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ABSTRACT Methamphetamine use disorder (MUD) is an illness associated with severe health conse-
quences. Virtual reality (VR) is used to induce the drug-cue reactivity and significant EEG and ECG
abnormalities were found in MUD patients. However, whether a link exists between EEG and ECG
abnormalities in patients with MUD during exposure to drug cues remains unknown. This is important from
the therapeutic viewpoint because different treatment strategies may be applied when EEG abnormalities
and ECG irregularities are complications of MUD. We designed a VR system with drug cues and EEG and
ECG were recorded during VR exposure. Sixteen patients with MUD and sixteen healthy subjects were
recruited. Statistical tests and Pearson correlation were employed to analyze the EEG and ECG. The results
showed that, during VR induction, the patients with MUD but not healthy controls showed significant o and
B power increases when the stimulus materials were most intense. This finding indicated that the stimuli
are indiscriminate to healthy controls but meaningful to patients with MUD. Five heart rate variability
(HRV) indexes significantly differed between patients and controls, suggesting abnormalities in the reaction
of patient’s autonomic nervous system. Importantly, significant relations between EEG and HRV indexes
changes were only identified in the controls, but not in MUD patients, signifying a disruption of brain-heart
relations in patients. Our findings of stimulus-specific EEG changes and the impaired brain-heart relations
in patients with MUD shed light on the understanding of drug-cue reactivity and may be used to design
diagnostic and/or therapeutic strategies for MUD.

INDEXTERMS Neuronal abnormalities, methamphetamine use disorder (MUD), virtual reality (VR), EEG,
heart rate variability (HRV), impaired brain-heart relation.

Clinical and Translational Impact Statement— The findings are highly valuable from the therapeutic view-
point, because different treatment strategies may be applied when EEG abnormalities and ECG irregularities
are complications of MUD.

I. INTRODUCTION drugs worldwide and can cause irreversible damage of brain

Methamphetamine (METH), a highly addictive psychos- cells [1]. Chronic METH users exhibit neurological (struc-

timulant, is the second most widely used class of illicit tural) and psychiatric (functional) abnormalities. METH use
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disorder (MUD) is considered a brain disease [2]. Drug-
cue reactivity, including mental (e.g., craving and attention
bias), psychophysiological (e.g., heart rate, skin conduc-
tance, and brain activity), and behavioral (e.g., drug-seeking)
responses, is evoked to study the underlying mechanisms in
patients with MUD [3], [4]. Experimental paradigms have
been developed for eliciting drug-cue reactivity by present-
ing drug-related stimuli to drug users, including uni-sensory
(e.g., visual, auditory, or olfactory) and multi-sensory (e.g.,
audiovisual and sensory) stimuli associated with previous
drug use. Many factors can influence drug-cue reactivity,
including cue characteristics, individual factors and contex-
tual factors [5]. Traditionally, one or several drug-related
cues, such as pictures, photographs, videos and objects, are
presented to the subjects, who are instructed to either pas-
sively experience the drug cues or actively respond to these
stimuli [6]. Due to a lack of complex difficulty in establish-
ing standardization, applications of traditional cue-reactivity
studies are limited [6]. Compared with traditional drug-cue
reactivity paradigms, VR advantages include immersion,
flexibility and ease of integration into clinical settings and
has been applied in the field of addictive disorders [4], [6],
[7]. Specifically, complex cues embedded in VR have been
demonstrated to induce a sharper and more rapid craving
increase [8], [9], [10] and stronger attentional bias toward
substance-related cues [11], [12], [13], [14] in several sub-
stance abuse disorders [see also [6] for a review). Indeed,
VR can efficiently induce drug-cue reactivity and could
be used to address several problems related to substance
abuse, from craving assessment to active craving treatment
using cue-exposure therapy or cognitive behavioral ther-
apy [6]. Using VR in patients with MUD has been shown
to elicit significant frequency-specific neuronal abnormali-
ties [15], [16], [17] and ECG changes during the induction
of drug craving [18], [19]. However, whether a link exists
between neuronal and ECG changes in patients with MUD
during drug-cue exposure has not yet been explored. Fur-
thermore, whether different intensities/contents of drug cues
lead to different neuronal states and ECG changes remains
unclear.

