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Abstract

This study was the first to examine the relationship between neurophysiological abnormalities and symptoms of sluggish
cognitive tempo (SCT) in children. Thirty children aged 6—12 years were recruited. Their heart rate variability (HRV) was
measured under resting and warning signal conditions. At rest, the children’s SCT symptoms were found to be positively
associated with their HRV (indicated by the standard deviation of the Poincaré plot along the line of identity in normalized
units, SD2 nu). SCT symptoms were also positively associated with a change in SD2 nu between the resting and warning
signal conditions. When controlling for symptoms of attention deficit hyperactivity disorder, the children’s SCT symptoms
were significantly predicted by their resting SD2 nu and by changes in SD2 nu and the percentage of successive RR intervals
that differ by more than 50 ms (pNN50) between the resting and warning signal conditions. These findings suggest that the
readiness and regulation of the autonomic nervous system may contribute to symptoms of SCT. Specifically, disturbances in
the internal neurophysiological system may explain the difficulties experienced by children when exposed to environmental

stimulation. These initial data support the hypothesis that SCT results from deficiencies in arousal.
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Introduction

“Sluggish cognitive tempo” (SCT) describes a group of
symptoms characterized by inconsistent alertness (e.g., day-
dreaming) and delays in thought and behavior (e.g., drowsi-
ness and delayed responsiveness) [4, 5]. These symptoms,
which manifest in both children and adults, are often associ-
ated with real-life impairments such as the internalization
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of behavioral difficulties (e.g., anxiety and depression),
social problems, and academic learning difficulties [4, 46].
Although some researchers have suggested that SCT rep-
resents a purer form of the inattentive subtype of attention
deficit/hyperactivity disorder (ADHD) [30], more recent
findings indicate that SCT is distinct from any form of
ADHD [4, 5].

Although increasing evidence has been found that SCT
is independent of other childhood psychopathologies, the
nature of this condition remains somewhat poorly under-
stood [4]. This lack of understanding may have multiple
consequences. First, clinicians may find it difficult to accu-
rately assess symptoms of SCT in their patients because the
underlying factors are not well understood. Second, this
lack of accurate assessment may render the clinician unable
to suggest appropriate treatment for children who exhibit
symptoms of SCT. Therefore, researchers must evaluate the
factors contributing to SCT and determine how these fac-
tors distinguish SCT from other mental disorders, especially
those with similar clinical manifestations, such as ADHD.
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Conceptualization of SCT within the research
domain criteria (RDoC) framework

Previous studies have attempted to conceptualize SCT
using behavioral symptoms, and have made considerable
progress in this area [5]. However, the conceptualization
of SCT or any other mental disorder as a group of purely
behavioral symptoms (e.g., in the Diagnostic and Statisti-
cal Manual of Mental Disorders and International Statisti-
cal Classification of Diseases) has some drawbacks. For
example, using these systems to delineate the symptoms
or presentations of disorders may not fully capture the
underlying pathophysiological mechanisms [22].

The RDoC project provides a pathophysiological
framework that can inform future classifications of men-
tal disorders and offer insight into the underlying func-
tional dimensions associated with normal and abnormal
behavior [33]. Currently, the RDoC framework comprises
five domains: negative valence systems, positive valence
systems, cognitive systems, systems for social processes,
and arousal/regulatory systems [33]. Researchers have
suggested that the latter domain, arousal/regulatory sys-
tems, relates to the symptoms of SCT [4, 8]. The charac-
teristic SCT symptoms of inattention, anxiety, and with-
drawn behavior have been attributed to both hypo- and
hyper-arousal [8]. However, no evidence has been found
to support this potential association.

Dysregulated brain arousal and SCT symptoms

Barkley [4] suggested that SCT, which is associated with
the symptoms of sleepiness and low energy, may be a form
of arousal disorder. Notably, SCT symptoms have been
shown to correlate with sustained deficits in attention/
alertness during neuropsychological tests [50, 55], and a
close relationship has been identified between arousal and
alertness [35].

The warning signal effect can be enhanced or sup-
pressed in response to an increase or decrease in norepi-
nephrine (NE), which is associated with the alerting sys-
tem [35]. Consequently, this warning signal effect can be
blocked by drugs that reduce the release of NE. Alertness
in response to a warning signal is accompanied by activity
in the locus coeruleus (LC), which has been identified as
the source of NE [1]. The thalamus has also been identified
as a component of arousal regulation [3, 29, 42].

The influence of NE and dopamine (DA) on various
functions of the prefrontal cortex (PFC), including atten-
tion and executive functioning (EF), can be represented
as an inverted U-shaped curve [10, 32]. The shape of
this relational curve indicates that the release of either
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insufficient or excess NE and DA can impair the functions
of the PFC [10, 32, 56]. Therefore, NE and DA may act
as chemical switches that turn on the PFC in a state of
alertness and turn it off in states of drowsiness and stress
[10]. In other words, the previously observed deficien-
cies in attention and executive functioning in individuals
exhibiting SCT symptoms [4, 6, 50, 55] may be attrib-
utable to states of both hypo- and hyper-arousal in the
brain, which can be reflected in autonomic nervous system
(ANS) activity.

