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Changes of Neurotransmitters in Youth with Internet and
Smartphone Addiction: A Comparison with Healthy Controls
and Changes after Cognitive Behavioral Therapy
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E.-K. Jeong, Y. Kwon,

ABSTRACT

BACKGROUND AND PURPOSE: Neurotransmitter changes in youth addicted to the Internet and smartphone were compared with
normal controls and in subjects after cognitive behavioral therapy. In addition, the correlations between neurotransmitters and
affective factors were investigated.

MATERIALS AND METHODS: Nineteen young people with Internet and smartphone addiction and 19 sex- and age-matched healthy
controls (male/female ratio, 9:10; mean age, 1547 = 3.06 years) were included. Twelve teenagers with Internet and smartphone
addiction (male/female ratio, 8:4; mean age, 14.99 = 195years) participated in 9 weeks of cognitive behavioral therapy. Meshcher-
Garwood point-resolved spectroscopy was used to measure y-aminobutyric acid and Glx levels in the anterior cingulate cortex.
The y-aminobutyric acid and Glx levels in the addicted group were compared with those in controls and after cognitive behavioral
therapy. The y-aminobutyric acid and Glx levels correlated with clinical scales of Internet and smartphone addiction, impulsiveness,
depression, anxiety, insomnia, and sleep quality.

RESULTS: Brain parenchymal and gray matter volume—-adjusted vy-aminobutyric acid-to-creatine ratios were higher in subjects with
Internet and smartphone addiction (P = .028 and .016). After therapy, brain parenchymal- and gray matter volume—adjusted y-ami-
nobutyric acid-to-creatine ratios were decreased (P = .034 and .026). The Glx level was not statistically significant in subjects with
Internet and smartphone addiction compared with controls and posttherapy status. Brain parenchymal- and gray matter volume—
adjusted y-aminobutyric acid-to-creatine ratios correlated with clinical scales of Internet and smartphone addictions, depression,
and anxiety. Glx/Cr was negatively correlated with insomnia and sleep quality scales.

CONCLUSIONS: The high y-aminobutyric acid levels and disrupted balance of y-aminobutyric acid-to-Glx including glutamate in
the anterior cingulate cortex may contribute to understanding the pathophysiology and treatment of Internet and smartphone
addiction and associated comorbidities.

ABBREVIATIONS: ACC = anterior cingulate cortex; bp- = brain parenchymal volume-adjusted; GABA = y-aminobutyric acid; gm- = gray matter volume-
adjusted; MEGA-PRESS = Meshcher-Garwood point-resolved spectroscopy; wm- = white matter volume-adjusted

Internet addiction is a behavioral addiction characterized by
uncontrolled use of the Internet with tolerance, withdrawal
symptoms, and compulsiveness. The prevalence of Internet addic-
tion ranges from 1.5% to 8.2%" and is much higher in adolescents
and young adults in the Far East.” Internet gaming addiction was
listed as a research criterion for behavioral addiction in the fifth
version of the Diagnostic and Statistical Manual of Mental
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Disorders.” In recent years, a preoccupation with smartphones and
their worldwide spread has resulted in smartphone addiction.

The mesocorticolimbic system is a dopaminergic projection
engaged in common neurobiologic pathways of substance addic-
tion.* The anterior cingulate cortex (ACC) is part of the mesocor-
ticolimbic system and is associated primarily with salient
networks activated by reward-related stimuli.**> The ACC has
been postulated to play a critical role with the insula in substance
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addiction.? PET,® SPECT,” and electroencephalogram8 results
reportedly show brain regions associated with substance addic-
tions.” The ACC has been one of the most frequently implicated
regions in Internet addiction.'*">

Substance addiction is associated with the neurotransmitter
changes in the mesocorticolimbic system. Nicotine and alcohol
indirectly enhance dopamine release via modulation of y-amino-
butyric acid (GABA) and glutamatergic neurons.*'® MR spec-
troscopy using an editing pulse to create J-coupling can separate
GABA and glutamate signals from other stronger overlying

17,1 .
718 and has been used to characterize neuro-

metabolite signals
transmitter changes in dynamic and interactive psychiatric disor-
ders. The use of MR spectroscopy to study the ACC with respect
to Internet and smartphone addiction can clarify common neuro-
biologic mechanisms for behavioral and substance addictions
and provide clinical intervention to reduce the prevalence and
related functional impairments in young people.

Currently, neurotransmitter changes have not been re-
searched in terms of Internet and smartphone addiction. The
purpose of this study was to reveal the associations between neu-
rotransmitter changes and Internet and smartphone addiction
and compare them with those in healthy controls and subjects’
postcognitive behavioral therapy results. In addition, correlations
between neurotransmitter changes and affective changes in youth
diagnosed with Internet and smartphone addiction were
investigated.