In this study, we used an integrated VR system with
gradual intensities of drug cues to investigate whether
there is any relation between EEG and ECG changes
in patients with MUD. In addition, we examined the
EEG activities and ECG variabilities that may reflect dif-
ferent stimulations to validate the efficacy of the VR
system.

This paper is organized as follows: Section II describes
the updated findings regarding METH, EEG and ECG
in the literature. Section III describes the details of the
stimulation materials and the VR system used, along
with the experiment procedures, data analysis, and statis-
tical tests. Section IV presents the experimental results.
The discussion and conclusions are summarized in
Section V.

Il. RELATED WORK

MUD is gaining attention as METH leads to considerable
behavioral problems (see [20], [21]] for review) and is the
primary culprit in overdose deaths [22]. Chronic METH
users develop neurological abnormalities [2], engaging the
areas in the mesocorticolimbic reward circuit and executive
control circuit [20], [23], [24]. EEG provides real-time mea-
surements of brain activities in response to drug cues with
very high temporal resolution. Features extracted from EEG
can serve as the endophenotypes to discover the biologi-
cal underpinnings of neurocognitive and neurophysiological
impairments in substance abuse disorder [25]. In general,
brain activities measured with EEG can be divided into
different rhythms, including § (0.1- 4 Hz), © (4-8Hz), « (8—
15 Hz), B (15-30 Hz) and y (30-48 Hz) frequencies [26]
and different oscillatory signals may have different func-
tional roles. For instance, © oscillations were reported to
be related with impulse control and action monitoring, o«
power involved in suppression of task-irrelevant responses,
B activities were engaged in active concentration and motor
preparation, and y activities were associated with perceptual
processing, attention and memory [27]. Therefore, it was sug-
gested that investigation of the above four frequency bands
should provide insights for the functional changes after abuse
of METH [17], as patients with MUD exhibit impairments in
working memory, error monitoring and attention. Tan et al.
employed drug-related stimuli in a VR environment to elicit
brain drug cue reactivity in patients with MUD and found that
the y (30—48 Hz) activity in the frontal areas decreased during
VR induction of drug craving when compared to neutral
cues [15]. In 2020, Ding et al. employed machine- learn-
ing methods to distinguish patients with MUD from healthy
subjects using frequency-specific EEG features during VR
induction of drug-cue reactivity. They reported that patients
with MUD showed higher y power and smaller EEG power in
lower frequency bands, including § and « bands, during VR
induction [16]. In 2021, we reported that patients with MUD
still exhibited abnormalities after VR induction in &, « and
y power changes during a resting state.

Heart rate is important to maintain a normal physiological
state. Many factors, such as emotions, exercise and diseases,
can affect the heart rate, leading to variabilities in heart rate.
Heart rate variability (HRV) analysis using ECG signals is
considered an effective way to measure the cardiac auto-
nomic modulation of the autonomic nervous system (ANS)
and is wildly applied in different diseases [28], [29], [30],
[31]. METH use causes sympathomimetic amines and cardiac
complications are often seen in MUD patients, including
hypertension, aortic dissection, acute coronary syndromes
and pulmonary arterial hypertension [32], [33]. It has been
shown that the changes of HRV indexes on time, frequency
and nonlinear domains in MUD patients differ significantly
from healthy controls [18], [19]. These HRV changes in
patients positively correlated with the level of METH craving
in MUD patients [19], [34].
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In summary, abuse of METH may result in abnormali-
ties in frequency-specific regional neuronal activity and in
HRYV indexes in response to drug-related cues. These findings
raise the question of whether EEG abnormalities and ECG
irregularities are comorbidity or complications in patients
with MUD. This is important from the therapeutic viewpoint
because different treatment strategies may be used for comor-
bidities or complications.