Autonomic functioning and SCT symptoms

The LC and ANS are linked by a reciprocal pathway [39,
53]. The ability of LC neurons to receive and process cardi-
ovascular-related information and alter LC activity accord-
ingly may be mediated by the output of the rostral ventrolat-
eral medulla, which regulates cardiovascular function [39,
53]. Previous studies have also shown that activity in the LC
can induce changes in cardiovascular responses. Wang et al.
[54] found that subjecting LC neurons to photo-stimulation
increased the neurotransmission of inhibitory signals to
parasympathetic cardiac vagal neurons in the mouse brain-
stem, thus decreasing the parasympathetic affluent to the
heart. Regarding autonomic function control, the LC has
been shown to project directly to the spinal cord and the
autonomic nuclei, including the dorsal motor nucleus of the
vagus, nucleus ambiguus, and rostro-ventrolateral medulla
[39]. This evidence suggests that the pathway between
the LC and ANS is bidirectional and that changes in brain
arousal may affect ANS activity.

The ANS, which comprises the sympathetic nervous
system (SNS; NE is the primary neurotransmitter) and
parasympathetic nervous system (PNS; acetylcholine is the
primary neurotransmitter) [23], has also been identified as
a crucial modulator of physiological arousal during tasks
requiring attention and EF [27, 43, 48, 57]. The SNS and
PNS work interactively to innervate different human organs.
Specifically, the SNS controls resource mobilization, while
the PNS controls restorative/vegetative function [12]. Dur-
ing sustained attention tasks, parasympathetic vagal tone is
decreased via the vagal nerve, which promotes the influence
of the SNS within the ANS and enables immediate mobiliza-
tion during real-life tasks [43].

The literature concerning the neurovisceral integration
model [47, 48] has described the central autonomic network
(CAN) as an important component of an internal regulation
system in the ANS through which the brain controls the
visceral-motor, neuroendocrine, and behavioral responses
crucial to goal-directed behavior [47]. Structurally, the
CAN includes the following central nervous system (CNS)
components: the anterior cingulate, insular, orbitofrontal
and ventromedial prefrontal cortices; the central nucleus of
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the amygdala; the paraventricular and related nuclei of the
hypothalamus; the nucleus of the solitary tract; the nucleus
ambiguous; the ventrolateral medulla; the ventromedial
medulla; and the medullary tegmental field [47]. All these
components are connected reciprocally, which facilitates the
bidirectional transfer of information between the lower and
higher levels of the CNS [47]. Consequently, the output of
the CAN is related directly to heart rate variability (HRV),
because this output is mediated through preganglionic sym-
pathetic and parasympathetic neurons linked to the heart
via the stellate ganglia and vagus nerve, respectively [47].

According to Thayer et al. [47], the effects of the PFC on
subcortical structures (e.g., the amygdala and thalamus) may
enable an individual to control their psychophysiological
resources during attention and executive function processes
and organize their behavior efficiently to meet environmen-
tal challenges. Lane et al. [26] reported that the level of
PNS functioning, indicated by high-frequency (HF) band
measures of HRV, was positively correlated with the level
of blood flow in various cortical regions (e.g., the medial
prefrontal cortex, thalamus, caudate nucleus, and left mid-
insula) in participants exposed to film clips and encouraged
to recall personal experiences eliciting different emotions
(e.g., happiness, sadness, and disgust). Examining a cohort
of 53 adults aged 18-34, Hansen et al. [19] found that the
resting ANS function, as reflected by HRV, was associated
with cognitive performance during various attention and
executive functioning tasks (e.g., the n-back working mem-
ory task). In a study of 99 children and adolescents aged
8—17 years who were exposed to a condition intended to
arouse frustration, a higher level of parasympathetic activity
was associated with better attention performance [14]. Addi-
tionally, two recent meta-analyses evaluated the relationship
between ANS function and executive function, using HRV
as an index of the former variable [21, 57]. Notably, both
meta-analyses identified significant positive associations
between HRV and executive functioning [21, 57]. These
findings suggest a link between cognitive functioning (e.g.,
executive functioning and attention) and ANS functioning
as reflected by HRV. However, although previous findings
suggest that individuals with (vs. without) SCT symptoms
face greater difficulties with EF and attention, HRV has not
previously been evaluated in this population. Therefore, the
potential associations of these difficulties with ANS func-
tioning remain unclear.

Notably, recent studies have investigated ANS function-
ing in children with attention deficits, such as ADHD [16,
24, 37]. Koenig et al. [24] reported an association between
the severity of ADHD symptoms and the level of ANS func-
tioning (as reflected by HRV). In another study, the levels of
vagally mediated HRV measures such as HF during cogni-
tive and emotional tasks were lower in the ADHD group
relative to the control group [37]. The low-high frequency

ratio (LF/HF) was also higher in children with ADHD than
in their control counterparts under conditions of resting and
sustained attention [16]. Therefore, the effects of ADHD
symptoms on the ANS are likely to confound the results
of HRV measures at baseline and under experimental con-
ditions. As a result, individuals who have been diagnosed
as having ADHD or elevated symptoms of ADHD were
included as exclusion criteria. Exclusion of participants
with ADHD would allow investigation of the HRV and SCT
symptoms be free from the known confound. The control
set on the ADHD symptoms would inevitably impede gen-
eralization of the results, which will be highlighted in the
discussion of this paper.

