxygenated hemoglobin (oxy-Hb), deoxygenated hemoglobin (deoxy-Hb), and totalhemoglobin (total-Hb) using observation of the diffuse
transmittance of near-infrared light at an appropriate
range of wavelengths [12, 13]. fNIRS has been utilized
for more than a decade to examine brain activity during
various cognitive tasks in children with neurodevelopmental disorders [7, 14–19]. Compared to other neuroimaging devices such as functional magnetic resonance
imaging (fMRI), fNIRS has clear advantages, including
that it is a completely silent process, has a high time.
resolution, and provides a non-intrusive environment
requiring less restriction of the body and head [7, 20].
fNIRS has been adopted in studies examining the brain
activity of children with ADHD while they perform cognitive tasks [16–19, 21]. These studies measured the
hemodynamic response in the prefrontal areas, which
play an important role in processing executive cognitive
functions. With regard to facial recognition, fNIRS also
has been utilized to measure neural activities in the temporal area, including the superior temporal sulci (STS),
which is known to play an important role in processing
faces [22]; this is consistent with other hemodynamic
evidence of facial processing in the temporal cortex of
the brain [7, 20, 23–27].
To our knowledge, there are no published reports on
the recognition of familiar and unfamiliar faces in children with ADHD. Thus, the purpose of this study is to
compare the neural correlates involved in familiar
(mother) and unfamiliar facial recognition in children
with and without ADHD using a fNIRS system, which
was placed over the bilateral temporal regions.
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approved by the Ethical Committee of the Dokkyo
Medical University Saitama Medical Center (hosp-k
24,016). We obtained written informed consent from
the participants and their parents. The experiments
were conducted according to the Declaration of
Helsinki.
After excluding subjects whose fNIRS data failed the
motion criteria (frequent sharp changes in the time series
of the raw fNIRS data), 23 subjects remained: 9 boys with
ADHD (mean age, 9 years 9 months; SD, 1 year 6 months;
range, 8–13 years), and 14 TD boys (mean age, 9 years 4
months; SD, 1 year 6 months; range, 7–12 years) (Table 1).
All participants were right-handed. Six out of nine boys
with ADHD received methylphenidate, and one ADHD
boy received atomoxetine. All of them participated in the
examination for 4–6 h following medication. ADHD and
TD subjects were not different according to age (see
Table 1). The ADHD-Rating Scale scores were 34.2
(range, 11–52; SD, 13.9) in the ADHD boys and 9.8
(range, 2–18; SD, 4.5) in the TD boys. The Wechsler
Intelligence Scale of Children Third Edition (WISC-III)
full IQ scores of the TD boys (mean, 111.1; SD, 10.0;
range, 90–129) were significantly higher (t = 3.68, p =
0.048) than those of the ADHD participants (mean, 94.1;
SD, 16.2; range, 78–125).

Table 1 Demographic and clinical characteristics of ADHD and
Typical boys. The participants were 23 Japanese boys aged 7–
13 years: 9 boys with ADHD and 14 TD boys. Fourteen TD boys
were matched with the ADHD subjects according to age. The
participants were limited to boys
ADHD

Typical

ID

age

Full IQ ADHD-RS ID

age

Full IQ ADHD-RS

1

8y2m

106

7y3m

124

2

8y4m

91

38

11

7y9m

110

12

3

8y10m 82

52

12

7y9m

129

13

4

9y0m

110

11

13

8y0m

106

5

5

9y7m

125

15

14

8y5m

115

10

6

10y0m 78

29

15

8y7m

90

12

7

10y0m 84

48

16

8y8m

107

13

8

10y6m 79

34

17

8y9m

124

3

9

13y4m 92

40

18

10y1m

113

7

19

10y4m

105

10

Materials and methods

20

10y5m

102

18

Participants

21

10y11m 110

12

Seventeen ADHD boys and 16 TD boys were recruited.
All diagnoses were guided by the DSM-5 [2] and were
made by two pediatric neurologists who worked with
neurodevelopmental disorders for over 5 years. Exclusion criteria included learning, language, neurological or
developmental disabilities. Current study protocols were