lIl. MATERIAL AND METHOD

A. SYSTEM EQUIPMENT

In this study, we used an intelligent VR system inte-
grated with EEG and multiple stimuli for reliably inducing
intensity-specific drug cue-related changes. This system has
been used in our previous works [17], [18]. HTC Vive Pro
Eye®with an embedded headset and VR controllers were
used to create an immersive three-dimensional visual and
interactive experience. In addition, a wearable device by
ScentRealmTM X-Scent3.0®)was employed to provide odor
stimulations of beer, cigarette, METH, and a karaoke room,
with controllable density and stimulation frequency. Further-
more, the VR system was integrated with various sensors that
measured the physiological signals of EEG data (BrainVision
V-amp), ECG (Thought Tech TM), galvanic skin response
(GSR), and eye movements using Unity 3D, therefore, data
from these devices would coordinately output with a time
stamp for synchronization. Before the start of the experiment,
we calibrated the position of the participant to be in the center
of the VR system. The participant was seated comfortably
with VR controllers in their right hand to interact with the
virtual environment. Through HTC Vive Pro Eye(®), a variety
of visual and acoustic stimulations, such as beer, smoke,
drugs, music, TV, and enticing conservations with nonplayer
characters (NPCs), were delivered to the participant.

B. VR SCENARIO: GRADUAL INTENSITIES OF DRUG CUES
For better manipulation of drug cues, we used Unity3D to
create a virtual scene with gradual intensities of drug cues.
The virtual scene is a karaoke environment (Fig. 1) that mim-
ics the environment where patients with MUD used METH.
Four stimulation stages were designed to gradually enhance
the drug cue-related reactivity:

1) Stage I: Drug Cognition — Images of several drugs,
including FM2, heroin, ketamine, amphetamine, ecstasy,
cannabis, and METH, were randomly presented to partici-
pants with a refresh rate of six seconds through the headset,
along with a voice prompt, to enhance drug memory recall.

2) Stage II: Drug Temptation — This stage aims to evoke
the drug craving by providing an atmosphere and situations
that usually elicit the desire for drugs in MUD patients. In this
stage, NPCs take part in typical karaoke room activities, such
as smoking, drinking, chatting, dancing and singing. Finally,
an NPC asks the participant to join them.

3) Stage III: Drug Stimulation — To further increase temp-
tation, this stage stimulates the mirror neuron system of
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the participant by showing an animation of an NPC taking
METH. An intense smell of METH accompanies this action
as well. Furthermore, conversations between NPCs revolve
around METH intake to further entice the participant.

4) Stage IV: Drug Provocation — This stage attempts to
convert the drug desire into action and punishment. The NPCs
attempt to verbally persuade the participant to fulfill their
desire and ask them to decide whether they want to try or
reject. This is to mimic the struggle in the patient’s mind.
At the same time, police sirens are played to act as a strong
deterrent to the patient with MUD.

Total duration of the VR induction’s four stages is 12 min-
utes. To maintain participant engagement, participants are
asked to press a button within 3 seconds whenever they hear
the word “you” spoken by the voice prompt.

C. SUBJECTS

Sixteen MUD patients (11 males, 5 females) were recruited
from Chang Gung Memorial Hospital. The inclusion criteria
for participants were as follows: (1) aged 20-65 years, and
(2) diagnosed as having MUD based on the Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition (DSM-
V) by a board-certified psychiatrist. Exclusion criteria were
a history of major psychiatric illness, physical illnesses in
stable condition, and heart disease. A group of 16 healthy sub-
jects (12 males, 4 female) without mental or physical diseases
were also recruited for comparison. Subjects in the healthy
group were not taking any prescription medication. The study
was performed at Kaohsiung Chang Gung Memorial Hospital
and was approved by the Institutional Review Board of Kaoh-
siung Chang Gung Memorial Hospital (201901912A3) in
accordance with the Declaration of Helsinki and Good Clin-
ical Practice guidelines. All participants signed an informed
consent after receiving an explanation of the study.