Conceptual framework of study

This study conceptualized SCT as a condition that involves
abnormalities in the level and regulation of brain arousal that
lead to a deficit in attention (e.g., alertness). Brain arousal
is defined as a brain state related to the level of NE in the
cortical area of the PFC, which is regulated by the LC.
Readiness and regulation are considered two components
of ANS functioning. The former is defined as an individual’s
physiological readiness to prepare for a real-life challenge.
The use of the resting HRV to measure this component is
well-established [47]. The latter component is defined as an
individual’s ability to regulate their physiological activity
during real-life changes and challenges. In the present study,
ANS regulation was measured as the change in HRV from a
resting to a warning signal condition.

This study postulated a link between the LC and ANS.
Accordingly, abnormalities in the LC and ANS were
expected to lead to abnormalities in brain arousal (e.g.,
under-arousal due to a lower NE level) in individuals with
SCT symptoms. These chained actions between the LC and
ANS were hypothesized to affect executive functioning and
attention, thus leading to SCT symptoms. Within this frame-
work, the severity of SCT symptoms was expected to cor-
relate with ANS readiness and regulation, as measured by
HRYV. An understanding of this association is important for
multiple reasons. First, the results obtained using a dimen-
sional approach provide insights into how variations in the
RdoC domains may affect the severity of SCT symptoms.
Second, a RdoC-based evaluation of SCT symptoms com-
bines behavioral and neurophysiological data (e.g., HRV) to
differentiate this unique condition from other psychopathol-
ogies, such as ADHD and affective disorders [8]. Third, psy-
chopathologies (including SCT) rarely have a single etiol-
ogy. Therefore, studying SCT within the RdoC framework
helps us to understand how different processes (e.g., RdoC
constructs) might contribute interactively to the complex
behavioral symptoms of SCT [8].
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Aim and hypotheses

This study aimed to examine the relationships between
ANS functioning and SCT symptoms in school-aged chil-
dren. Specifically, it sought to characterize the possible link
between arousal/regulation and SCT symptoms by exploring
more deeply the specific parameters of HRV measures that
contribute to SCT symptoms. The findings had the potential
to confirm or exclude the involvement of the SNS, the PNS,
or both systems in the pathology of SCT. Reduced LC acti-
vation was expected to relieve the inhibition of PNS activity.
In contrast, elevated LC activation was expected to further
inhibit PNS activity and consequently increase SNS activity
and thus arousal level [54]. Therefore, we hypothesized that:

1. Resting HRV measures are significantly associated with
SCT symptoms.

2. Changes in HRV measures from a resting to a warning
signal condition are associated significantly with SCT
symptoms.

3. Both resting HRV measures and changes in these meas-
ures significantly predict the severity of SCT symptoms.

Methods
Participants

The participants involved in this study were required to meet
the following inclusion criteria: (a) aged 6-12 years and (b)
a full scale IQ score > 80. Potential participants who met
the following criteria were excluded: (a) any psychiatric
diagnosis, including ADHD, oppositional defiant disorder,
conduct disorder, or dyslexia; (b) a T-score > 85 in the Chi-
nese version of the Strengths and Weaknesses of ADHD
Symptoms and Normal Behavior scale (SWAN; [44]; (c) a
T-score > 70 in any subscale of the Child Behavior Checklist
(CBCL) (Chinese version) [2]; (d) any uncorrected visual
or auditory problems; and (e) a history of diabetes or car-
diac and/or respiratory problems. Children with an ADHD
diagnosis or elevated symptoms of ADHD were excluded
because these symptoms would have confounded the neuro-
physiological measures used in the study (i.e., HRV meas-
ures). Those with other psychiatric disorders (e.g., childhood
anxiety or oppositional defiant disorder/conduct disorder)
were excluded because these disorders have also been found
to be associated with different patterns of HRV [38, 40]. In
other words, these conditions could have confounded the
relationship between the HRV variables and SCT symptoms.

Thirty primary school students aged 6—12 [mean
age =104.2 months, standard deviation (SD)=20.1;
56.7% female; mean IQ score =102.92, SD =9.95] were
recruited via posters sent to primary schools and parent
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chat groups. Most of the participants were recruited from
primary schools (93.3%), and the remainder (6.7%) were
recruited via the parent chat group channel. Parents who
expressed an interest in joining the study were instructed
to contact the researcher. Each parent received informa-
tion on the nature and purpose of the study and a written
consent form. The consent forms were signed prior to the
collection of data.

Procedure and experimental setup

Before the data collection, the children’s demographic infor-
mation (i.e., name, date of birth, and gender) and medical
histories were obtained from their parents. Each participant
was then asked to attend two 1.5-h testing sessions con-
ducted in a laboratory free from visual or auditory distrac-
tions. Additional requirements were set to safeguard the
quality of the HRV measures, including (a) an illumination
level of 10 lux, (b) a room temperature of 23-25 °C, and
(c) a background noise level of 40—45 dB. During the first
session, each participant completed an IQ test and neuropsy-
chological tests. During the second session, each partici-
pant completed the HRV measures. The participants were
reminded to avoid the following before the second session:
(a) the intake of caffeinated drinks; (b) the intake of food
for 1.5 h before testing; (c) participating in vigorous activi-
ties for 24 h before testing; and (d) the use of any treatment
or medication that could affect ANS activity. Breaks were
offered before or during the tests.