MATERIALS AND METHODS

Participants

The institutional review board Korea University Ansan hospital
approved this prospective study, and informed consent was
obtained from the adolescents and parents. We included young
people between the ages of 10 and 24 years who met the following
criteria: 1) >50 points on the Internet Addiction Test modified
from the Young Diagnostic Questionnaire;'® 2) >35 points
on the Smartphone Addiction Scale-short version for adoles-
cents;”° and 3) >75 points on the summed Internet Addiction
Test and Smartphone Addiction Scale. Subsequently, the Mini-
International Neuropsychiatric Interview was administered to
exclude subjects who met the diagnostic criteria of psychotic
disorders, such as schizophrenia spectrum and other psychotic
disorders, bipolar I disorder, or substance use disorder.

We included sex- and age-matched healthy controls who met
the following criteria : 1) <30 points on the Internet Addiction
Test; 2) <30 points on the Smartphone Addiction Scale; and 3)
<60 points on the summed Internet Addiction Test and
Smartphone Addiction Scale.

Psychology Tests

The Young Internet Addiction Test measures the severity of
Internet addiction and consists of 20 items scored on a 5-point
Likert scale, covering the extent to which Internet use affects daily
routines, social life, productivity, sleeping patterns, and feelings."®
The Smartphone Addiction Scale-short version for adolescents
measures the severity of smartphone addiction. It consists of 10
items scored on a 6-point Likert scale.”
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Affective and cognitive characteristics of people with addic-
tion and controls were evaluated using the Barratt Impulsiveness
Scale, Hamilton Depression Rating Scale, Spielberger State-Trait
Anxiety Inventory, Pittsburgh Sleep Quality Index, Insomnia
Severity Index, and Mini-International Neuropsychiatric Interview.
In order to the measurement of intelligence, the Korean version of
the Wechsler Adult Intelligence Scale-IV for adolescents and adults
older than 16 years of age and the Korean version of the Wechsler
Intelligence Scale for Children-IV for children from 6 to 16 years of
age were used.

Cognitive Behavioral Therapy

Cognitive behavioral therapy was modified from the Cognitive-
Behavioral Therapy For Internet Gaming Addiction,”' and the
Emotional Identification and Expression Abilities Improvement
Program was reinforced. The treatment program consisted of the
following 7 areas: recognizing the Internet behavior, modifying
the cognitive distortion, finding appropriate alternative activities,
promoting self-control, recognizing self-emotions and those of
others, expressing emotions, and resolving interpersonal con-
flicts. The cognitive behavioral therapy consisted of a weekly 75-
minute program for 9 weeks. The program was administered to
the young subjects with Internet and smartphone addiction who
agreed to participate in the therapy. Two or more absences were
defined as therapy failure.

MR Imaging Parameters

MR imaging was performed within an hour after the psychologi-
cal tests. In addition, 1 or 2 days after finishing the 9-week cogni-
tive behavioral therapy program, MR imaging rescanning was
performed within an hour after the psychological retests. MR
imaging data were acquired with a 3T MR imaging scanner with a
32-channel phased array head coil (MAGNETOM Skyra; Siemens
Healthcare, Erlangen, Germany). Meshcher-Garwood point-
resolved spectroscopy (MEGA-PRESS) was programmed by insert-
ing a dual-band radiofrequency pulse into the manufacturer’s
PRESS sequence. A dual-band radiofrequency waveform was
obtained using a public domain pulse design tool, MATPULSE
software (https://cind.ucsf.edu/education/software/matpulse).
GABA measurement was performed using the MEGA-PRESS
pulse sequence from a voxel volume of 26.25 mL (voxel dimen-
sions, 3.5 x 3.0 x 2.5 cm) in the ACC (Fig 1), with the following
acquisition parameters: TR, 2000 ms; TE, 68 ms; spectral width,
2000 Hz; number of oversampled data, 2048; number of signal
averages, 256. GABA resonance at 3.01 ppm was detected by appli-
cation of a refocusing pulse at 1.9 ppm during ON spectra and at
7.5ppm during OFF spectra. Water signal suppression was
achieved with the chemical shift selective imaging technique. First-
and second-order shimming was performed for the voxels in the
ACC, and the water line widths resulted in <16 Hz. Scan time was
approximately 9 minutes.