22

11y0m

107

7

23

12y6m

113

2

41

range 8y-13y 78-125 11-52

10

range 7y-12y

13

90-129 2-18

mean 9y9m

94.1

34.2

mean 9y4m

111.1

9.8

SD

16.2

13.9

SD

10.0

4.5

1y6m

1y6m
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Stimuli and design

Each child was examined while sitting on a chair and facing a computer screen approximately 50 cm away. The
boys watched the stimuli passively while their
hemodynamic response was measured, and their behavior was recorded on video during the test. The sequence
of stimulus presentations was composed of baseline and
test periods. The test periods consisted of two stimulus
conditions: familiar face and unfamiliar face conditions.
In those conditions, the participants looked at familiar
face or unfamiliar face color photographs, respectively
(Fig. 1). The order of the conditions was counterbalanced across the participants. The familiar face photograph was the participant’s mother’s face. The unfamiliar
face photographs were the faces of age-matched unknown females. To exclude the external features of the
faces, we removed the hair from the face images so that
only the internal features were visible. The sizes of the
photographs were approximately 13 × 10 deg for the
faces. The duration of the test period was fixed at 10 s.
Each face image was shown 10 times in one test period.
The duration of each face image was 800 ms, and the
200 ms inter-stimulus interval was filled by the presentation of a fixation point (a blinking black dot, 3.5 × 3.5
deg). Each test period was preceded by a baseline period
that was at least 20 s long. During the baseline period,
the screen of the monitor was a uniform blank white
screen. The blank screen was presented for 800 ms, and
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a 200 ms inter-blank screen interval was filled with the
same fixation point (a blinking black dot), the same as in
the test period. The results obtained from viewing the
blank screen were used as the baseline. To draw and retain the attention of the boys, both face stimuli and the
blank screen were accompanied by a beeping sound, as
in previous studies [26].
Recording

We used a Hitachi ETG-4000 system (Hitachi Medical,
Chiba, Japan), which can record 24 channels simultaneously with 12 channels over the right temporal area
and 12 over the left. This instrument generates two
wavelengths of NIR (695 nm and 830 nm) and measures
the time courses of oxyhemoglobin (oxy-Hb) and deoxyhemoglobin (deoxy-Hb) levels and their sum (total
hemoglobin: total-Hb) with a 0.1 s time resolution. The
fNIRS probes contained nine optical fibers (3 × 3 arrays)
composed of five emitters and four detectors. The distance between the emitters and the detectors was set at
3 cm. Each pair of adjacent emitting and detecting fibers
defined a single measurement channel.
The placement of the probes was set on the bilateral
temporal cortices centered at T5 and T6 according to
the International 10–20 system [28] (Fig. 2). This location of the probes was the same as that reported by
Otsuka et al. [24]. When the probes were positioned, the
experimenter checked to see if the fibers were touching

Fig. 1 Experimental procedure. Experimental procedure. In each trial, the baseline phase consisted of images of a black dot with a duration over
20 s. The test phase consisted of the familiar face and the unfamiliar face. The duration of the test phase was 10 s. The presentation order of test
phase 1 and 2 was changed alternately for each boy
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Fig. 2 Placement of NIRS probes. The placement of NIRS probes. The probes were placed over the left and right temporal areas centering at T5
and T6 of the International 10–20 system. T5/T6 is in the yellow circle. The distance between the probes was set at 3 cm

the boys’ scalps correctly. The Hitachi ETG-4000 system
automatically detects whether the contact adequately
measures emerging photons for each channel.
Data analysis

The analysis of fNIRS data in the present study was
similar to that reported by Nakato et al. [26]. Before data
analysis, we monitored the video recording of the boys’
behavior to evaluate good trials for analysis. We removed a trial from the analysis if either the accumulative
looking time within the trial did not reach 5 s or if
movement artifacts were detected by the analysis of
sharp changes in the time-series of the raw fNIRS data.
The raw data on oxy-Hb, deoxy-Hb, and total-Hb concentrations from each channel were digitally band-passfiltered at 0.02–1.0 Hz to remove noise caused by heartbeat pulsations or any longitudinal signal drifts. The
mean concentration of each channel within a subject
was then calculated by averaging data across the trials in
a time-series with a 0.1 s resolution.
Based on mean concentrations in the time-series, we
calculated the Z-scores for oxy-, deoxy-, and total-Hb in
the familiar face and the unfamiliar face conditions for
each channel within a subject [7, 20, 24–27]. The Zscore at each time-point indicates the deviation of
hemodynamic response from the baseline during the
presentation of faces. The mean concentration of the Zscore at 3 s before the trial was used as a baseline. The
Z-scores were calculated separately for oxy-Hb, deoxyHb, and total-Hb in the familiar face and unfamiliar face
conditions.
The Z-scores obtained from the 12 channels within
the left and right temporal areas were averaged across
trials for every subject in order to increase the signal-tonoise ratio. Although raw NIRS data consist of relative