Measurement instruments

Each participant underwent four neuropsychological tests
and neurophysiological measures of HRV.

Neuropsychological tests

e  Wechsler Intelligence Scale for Children, Fourth Edition
(Hong Kong) short-form (WISC-IV [51]): This is a short
version of the WISC-1V, a formal intelligence scale. It
comprises four subscales: similarities, matrix reasoning,
coding, and digit span. The raw scores for these four sub-
scales are combined to give a total raw score and subse-
quently transformed into a full-scale IQ score.

e Child Behavior Checklist for Ages 6—-18 (CBCL/6-18)
[2]: The CBCL/6-18 is a parent rating scale measuring
the emotional and behavioral problems of children aged
6-18. The respondent rates every item using a 3-point
scale (0 =not true, 1 =somewhat or sometimes true,
2 =very true or often true). The CBCL comprises eight
scales: anxiety/depression, somatic complaints, social
problems, thought problems, attention problems, rule-
breaking behavior, and aggressive behavior. The total
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raw score for each scale is then transformed into a stand-
ardized subscale score. The CBCL has been reported to
yield good to excellent test—retest reliability (intra-class
correlation coefficient: 0.66—0.87) and good discriminant
validity [28].

e SWAN—Chinese version: SWAN is a parent and teacher
rating scale used to screen for ADHD symptoms [44] The
Chinese-translated version used in this study has been
validated for use with children in Hong Kong (Education
Bureau of HKSAR, 2010). The scale comprises 18 items
that measure a child’s control of their attention, impulses,
and activity. The items are divided into two subscales of
nine items each, which address inattention and hyperac-
tivity/impulsivity, respectively. The total and subscale
scores are generated by summing the raw item scores,
which can be expressed as T-scores. A higher score indi-
cates fewer ADHD symptoms. In this study, only the total
SWAN scores were used. All of the total and subscale
scores for both the parent and teacher versions of SWAN
have been found to yield a very good internal consist-
ency (alpha> 0.9) (Education Bureau of HKSAR 2010)
and a good discriminant validity (AUC > 0.8) (Education
Bureau of HKSAR 2010).

e SCT Scale [34]: This 14-item parent and teacher scale is
used to measure SCT symptoms in children. Each item is
rated on a 7-point scale (range: O=not at all to 6 =very
much). As with those previous researches using this
measure [9, 20], 10 items were selected for use instead
of the full scale in the present study. These 10 items were
found to yield consistent loadings on the SCT factor but
not the ADHD inattention factor [7]. This unified 10-item
construct was consistent with the participants’ character-
istics and the hypotheses of the study. The internal con-

Fig. 1 Experimental paradigm
(adapted from [17, 25]. This
figure shows the resting and
warning signal conditions used
in the study

Blank Screen
for 30 sec

N

Cartoon without
sound for 200 sec

Resting condition

sistency of the 14-item SCT is high when measured by
both parent (alpha > 0.8) and teacher ratings (alpha>0.9)
[34]. Additionally, the 10-item version yielded a high
level of internal consistency in the present study (Cron-
bach’s alpha=0.898).

Neurophysiological tests

e ANS measures: HRV measures ANS activity [45]. Here,
HRYV was used to evaluate SNS and PNS activity under
each experimental condition (resting and warning sig-
nal conditions; refer to the next section for details). The
sampling rate of 5 kHz was set using an H2 heart-rate
monitor (Polar Electro, Finland).

Experimental paradigm
Warning signal paradigm

Figure 1 depicts the experimental paradigm used in this
study. This paradigm was adapted from Gomez et al. [17]
and Lai [25], who modified the sensory challenging proto-
col proposed by Miller et al. [31]. The paradigm described
by Gomez et al. [17] and that of the present study differed
mainly in the former’s inclusion of a recovery condition.
The recovery condition was omitted here because the study
focused solely on the change in HRV from the resting con-
dition to the warning signal condition. In the experimental
protocol, the HRV was measured continuously across the
two conditions: resting and warning signal. During the rest-
ing condition, each participant was shown a silent animated
video for 200 s. Subsequently, the monitor screen turned
blank, and the participant was exposed to a warning signal

0

* Pure Tone
*85 db 4000 Hz X 3 sec X 10 trials
* 10-15 seconds inter-stimulus interval

0

Warning Signal Condition
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condition block comprising 10 trials of a 4-kHz pure tone
at 85 dB. The duration of each trial was 3 s. A pseudoran-
domized interval of 1015 s was set to avoid adaptation to
the stimulus.

HRYV signal processing

HRYV was defined as the variation in the time intervals
between adjacent heartbeats [41]. All of the raw HRV data
were initially converted into tachograms using aHRV soft-
ware (Nevrokard, Slovenia). The tachograms were visually
scanned to identify ectopic beats, movement artifacts, and
abnormal noise signals. Subsequently, the data were epoched
into specific time events according to the experimental par-
adigm. Values corresponding to 20% below or above the
mean of the preceding 25 beats were treated as artifacts dur-
ing short-term recording and edited by interpolation. Data
with a correction rate 3% higher than the total normalized
HRYV data samples were discarded, as recommended by the
[45].