D. EEG ACQUISITION AND PROCESSING

Electrophysiological data of EEG from five channels (C3, C4,
Cz, Pz and FCz) and ECG signals were recorded with the
sampling rate of 512 Hz during the VR experiment. Horizon-
tal and vertical EOG were also recorded for artifact removal.
To maintain their attention throughout the experiment, sub-
jects were instructed to press a button using their right index
finger whenever they heard the word ‘you.” These data were
bandpass filtered (2-56 Hz) offline using Butterworth fil-
ter in SPM12 (Wellcome Trust Centre for Neuroimaging,
http://www fil.ion.ucl.ac.uk /spm/) to remove head motion
(< 1Hz) and power line (60Hz) artefacts, and EOG con-
taminations were removed from the EEG data using a fully
automated method [35]. The EOG-removed data were then
transformed into the time-frequency domain from 4 to 48Hz
using Morlet wavelet (wavelet number: 5). The spectral den-
sities at each channel were epoched according to the stimulus
stages and averaged into four frequency bands of interest,
including the & (4-7 Hz), « (8-14 Hz), B (15-24 Hz) and y
(25-48 Hz) bands. Finally, the frequency-specific spectrum
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were averaged over time points to obtain the stage-specific
data. We used the first-minute averaged data before VR expo-
sure of each subject as the individual baseline and computed
the relative frequency-specific power change ratio (PCR) as
follows:
PCR = (P-Pbaseline]/Pbaseline x 100%

where P is the phase- and frequency-specific EEG power and
Pbaseline is the individual frequency-specific baselines.

E. ECG DATA PROCESSING

The raw ECG data were first down-sampled to 256 Hz
and filtered with a band-stop filter of 60 Hz to remove the
power line artifacts. Fifteen HRV indexes for each partic-
ipant were extracted from the filtered ECG data using the
Kubios HRV Analysis Software package [36]. These HRV
indexes contain eight time-domain related parameters, five
frequency-specific and two nonlinear parameters (see Sup-
plementary Table 1 for the list of HRV indexes). For a
better estimate of the HRV indexes with enough time points,
we combined two stages of ECG data, resulting in only two
stage-specific ECG parameters. For correlation analysis of
EEG and ECG, we merged the EEG data of two stages.

F. STATISTICAL ANALYSES

The PCR differences of EEG at the five channels were
statistically tested using analysis of variance (ANOVA) for
within- and between-groups factors using SPSS AMOS 21.0.
The HRV indexes were also entered using ANOVA with
two factors: (1) group with two levels (patients vs. controls),
and (2) HRV indexes with 15 variables. A post hoc t-test
with control of false discovery rate was applied to further
identify the significant pairwise difference among the fac-
tors between groups. Paired t-test was employed to examine
the within-group PCR differences in both groups. Pearson’s
correlation was used to establish the relations between PCRs
and HRYV indexes. For the demographic characteristics, two
sample t-tests were used to test for differences between the
two groups. The significant level was set at p<0.05 after
correction.

IV. RESULT

A. DEMOGRAPHIC CHARACTERISTICS AND CLINICAL
SCALES

Table 1 presents the statistical results of the demographic
characteristics of the patients and healthy subjects. The mean
age of the healthy group was younger, but the age difference
between the two groups was not significant (p = 0.53). The
two groups exhibited similar BMI (p = 0.12).

B. WITHIN GROUP POWER DIFFERENCES INDUCED BY
VR

To validate the efficacy of this VR system on eliciting
brain changes, we first investigated the within-group effects
of PCRs in EEG power when compared with the baseline
(Table 2 ). For the patient group, the VR experiment robustly
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FIGURE 1. Experimental procedure and the virtual scenes seen by the
subject.

TABLE 1. Demographic characteristics and clinical scales.

Variable Patients Controls Significance
(n=16) (n=16) (P-value)
Age, years 44.2+8.5 33.6+9.5 0.53
Male/ Female 11/5 12 /4
BMI 25.8+4.3 23.44+4.1 0.12

induced o power decreasing of all channels during Stage [ and
II. These « decreases extended to stage III for all channels
except Pz in the patient group. The § power were suppressed
in Stage I at Cz and FCz, in Stage II at all channels except Pz,
and in Stage III at C4, Cz, and FCz. The © PCR decreased in
Stage I at Cz and Stage II at FCz. The y PCR were decreased
only at Cz in Stage I and II. No PCRs were significant in Stage
IV in patients. For the healthy subjects, the most significant
decreases were the y PCRs at all channels in Stage III and
at Cz, Pz, FCz in Stage IV (Table 2). The B power were
suppressed in Stage IV at C3, Pz and Cz.