values that cannot be averaged directly across subjects
or channels, normalized data including Z-scores can be
averaged regardless of the unit. This calculation of the
Z-score is a reliable analysis for changes in Hb concentration in the brain regions under the sensors since the
analysis is independent of the differential path length
factor (DPF). On the basis of these methodological advantages for fNIRS data, we applied the same analysis of
the Z-score in the present study as in previous fNIRS
studies with children [7, 20, 24–27].
Consistent with our previous studies using fNIRS
[7, 20, 24–27], we found a response peaking a few
seconds after the stimulus onset. The hemodynamic response of oxy-Hb in the familiar face condition increased
gradually from approximately 3 s after stimulus onset and
reached a plateau approximately 10 s after stimulus onset
in ADHD boys (see Fig. 3). In contrast, the hemodynamic
response of oxy-Hb in the familiar face condition increased gradually from approximately 10 s after stimulus
onset in TD boys (see Fig. 3). Therefore, we performed
statistical analyses against the mean Z-scores for the 3–10
s (the early phase) and 10–17 s (the late phase) durations
of the test period. A two-tailed one-sample t-test against a
chance level of 0 (baseline) was conducted for the mean
Z-score during the early phase and late phase in both temporal areas.

Results
Available trials for statistical analysis

Data from the 23 boys who looked at faces over more
than three trials in both the familiar face and unfamiliar
face conditions were obtained. Available trials were averaged across trials for each condition (familiar face, mean
5.06, SD 0.89; unfamiliar face, mean 4.97, SD 0.95). The
mean number of removed trials for the familiar face
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Fig. 3 The time-course of the average change in oxy-, deoxy-, and total-Hb concentrations The time-course of the average change in oxy-Hb,
deoxy-Hb, and total-Hb concentrations in the boys during the familiar face and unfamiliar face conditions. Zero on the horizontal axis represents
the beginning of the test period and 10 represents the end of the test period. The areas in red and blue represent the zones for statistical
analysis, i.e., the early phase (3–10 s) of the test period and late phase (10–17 s) after the test period

condition was 0.33 (SD 0.74) while that for the unfamiliar face condition was 0.30 (SD 0.64). There was no significant difference between the numbers of available
trials under each condition.

Neuroimaging data

On the basis of the wavelengths of the Hitachi ETG4000 system (695 nm and 830 nm), estimations of oxyHb concentration have been reported to better reflect
changes in regional cerebral blood flow than deoxy- or
total-Hb concentrations [29].
The time-course of the average change in oxy-, deoxy-,
and total-Hb concentrations in the boys during the presentation of the familiar face and unfamiliar face conditions is shown in Fig. 3. To examine the possibility that
the activity for both the familiar and unfamiliar face
stimuli were greater or smaller than the baseline, we
conducted a two-tailed one-sample t-test with the mean
Z-scores for oxy- deoxy-, and total-Hb concentrations
for the 3–10 s (the early phase) and 10–17 s (the late

phase) durations of the test period in each familiar and
unfamiliar face condition (Fig. 4).
The Z-scores for oxy-Hb concentrations

In the familiar face condition, the Z-scores for oxy-Hb
concentrations in the ADHD boys were significantly increased in both temporal cortices in the early phase: right
temporal cortex; t (8) = 3.80, p = 0.005; left temporal cortex; t (8) = 2.79, p = 0.023. They also showed a significant
increase in both temporal cortices in the late phase: right
temporal cortex; t (8) = 5.27, p = 0.0007; left temporal cortex; t (8) = 2.53, p = 0.035. However, in the unfamiliar face
condition, there was no significant change in the concentration of oxy-Hb in the ADHD boys in either the early or
late phase. TD boys showed no significant change in the
early phase; however, in the late phase, they showed significant increases in the familiar face condition in the right
temporal cortex: t (13) = 3.12, p = 0.008. Three-way
ANOVA (2 × 2 × 2: group x condition x hemisphere)
showed the only main effect in the condition (group p =
0.27; condition p = 0.011; hemisphere p = 0.087).

Shimamura et al. BioPsychoSocial Medicine

(2019) 13:30

Page 6 of 9

Fig. 4 The mean Z-score during the early phase and the late phase. The mean Z-score during the early phase and the late phase in the left and
right temporal cortices. The vertical bar in the graphs represents one standard error (SE). The left graph shows the data during the early phase
and the right graphs shows the late phase. In the familiar face condition with ADHD, oxy-Hb concentrations (red bars) in the bilateral temporal
cortex were significantly greater both in the early and late phase than the chance level of 0. In the TD boys, oxy-Hb concentrations of the right
temporal cortex during the late phase were increased in the familiar face condition (red bars) (* p < .05)

The Z-scores for deoxy-Hb concentrations

The Z-scores for deoxy-Hb concentrations of the ADHD
boys showed no significant change in the familiar face
condition. However, in the unfamiliar face condition, the
Z-scores of the ADHD boys were significantly decreased
in both the right and left temporal cortices in the early
phase: right temporal cortex; t (8) = 2.47, p = 0.039; left
temporal cortex; t (8) = 4.97, p = 0.001. In the late phase,
they showed significant decreases in the left temporal
cortex: t (8) = 2.42, p = 0.041. TD boys showed no significant change in the concentration of deoxy-Hb in either
condition in either the early or late phase.
The Z-scores for total-Hb concentrations

The Z-scores for the total-Hb concentrations in the
ADHD boys showed no significant change in either condition in the early phase. However, in the late phase,
they showed significant increases in the right temporal

cortex (t [8] = 2.67, p = 0.021), but only in the familiar
face condition. TD boys showed no significant change in
the concentration of the total-Hb in either condition in
both the early and late phases.