Previous studies have used three major types of HRV
measurement, following the recommendations of the [45]:
time domain, frequency domain, and non-linear measure-
ments. Time domain indices quantify the variability in the
measured time interval between successive heartbeats [41]
and can be derived from direct measurements of the NN
intervals or the instantaneous heart rate and from the differ-
ences between NN intervals. The most common measures
are the root mean square of successive RR interval differ-
ences (RMSSD) and the percentage of successive RR inter-
vals that differ by more than 50 ms (pNN50). Both measures
are closely correlated with PNS activity [41].

Frequency domain measurements estimate the distribu-
tion of absolute or relative power into four frequency bands:
ultra low frequency (ULF <0.003 Hz), very low frequency
(VLF 0.0033-0.04 Hz), low frequency (LF 0.04-0.15 Hz),
and high frequency (HF 0.15-0.4 Hz). In this study, autore-
gressive modeling was used to stratify HRV into these four
frequency bands. Absolute power is defined as ms squared
divided by cycles per second (ms*/Hz). Relative power is
calculated as the percentage of total HRV power or in nor-
malized units (nu), wherein the absolute power for a specific
frequency band is divided by the summed absolute power
of the LF and HF bands [41]. In this study, the frequency
domain measurements were expressed in terms of relative
power (nu), as this enabled the direct comparison of fre-
quency domain measurements between participants. Nota-
bly, HF has been found to reflect PNS activity, whereas LF
may reflect both SNS and PNS activity [45].

Finally, non-linear measurements indicate the unpredict-
ability of a time series, which arises from the complexity of
the sympatho-vagal mechanism that regulates HRV [41].
The standard deviation of the Poincaré plot perpendicular

@ Springer

to the line of identity (SD1) and along the line of identity
(SD2) are commonly used in this context [41]. A Poincaré
plot can be created by plotting every RR interval against the
prior interval [41], and can be analyzed by fitting an ellipse
to the plotted dots. SD1 represents the width of this ellipse,
and is thought to reflect short-term variability in HRV, a
measure of PNS activity [49]. SD2 represents the length of
the ellipse, and is thought to reflect long-term variability
in HRV [11, 18, 41]. In several studies, a decrease in SD2
has been associated with an increase in sympathetic activ-
ity [13, 15, 36, 49]. However, changes in SD2 may also be
modulated partly by changes in parasympathetic activity
[36]. Both SD1 and SD2 can be expressed in nu.

Data analysis

Partial correlation analysis was used to examine the cor-
relations between the resting HRV measures (RMSSD,
pNNS50, SD1 nu, SD2 nu, LF nu, and HF nu) and SCT scores
(hypothesis 1). This method was also used to measure the
correlations between changes in these HRV measures from
the resting to warning signal conditions and SCT scores
(hypothesis 2) when controlling for the ADHD symptoms
included in SWAN. Strong correlations were observed
between the HRV variables (r=0.64-0.94). Therefore, to
minimize multicollinearity, stepwise regression was con-
ducted to examine the contributions of the different HRV
variables to the severity of SCT symptoms. All of the analy-
ses were conducted using SPSS 23.0 IBM, USA), and the
significance level was set at 0.05.

Results

Associations of resting HRV measures with SCT
scores

Partial correlation analysis was used to test the associa-
tions of the resting ANS measures with the participants’
SCT scores. The means and standard deviations of the rest-
ing HRV measures and rating scale scores are shown in
Table 1. When controlling for SWAN ADHD scores, SCT
scores exhibited a significant positive relationship with SD2
nu (p=0.022) (Table 2). No other significant correlations
between the participants’ SCT scores and other resting HRV
measures were observed (Table 2).

Associations of changes in HRV from resting
to warning signal conditions with SCT scores

Partial correlation analysis was also used to test the asso-
ciations between the magnitude of changes in the HRV
measures from the resting to warning signal conditions
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Table 1 Descriptive statistics for resting HRV measures and behavio-
ral rating scales

Table 3 Descriptive statistics for changes in HRV measures and
behavioral rating scale scores

Variable Mean SD Measure Mean SD

SCT score 23.33 9.26 SCT score 23.33 9.26
Swan ADHD score 75.10 14.01 Swan ADHD score 75.10 14.01
RMSSD 62.61 18.81 RMSSD —-2.76 10.49
pNN50 39.34 13.51 pNNS50 —-1.04 10.24
SD1 nu 5.61 1.79 SD1 nu -0.30 1.02
SD2 nu 10.21 3.30 SD2 nu -1.07 2.27
HF nu 65.00 13.34 HF nu —-0.04 14.21
LF nu 48.94 2491 LF nu -3.97 36.02

RMSSD root mean square of successive RR interval differences,
PNN50 percentage of successive RR intervals that differ by more than
50 ms, SDI nu Poincaré plot standard deviation perpendicular to the
line of identity in normalized units, SD2 nu Poincaré plot standard
deviation along the line of identity in normalized units, LF low-fre-
quency HRV in normalized units, HF high-frequency HRV in nor-
malized units

and the participants’ SCT scores. The means and standard
deviations of the changes in the HRV measures and rating
scale scores are shown in the Table 3. When controlling for
SWAN ADHD score, a change in SD2 nu was significantly
associated with the SCT score (p=0.031) (Table 4). Moreo-
ver, a change in pNNS50 exhibited a marginally significant
association with the SCT score (p=0.053). No significant
correlations were observed between changes in the other
HRYV measures and the participants’ SCT scores (Table 4).