C. STAGE-SPECIFIC DIFFERENCES IN EEG POWER
DURING VR INDUCTION

Figure 2A shows the significant stage-specific differences
in EEG power of the post hoc tests for the patient group.
At first glance, the PCRs reversely become positive in Stage
IV whereas were negative in other stages (Figure 2A). In par-
ticular, significant enhancements in ¢ and 8 PCR can be
seen in Stage IV over the midline areas of FCz, Cz and Pz
and the primary motor areas of C3 and C4. The o power in
Stage IV were significantly greater than that in Stage I at
C3, C4 and Pz, in Stage II at C3, C4, FCz and Pz, and in
Stage III at C4 and FCz. The g oscillations in Stage IV were
significantly larger than that in stage IV at Cz, and in Stage
IT at Cz, Pz and FCz. There were no significant stage-specific
differences in © and y power in the patients. Importantly,
for the healthy subjects, no stage-specific differences in EEG
power during VR Induction were identified. Regarding the
between-group PRC differences, significant PCR differences
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TABLE 2. Significant frequency-specific within group PCRs.

EEG Patient Group Healthy Group
feature STAGE | STAGEIl  STAGEIl STAGEIV | STAGEI  STAGEIl STAGE lll STAGE IV
ec3 -10.4+£42.9 -12.3+444 -11.6+45.8 86+1.6 -12.3+295 -8.7+26.7 -8.8+27.9 -10.2+18.7
o ca -12.0+42.6 -15.6+449 -12.7+502 64+88 | -13.2+32.5 -10.0+27.9 -9.0+28.9 -10.2+20.5
o c -21.1+27.5* -18.8+30.4 -11.4+39.1 2520 -9.6 +21.8 -5.2+204 -8.0£23.9 -8.6x13.4
Z
op -14.2 £45.8 -17.3+46.2 9.0+85.3 24.8+3.0 -11.2+£26.1 -7.0£24.4 -8.6+£26.2 -9.6+£16.3
Z
o FC -18.1+40.9 -25.9+35.4* -16.7+43.6 0555 | -13.8+349 -11.1+286 -9.5+29.3 -9.8+22.2
Z
JI EEXE: 33.1%* -28.5+35.7* -22.3+40.5* 19.7+158 | -16.4+39.9 -21.3+39.6 -15.4+33.9 -16.1%22.7
a
a -22.9 +30.4*% -27.6 +33.8*%* -25.4+34.4* 19.8+26.4 | -17.4t41.6 -20.6+27.4 -14.7+36.0 -16.1+24.6
o
c -27.1 +34.3* -33.1+31.6** -30.4 £32.4** 23+-8.0 -13.3+33.1 -23.6+39.0 -18.2+30.1 -15.1+18.0
a Cz
o -25.5+36.5* -31.5+40.6** -33+91.6 37.8+29.1 | -15.1+37.5 -26.1+59.0 -16.4+31.9 -15.8+20.5
a Pz
FC -30.3 £33.1** -38.9 + 28.8** -32.7 +31.8** 114+22.8| -18.1+43.3 -22.2+16.6 -13.9+37.5 -5.9+25.9
a 4
B C3 -15.3+35.3 -19.2+37.1* -16.1+40.2 199+25 -23.1+£39.5 -7.1+28.8 -17.7%26.5 -12.9+21.6*
B 4 -16.3+35.1 -22.7+36.0* -21.0+37.5* 156+2.0 | -24.3+40.2 -16.8+18.7 -18.6+27.9 -13.2423.7
8 -28.3 £27.0%* -34.7 £25.3** -21.5+37.8* 113+4.6 | -185+32.4 -18.1+24.6 -14.8+225 -11.0£15.4*
Z
B P -159+41.0 -25.7+47.4 -7.6+74.8 35.1+199 | -21.3+#37.7 -17.2+18.9 -16.5+24.6 -12.2+18.8*
ra
B FC -22.7 £36.3* -32.4 £33.2** .26.0+37.0* 10.5+6.2 -25.1+41.8 -16.1+18.0 -19.4+28.5 -13.2425.1
Z
. 40+412  -1.9+405 -2.5%452 182+33.0| -23.8+£53.4 -18.7+24.8 -20.9+28.1* -14.0£25.0
v
C4 -1.4+40.7 -104+383 -11.1+413 93+9.6 | -251+49.1 -18.6+25.4 -21.6+28.9* -14.4+27.5
v
c -17.1+22.6* -24.8+29.0* -10.9+455 6.8+45 -19.34+27.1 -18.4+22.8 -18.3+25.4* -12.4+18.8*
y Cz
o 0.9+49.1 28+754  -0.7+663 29.9+7.1 | -21.8+31.5 -18.6+23.9 -19.8+26.9*  -13.4+22.0*
Y Pz
c 5.4+442 1974397 -147+445 6.0+23 | -257+349 -18.625.4 -22.2429.1* -14.7+29.6
y FCz