Discussion
The current study compared the neural correlates of
viewing familiar and unfamiliar facial images in ADHD
and TD boys using fNIRS. To measure the neural activities of facial recognition, the fNIRS probes were set on
the bilateral temporal regions, including on the STS,
which plays an essential role in processing faces. These
measuring procedures were the same as in previous
studies [7, 20, 23–27]. We calculated the Z-scores for
the 12 channels within the temporal area from the raw
data in the familiar and unfamiliar face conditions.
fNIRS monitors blood volume and oxygenation in the
brain. In this study, the hemodynamic response, as indicated
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by oxy-Hb, increased gradually during the test period in
both groups and was found to occur predominantly in the
right hemisphere in TD boys. Neuroimaging studies have reported that the major aspects of facial processing arise predominantly in the right hemisphere [30, 31]. Therefore,
these findings suggest that the hemodynamic response in
this study indicates facial recognition in ADHD and TD
boys. In the familiar face condition, Z-scores of oxy-Hb concentrations were significantly increased in the early and in
the late phase for ADHD boys. In contrast, for TD boys,
significant changes were only found in the late phase. In the
unfamiliar face condition, we found no significant
changes in either group of boys. This indicates that the
hemodynamic response in ADHD boys to familiar faces
may be earlier than TD boys. However, this research
finding may not be related to the major ADHD symptoms of hyperactivity, impulsivity, and inattention.
Gobbini et al. documented that familiar faces are recognized by processes that operate outside the focus of attention and without visual awareness [32]. In addition,
numerous studies have reported slower reaction time
variability among individuals with ADHD compare to
TD individuals [33, 34]. Another possibility is that the
ADHD boys did not show adaptation for familiar faces.
Generally, repeated facial presentation induces neural
adaptation [35].
Hemodynamic responses to familiar faces were found to
occur predominantly in the right temporal area in TD
boys. In contrast, ADHD boys showed significantly increased concentration of oxy-Hb to familiar faces in both
the right and left temporal areas compared with the baseline. The TD boys showed right hemispheric dominance
in processing faces, which is consistent with many other
neuroimaging studies [30, 31]. Whereas the right hemispheric dominance in TD boys was indicated and successfully monitored by fNIRS, ADHD boys did not show right
hemispheric lateralization to familiar faces. This finding is
consistent with previous studies [6, 7]. Ichikawa et al.
showed that the brain activity stimulated by seeing a
happy face is significantly increased in both the right and
left temporal areas compared with the baseline in ADHD
boys.
Aside from the major symptoms of ADHD, boys with
ADHD have been documented to have social cognitive
impairments with impaired facial recognition and expression perception [4, 6, 7]. Additionally, in terms of basic facial processing, ADHD boys show a reduced face
inversion effect on P1 latency compared to TD children
using ERPs [8]. The inversion effect is an important index
of facial expertise. These findings suggest that individuals
with ADHD may have impairments of facial perception
and recognition, which is consistent with the results of
our study. There are a few limitations in the present study.
First, we had difficulties with the measurement of non-
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medicated ADHD boys because of motion artifacts by
their hyperactivity. It is better to remove the effect of
medication, however, the effect of medication in facial
perception and recognition is unclear in children with
ADHD. Some previous studies showed that medication
did not affect the recognition of facial expression in
ADHD children [36] or slightly improved it [6], and there
were some studies that did not examine the effect of
medication [37, 38]. The second limitation was the small
number of participants. After removing participants
whose fNIRS data failed the motion criteria, only 69.7% of
the subjects who were recruited remained in the study. Finally, although this is the first study to evaluate the neural
correlates of familiar and unfamiliar facial recognition in
children with ADHD, we recruited only boys in the
current study. Future studies should examine a larger
number of participants, recruit both genders, and consider
the effect of medication.
In conclusion, we have demonstrated that differential
brain activity occurs between ADHD and TD boys in response to the sight of a familiar face. During familiar
face processing, ADHD children showed significant activity in both the early and late phase, while TD children
showed significant activity only in the late phase. Additionally, the dominance of the right temporal areas for
facial processing was found only in TD children during
the familiar face presentation. These findings of atypical
patterns of brain activity in ADHD boys may be related
to social cognitive impairments in ADHD. We believe
that these insights make a number of important additions to the literature and would be of considerable
interest to researchers of biopsychosocial medicine.
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