Use of resting HRV measures to predict SCT
symptoms

The intercorrelations between resting HRV measures and
behavioural rating scale scores are shown in Table 5. Step-
wise regression was conducted to determine the ability of
HRYV measures to predict the SCT score after entering the
SWAN ADHD score into the model to control for ADHD
symptoms (step 1). Subsequently, the HRV measures
(RMSSD, pNN50, SD1 nu, SD2 nu, LF nu, and HF nu)
were entered using the stepwise method (entry probabil-
ity =0.05; removal probability =0.10) (step 2) (Table 6).

RMSSD root mean square of successive RR interval differences,
PNN50 percentage of successive RR intervals that differ by more than
50 ms, SDI nu Poincaré plot standard deviation perpendicular to the
line of identity in normalized units, SD2 nu Poincaré plot standard
deviation along the line of identity in normalized units, LF low-fre-
quency HRV in normalized units, HF high-frequency HRV in nor-
malized units

The SWAN ADHD score did not contribute significantly to
the regression model [F (1, 28)=2.601, p> 0.05] (Table 6).
The stepwise analysis identified only the resting SD2 nu as
a significant predictor in the regression model. This meas-
ure explained 16.5% of the variance in SCT score [F (2,
27)=4.497, p<0.05].

Use of changes in HRV measures to predict SCT
symptoms

The intercorrelations between changes in HRV measures
and behavioural rating scale scores are shown in Table 7.
Stepwise regression was conducted again to determine the
extent to which changes in the HRV measures predicted
the participants’ SCT scores. Again, the SWAN ADHD
score was entered into the model first (step 1), followed by
changes in RMSSD, pNN50, SD1 nu, SD2 nu, LF nu, and
HF nu in a stepwise manner (step 2) (Table 8). The SWAN
ADHD score alone was not a significant predictor of the
SCT score (Table 8). However, after controlling for this
parameter, three significant predictors of the SCT score were
identified. First, changes in SD2 nu and changes in pNN50

Table 2 Partial correlation coefficients between resting HRV measures and SCT scores when controlling for SWAN ADHD scores

HRYV measures

RMSSD pNNS50

SD1 nu

SD2 nu LF nu HF nu

SCT score 0.154 0.289

0.304

0.425%* 0.003 0.023

RMSSD root mean square of successive RR interval differences, pNN50 percentage of successive RR intervals that differ by more than 50 ms,
SD1I nu Poincaré plot standard deviation perpendicular to the line of identity in normalized units, SD2 nu Poincaré plot standard deviation along
the line of identity in normalized units, LF low-frequency HRV in normalized units, HF high-frequency HRV in normalized units

#p<0.05
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Table 4 Partial correlation coefficients between magnitude of change in HRV measures from resting to warning signal conditions and SCT score
when controlling for SWAN ADHD Score

HRYV measures

RMSSD pNN50 SDI nu SD2 nu LF nu HF nu

SCT score 0.249 0.362 0.341 0.402%* —0.059 0.050

RMSSD root mean square of successive RR interval differences, pNN50 percentage of successive RR intervals that differ by more than 50 ms,
SD1 nu Poincaré Plot standard deviation perpendicular to the line of identity in normalized units, SD2 nu Poincaré plot standard deviation along
the line of identity in normalized units, LF low-frequency HRV in normalized units, HF high-frequency HRV in normalized units

#p<0.05

Table 5 Intercorrelations between resting HRV measures and behavioral rating scale scores in multiple regression

Variable SWAN SCT Resting— Resting— Resting—SD1 Resting—SD2 Resting—HF  Resting—LF nu
ADHD symptom RMSSD pNN50 nu nu nu
Score score
SWAN ADHD 0.292 —0.206 -0.247 —0.244 —0.121 0.005 0.014
score
SCT symptom 0.292 0.084 0.196 0.211 0.368* 0.024 0.006
score
Resting— —-0.206 0.084 0.895%* 0.938%*%* 0.703%*%* —0.502%* -0.014
RMSSD
Resting— —0.247 0.196 0.895%* 0.867%* 0.640%* -0.267 —0.150
pNNS50
Resting—SD1  —0.244 0.211 0.938%*%* 0.867** 0.765%%* —0.469%* —0.104
nu
Resting—SD2  —0.121 0.368* 0.703%* 0.640%* 0.765%* —0.542%* 0.286
nu
Resting—HF 0.005 0.024 —0.502%* -0.267 —0.469%* —0.542%* —0.569
nu
Resting—LF 0.014 0.006 -0.014 —0.150 —0.104 0.286 —0.569%*
nu