* : P<0.05 after correction

between patients and controls were found only in Stage IV,
at all frequencies and channels tested, except ©, «, and y at
FCz and « at Cz (Figure 2B).

D. HRV DIFFERENCES BETWEEN PATIENTS AND
CONTROLS DURING VR INDUCTION

Table 3 shows the significant HRV differences between
patients and controls during VR induction. Among 15 ECG
features being tested, seven features significantly dif-
fer between the two groups, including MRRI, SDNN,
BNN20,BPNN20, BVLF, BLF, BSD2. Specifically, NN20,
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PNN20 and SDNN were significantly smaller throughout the
VR experiment in MUD patients compared with the healthy
controls. MRRI and LF during Stage I and IT and VLF during
Stage III and IV were significantly smaller in MUD patients.
Only SD2 during Stage I and II was significantly greater in
the patient group.

E. ASSOCIATION BETWEEN EEG PCRS AND HRV

Finally, we examined the relations between EEG and ECG
during VR induction. Five HRV indexes significantly corre-
lated with the frequency-specific EEG PCRs in the healthy
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FIGURE 2. (A) Significant stage-specific PCR changes of the patient group.
The asterisks indicate significant differences between stages after
correction for multiple comparisons (P<0.05); (B) Significant
between-group PCR changes in stage IV.

group (Table 4); MRRI was negatively associated while MHR
was positively associated with « and 8 frequency band PCRs
at FCz and Pz. LF/HF were positively related with y PCRs
at all channels during Stage III and IV. SDNN was related
negatively with © FCz, B FCz and y Pz during Stage III and
IV. SD2 were negatively related with & Cz and & Pz during
Stage I and Il and & FCz, © Pz, « Pz, 8 FCz, 8 Pz and y Pz
during Stage III and IV. Interestingly, no HRV indexes in the
patient group were found to associate with the EEG PCRs.

V. DISCUSSION AND CONCLUSION

In this study, we used an integrated VR system with gradual
intensities of drug cues to investigate the EEG activities
and ECG variabilities that may reflect different stimulations.
We observed that this VR system induced brain changes in
both groups, but only patients exhibited stimulation-specific
neuronal differences. Furthermore, six HRV indexes sig-
nificantly differed between the two groups and signifi-
cant relations between HRV indexes and EEG changes
were only identified in the healthy controls, not in MUD
patients.

A. STAGE-SPECIFIC NEURONAL DIFFERENCES IN

RESPONSE TO DRUG CUES ONLY IN PATIENTS WITH MUD
Previous studies have reported that healthy controls did not
show significant changes in response to METH cues com-
pared to neutral cues, leading to the explanation that cue

6

TABLE 3. Significant HRV differences between patients and controls.

Patient Normal
ECG Feature Average = SD Average * SD tvalue P
MRRI 700.7 £119.3 775.46 £ 86.3 -3.2 <0.001
Stage land Il
SDNN 29.2+14.5 48.11183 -4.1 <0.001
Stage land Il
NN20 70.5 +£80.1 185.2178.6 -3.2 0.002
Stage | and Il
PNN20_1 18.5+23.8 4221187 --5.3 <0.001
Stage | and Il
SD2 126.3 +146.8 61.54%22.09 -5.9 <0.001
Stage | and Il
LF_1 151.5 £155.6 574.3+434.7 -3.6 <0.001
Stage land Il
SDNN 30.6 £26.6 55.9+33.8 -2.3 0.02
Stage lll and IV
+
NN20 61.50£70.8 169.3178.7 40 <0.001
Stage Ill and IV
PNN20 15.9+21.8
71187 -3. B
Stage Il and IV 38 8 31 0.003
VLF_2
— + + -
Stage lll and IV 90.8*117.3 269.4+233.6 2.7 0.01

reactivity may indeed be a result of Pavlovian conditioning
(see for [37] a review). This is based on the reasoning that
no drug expectancies among non-drug users leads to lack of
cue reactivity [37]. In this study, we found that only patients
with MUD, not healthy controls, exhibited the stage-specific
differences in response to drug cues during VR induction. Our
finding further supports the Pavlovian conditioning of drug
cues by showing that different drug cues are indiscriminate
to healthy controls because of no related experience, but
are meaningful to patients with MUD. Particularly, o and
B activities over the midline of the brain were significantly
enhanced during the fourth stage. Finally, the finding that the
two groups significantly differed only in Stage IV suggests
the important role of stimulation intensity to differentiate the
patients from healthy controls.

The functional roles of local « oscillations are thought to
be associated with cognitive performance, memory, attention,
and inhibitory controls of motor programs (see [38] for a
review). Previous studies have shown that relatively higher
o oscillations were associated with high impulsivity and
trait anxiety [39] or with affective contents of the stimuli
that have been memorized [40]. Additionally, the 8 activity
was reported to be engaged in active attention or/and motor
preparation [27] and negatively associated with inhibiting the
behavior that would lead to punishment [17]. In this study,
a and B PCRs in patients with MUD were significantly
enhanced in the fourth stage, indicating a stronger level of
intrinsic impulsivity and/or a higher affective association with
the drug-related stimuli. In summary, patients with MUD
exhibited abnormal & and 8 PCRs in response to specific drug
cues. The finding of drug cue-specific PCR changes may be
used to separate MUD patients from healthy controls.
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TABLE 4. Significant correlations between EEG PCRS and HRV in the control group.

sD2 MRRI MHR LF/HF SDNN
EEG Stage | & Il Stage lll & IV Stage Il & IV Stage lll & IV Stage lll & IV Stage lll & IV
Features
r r r r r r
oswc| © | reswar| P | teswen| P |ieswen| P o|reswen| P | reswen | P
06 0.021 05 0.031
O FCz [-0.8,-0.1] [-0.8,-0.1]
05 0.032
0C | 158-01]
05 0.045 06 0.012
8Pz | 108 0] [-0.9, -0.2]
o FCe 06 0.014 0.6 0.012
[-0.8, -0.1] [0.2, - 0.8]
a Pz 0.5 0.046 06 0.007 0.6 0.007
(0.8, 0] [-0.9, -0.2] (0.2, - 0.9]
o 05 0.045 0.5 0.034
[-0.8, 0] [0,0.8]
8 FC 06 0.026 06 0.023 0.6 0.018 05 0.035
[-0.8, -0.1] [-0.8, -0.1] [0.1,0.8] [-0.8, 0]
5 2 06 0.013 06 0.011
[-0.8, -0.2] [-0.9,-0.2]
yc3 0.6 0.023
[0.1,0.8]
v Ca 0.6 0.023
[0.1,0.8]
v FCz 0.6 0.021
[0.1,0.8]
, e 0.6 0.026
[0.1, 0.8]
- bz 05 0.04 0.6 0.024 05 0.048
[-0.8,-0] [0.1,0.8] [-0.8, 0]