RMSSD root mean square of successive RR interval differences, pNN50 percentage of successive RR intervals that differ by more than 50 ms,
SD1 nu Poincaré plot standard deviation perpendicular to the line of identity in normalized units, SD2 nu Poincaré plot standard deviation along
the line of identity in normalized units, LF low-frequency HRV in normalized units, HF high-frequency HRV in normalized units

*p<0.05, ¥*p<0.01

Table 6 Regression model of resting HRV measures as predictors of SCT symptoms

Variable Unstandardized B Coefficient Standardized ¢ Sig. R R? Adjusted R R? change
standard error coefficient beta
Step 1
SWAN ADHD score  0.193 0.119 0.292 1.613  0.118 0292 0.085 0.052 0.085
Step 2
SWAN ADHD score  0.225 0.111 0.341 2032  0.052 0500 0.250 0.194 0.165%
Resting—SD2 nu 1.148 0.471 0.409 2436 0.022

SD2 nu Poincaré plot standard deviation along the line of identity in normalized units
*p <0.05

were identified as significant independent predictors in the ~ 27)=4.098, p <0.05]. The addition of changes in pNNS50 to
regression models (steps 2 and 3). Changes in SD2 nu alone  the model accounted for an additional 13.8% of the variance
explained 14.8% of the variance in the SCT scores [F (2, in SCT score [F (3, 26)=5.117, p<0.01]. Changes in SD2
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Table 7 Intercorrelations between changes in HRV measures and behavioral rating scale scores in multiple regression

SWAN SCT Change— Change— Change—SD1 Change—SD2 Change—HF  Change—LF nu
ADHD symptom RMSSD pNNS50 nu nu nu
score score
SWAN ADHD 0.292 0.026 -0.096 —-0.054 —-0.245 0.116 —0.094
score
SCT symptom 0.292 0.246 0.317 0.310 0.301 0.081 —0.083
score
Change— 0.026 0.246 0.737** 0.910%** 0.183 0.305 —0.454
RMSSD
Change— —0.096 0.317 0.737%%* 0.786%** —0.038 0.424* —0.596%*
pNN50
Change—SD1 —0.054 0.310 0.910%* 0.786%** 0.158 0.417* —0.59%*
nu
Change—SD2  —0.245 0.301 0.183 -0.038 0.158 —0.491%* 0.370*
nu
Change—HF 0.116 0.081 0.305 0.424 0.417 —0.491%* —0.822
nu
Change—LF —0.094 —0.083 —0.454% —0.596%* —0.590%* 0.380 —0.822%*
nu

RMSSD root mean square of successive RR interval differences, pNN50 percentage of successive RR intervals that differ by more than 50 ms,
SD1 nu Poincaré plot standard deviation perpendicular to the line of identity in normalized units, SD2 nu Poincaré plot standard deviation along
the line of identity in normalized units, LF low-frequency HRV in normalized units, HF high-frequency HRV in normalized units

#p<0.05, **p<0.01

Table 8 Regression model of changes in HRV measures as predictors of SCT symptoms

Variable Unstandardized B Coefficient Standardized t Sig. R R? Adjusted R R? change
standard error coefficient beta
Step 1
SWAN ADHD score  0.193 0.119 0.292 1.613 0.118 0.292 0.085 0.052 0.085
Step 2
SWAN ADHD score  0.257 0.115 0.389 2236 0.034 0483 0233 0.176 0.148*
Change—SD2 nu 1.621 0.710 0.397 2281 0.031
Step 3
SWAN ADHD score  0.285 0.107 0.431 2669 0013 0609 0371 0.299 0.138*
Change—SD2 nu 1.721 0.657 0.421 2.621 0.014
Change—pNN50 0.339 0.142 0.374 2392 0.024

SD2 nu Poincaré plot standard deviation along the line of identity in normalized units, pNN50 percentage of successive RR intervals that differ

by more than 50 ms
*p<0.05

nu were, therefore, a stronger predictor of SCT scores than
changes in pNN50.

Discussion

The current study was the first to examine the relationships
between SCT symptoms and the arousal/regulatory system
in children. The results support our hypothesis that dif-
ferent HRV parameters across resting and warning signal

conditions correlate with the symptoms of SCT in children.
First, ANS readiness, as measured by resting SD2 nu, was
significantly associated with SCT symptoms. Second, ANS
regulation, as measured by changes in SD2 nu from the rest-
ing to the warning signal condition, correlated significantly
with SCT symptoms. Third, ANS readiness and ANS regu-
lation, as measured by SD2 nu and changes in SD2 nu and
pNNS50, respectively, were identified as significant predictors
of SCT symptoms in children after controlling for ADHD
symptoms.
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ANS readiness and SCT symptoms

As previously noted, resting SD2 nu correlated positively
with the symptoms of SCT. SD2 nu is thought to reflect
sympathetic activity in the ANS [13, 15, 36, 49], such that
a higher SD2 nu was associated with lower sympathetic
activity. Accordingly, the participants with more pronounced
SCT symptoms appeared to exhibit lower sympathetic activ-
ity in the resting condition. Pronounced SCT symptoms,
including apathy, slowness in completing tasks, and lack of
motivation, are probably associated with under-arousal in
the brain [4, 8]. Notably, the significant correlation identified
between SD2 nu and SCT symptoms was not confounded by
symptoms of ADHD, as the latter was statistically controlled
for in the analysis.