B. HRV ABNORMALITIES AND DISRUPTIONS OF
BRAIN-HEART RELATIONS IN PATIENTS WITH MUD

In this study, we observed that HRV indexes of MRRI,
SDNN, NN20, PNN20, VLF, LF and SD2 significantly dif-
fered between patients and controls during VR induction.
Previous studies reported the significant differences between
patients and controls in SDNN, RMSSD, PNN50, LF, HF,
LF/HF during VR exposure and SD2, NN20, and PNN20
after VR exposure to drug cues [ 18], [19]. Furthermore, Wang
et al. demonstrated significant differences in HRV indexes
on time (SDNN, pNN50, and RMSSD) and non-linear (SD1
and SD2) domains from baseline to follow-up assessments
during exposure to VR cues [41]. Our findings are in line with
previous reports that these HRV indexes significantly differed
between the patient and control groups during VR drug-cue
induction, suggesting HRV abnormalities in patients with
MUD.

The frequency-related variabilities of LF and HF reflect the
state changes of sympathetic and parasympathetic nerve sys-
tems, respectively, and LF/HF represents the active balance
of the autonomic nerve system [42]. Ewing et al. reported
that PNN50 is a reliable indicator of parasympathetic nervous
system [43]. Therefore, our findings of HRV abnormalities in
MUD patients indicate abnormal changes of the autonomic
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nerve system. Furthermore, we observed that only healthy
controls had significant relations between HRV indexes and
EEG changes. It has shown that the central nervous system
can alter the autonomic nerve system, leading to declined
task performance and decreased vagal nerve activity while
increasing sympathetic nerve activity [44]. This brain-heart
interaction was further supported by the experimental results
of electrical stimulation at different auricular locations [45].
Machetanz et al. reported that parasympathetic (RMSSD,
PNN50, MRRI) and sympathetic (SDNN) changes were
related to frequency-specific oscillatory changes in different
brain areas in healthy subjects during electrical stimulation
of the vagus nerve [45]. Despite our experimental setup dif-
fering from the aforementioned studies, we also identified
significant relations between HRV changes of SDNN, MRRI,
and LF/HF and EEG changes only in healthy subjects. Taken
together, these results indicate that patients with MUD exhib-
ited not only HRV abnormalities but also a disruption of
brain-heart relations.

C. STUDY CONSIDERATIONS

In this study, we recruited 32 subjects- 16 patients and
16 healthy controls. This leads to the question whether
the sample size is enough for finding true results. Indeed,
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an adequate sample size of a study is of importance to con-
clude statistical significance [46]. It was suggested that other
statistical evaluations, for instance, effect size, should also
be considered for decision making because traditional null
hypothesis significance testing (NHST) is sensitive to sample
size [47]. Previous studies reported that a good effect size
(0.5~1.4) estimated using Cohen’s d increases but a small
effect size (0.01~0.2) decreases statistical power [48], [49].
Accordingly, a sample size of 16 is sufficient for data with
good quality (i.e. the effect size > 0.5) [50], although most
highly cited neuroimaging studies with patient participants
(>1000+ citations) had median sample size of 14.5 [51]. We,
therefore, examined the effect sizes based on the parameters
under investigation, including EEG PCRs and HRV indexes,
using 16 patients and 16 healthy controls (please see the sup-
plementary table 2). Overall, 43.6% effect sizes were greater
than 0.5 and the majority of effect sizes (73.1%) were greater
than 0.3 (i.e. the moderate effect size), suggesting fairly good
data quality and sample size in this study. However, this
does not automatically prevent the probability of finding false
results [52], [53], [54]. A large-scale trial is needed to further
confirm these findings of small sample size in the present
study.

In conclusion, we found that only patients with MUD
exhibited stimulation-specific neuronal differences when
using our VR system. Furthermore, six HRV indexes signifi-
cantly differ between the two groups and significant relations
between HRV indexes and EEG changes were identified
only in the healthy controls, not in MUD patients. Never-
theless, our findings of stimulus-specific EEG changes and
the impaired EEG-ECG relations in patients with MUD shed
light on the understanding of drug-cue reactivity and may
be used to design diagnostic and/or therapeutic strategies for
MUD.
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