As noted above, the LC plays a major role in modulating
arousal [1] and cardiovascular responses [53]. An increase in
LC activity inhibits parasympathetic cardiac vagal neurons
in the brainstem, thus reducing parasympathetic activity to
the heart [54]. Conversely, a decrease in LC activity reduces
the inhibition of parasympathetic cardiac vagal neurons in
the brainstem and subsequently decreases sympathetic activ-
ity to the heart. In this study, more severe symptoms were
associated with lower levels of sympathetic activity, as indi-
cated by the resting SD2 nu values (the strongest predic-
tor). Under-arousal may be a deficit associated with SCT
symptoms [4, 8]. The preliminary results of a drug trial indi-
cated significant improvements in SCT symptoms in patients
treated with atomoxetine, an NE reuptake inhibitor [52]. The
latter trial further supported an association between arousal
level and the severity of SCT symptoms. The findings of the
current study suggest that children with more severe SCT
symptoms may experience an ANS preparatory state char-
acterized by lower levels of sympathetic activity than those
observed in their counterparts with less severe SCT symp-
toms. ANS readiness may be a good indicator of an individ-
ual’s ability to adapt to new challenges [47]. Consequently,
a lower level of ANS readiness may explain the increased
difficulties experienced by children with SCT symptoms.

ANS regulation and SCT symptoms

This study also revealed a link between SCT symptoms and
heightened arousal in the participants. Changes in the mag-
nitude of SD2 nu from the resting to the warning signal con-
dition were positively associated with SCT symptoms, and
both these changes and changes in pNN50 were identified as
significant predictors of SCT symptoms after controlling for
ADHD symptoms. The participants may have experienced a
simultaneous increase in sympathetic activity and decrease
in parasympathetic activity when exposed to the warning
signal condition after the resting condition. Previous studies
have attributed such an increase in sympathetic activity and

@ Springer

such a decrease in parasympathetic activity to an increase
in LC activity and consequently the frequency of inhibitory
postsynaptic currents in the cardiac vagal neurons [54]. The
participants with more severe SCT symptoms were more
likely to exhibit greater pNN50 changes and SD2 nu changes
upon exposure to the warning signal, which may reflect a
higher level of arousal in the brain. However, the variables
in this study were based on the magnitude of changes from
the resting to the warning signal condition. Therefore, the
participants with more severe SCT symptoms may have
experienced lower levels of arousal in the resting condition
or excessive arousal in the warning signal condition. Future
studies should explore the modulating effect of baseline
arousal on the responses of SCT participants.

Some researchers have speculated that SCT symptoms,
particularly those related to withdrawal, may be attribut-
able to a state of heightened arousal [8]. The results of the
current study appear to support the hypothesized associa-
tion between increased arousal and an exacerbation of SCT
symptoms such as apathy. The withdrawn behaviors exhib-
ited by individuals with SCT may be caused by an increased
level of arousal in response to environmental and especially
stress-related events. In other words, SCT symptoms do not
seem to be correlated solely with under-arousal. Our find-
ings also indicate that SCT symptoms are associated with
heightened arousal in response to environmental stimuli or
events.

The observed deficiencies in ANS readiness and regu-
lation in individuals with SCT may explain the sustained
attention deficiencies reported previously [50, 55]. These
deficiencies may be associated with two neurophysiologi-
cal deficits. First, as demonstrated in this study, individu-
als with exacerbated SCT symptoms may exhibit a lower
level of appropriate ANS readiness associated with under-
arousal. This presents challenges when preparing to meet the
demands of real-life tasks. Second, people with exacerbated
SCT symptoms find it more difficult to maintain the optimal
change to the ANS needed to meet the requirements of the
internal and external environment. Therefore, as shown in
this study, the observed deficiencies in sustained attention
may be attributable to abnormalities in both ANS readiness
and ANS regulation.

This study had some limitations worth noting. First, the
data were correlational. Future studies should directly com-
pare the HRV values of children exhibiting high levels of
SCT symptoms with those of children exhibiting typical
development under resting and warning signal conditions.
Second, the study did not include children with ADHD. It
was, therefore, impossible to examine the associations of
HRYV measures with ADHD symptoms and compare these
relationships with the neurophysiological factors associated
with SCT in the same population. Although both ADHD
and SCT symptoms may be associated with HRV measures,
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the patterns and/or strength of these associations may differ.
More information on these associations may help to clarify
the physiological differences between SCT and ADHD.
Therefore, future studies should also recruit children with
ADHD to compare their neurophysiological deficits with
those of children with SCT symptoms.

In conclusion, this study identified significant associa-
tions between SCT symptoms and ANS readiness/regula-
tion, which may be attributable to abnormalities in the sub-
jects’ arousal levels at rest, as well as to their regulation of
arousal in response to environmental stimuli. These findings
suggest that SCT may be related to abnormalities in neu-
rophysiological functioning. Future studies should address
these factors when investigating the etiology of SCT to pro-
vide a better understanding of the condition and improve
treatment options accordingly.
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