Single-voxel 'H-MR spectroscopy with TE = 135ms was
obtained at the same voxels in the ACC (Fig 1), with the follow-
ing parameters: TR, 2000 ms; number of samples, 64. In addition
to MR spectroscopy, T1-weighted structural images were
obtained using the MPRAGE sequence with the following


https://cind.ucsf.edu/education/software/matpulse

FIG 1. GABA, Glx, and creatine measurements in the anterior cingulate cortex. GABA and single-
voxel 'H-MR spectroscopy with TE = 135 ms are obtained from a voxel volume of 26.25 mL (voxel
dimensions, 3.5 x 3.0 x 2.5cm) in the anterior cingulate cortex. The volume fractions of brain
parenchyma and gray matter in the MR spectroscopy voxels are obtained from TI MPRAGE seg-
mentation using the SPM program. Last, GABA/Cr and Glx/Cr are adjusted by multiplying brain
parenchymal and gray matter volume fractions for each individual.

parameters: TR, 2000 ms; TE, 3.55 ms; flip angle, 8°; section thick-
ness, 1 mm; and acquisition matrix, 256 x 256.

MR Spectroscopy Data Processing

The raw GABA MR spectroscopy data were transferred to an off-
line computer and processed using home-programmed MR spec-
troscopy analysis software, which was programmed in Python
(https://www.python.org/). Raw data were averaged in the time
domain and baseline-corrected, and the areas under the GABA
and Glx peaks at 3.01 and 3.8 ppm were measured by fitting to
double and single Gaussian functions, respectively (Fig 2). The
data for "H-MR spectroscopy at TE = 135ms were processed
using LCModel 6.3 (http://www.lcmodel.com/), and the creatine
peak was measured at 3.0 ppm and used as the internal reference.
GABA and GIx relative to creatine were quantified, and the
GABA-to-creatine ratio (GABA/Cr) and the Glx-to-creatine ratio
(GIx/Cr) were obtained. The GABA-to-Glx ratio (GABA/GIx)
was also obtained.

The volume fractions of brain parenchyma and gray matter in
the MR spectroscopy voxels were obtained from T1 MPRAGE
segmentation using the Statistical Parametric Mapping program
(SPM; http://www.filion.ucl.ac.uk/spm/software/spm12) (Fig 1).
Last, GABA/Cr and GIx/Cr were adjusted by multiplying brain
parenchymal and gray matter volume fractions for each
individual.

Statistical Analyses

All statistical analyses were performed using SPSS Statistics 20
(IBM). Statistical significance was defined as P =.05. GABA and
Glx differences between the youth with Internet and smartphone

addictions and controls were evaluated
using the Student ¢ test. Correlations
between neurotransmitters and psy-
chological tests were evaluated using
the Pearson correlation coefficient.
Differences in GABA and Glx levels
between pre- and postcognitive behav-
ioral therapy were tested using paired ¢
tests or paired Wilcoxon signed rank
tests based on whether the data met the
assumption for a normal distribution.

RESULTS

The results of demographics and psy-
chological tests are shown in Table 1.
The addiction group consisted of 9
males and 10 females diagnosed with
Internet and smartphone addictions.
The mean age was 15.47 * 3.06years
and ranged from 11 to 22years. The
control group consisted of 19 young
healthy subjects, sex- and age-matched
to the addiction group.

Internet and smartphone addiction
scores were significantly higher in the
addiction group compared with healthy
controls (P <.001) as well as depression
(P = .018), state, trait, and total anxiety scores (P < .001, P <
.001, and P = .001, respectively); the impulsivity score (P = .001);
insomnia severity (P = .006); and poor sleep quality (P = .008).
A significant difference in the intelligence quotient was not
observed between groups (P = .467).

Eight males and 4 females participated in cognitive behavioral
therapy. The mean age was 14.0 = 1.95 years and ranged from 11
to 17 years. Teenagers with Internet and smartphone addiction
significantly improved after 9 weeks of cognitive behavioral ther-
apy based on Internet and smartphone addiction scales (P = .001
and < .001, respectively), though Internet Addiction Test scores
and the summed scores of the Internet Addiction Test and
Smartphone Addiction Scale still met the criteria of Internet and
smartphone addiction. However, psychological and sleep test
scores were not significantly changed after therapy.

GABA levels in subjects with Internet and smartphone addic-
tions are summarized in Table 2, and GABA levels after 9 weeks of
cognitive behavioral therapy are summarized in Table 3. Brain
parenchymal volume-adjusted GABA/Cr (bp-GABA/Cr) was higher
in the addiction group compared with the controls (P = .028) and
significantly decreased after cognitive behavioral therapy (P = .034).
Gray matter volume-adjusted GABA/Cr (gm-GABA/Cr) was also
higher in the addiction group (P = .016) and significantly decreased
after cognitive behavioral therapy (P = .026; Fig 3A)

Glx levels in subjects with Internet and smartphone addiction
are summarized in Table 2, and Glx levels after 9 weeks of cogni-
tive behavioral therapy are summarized in Table 3. A significant
difference in Glx levels was not observed in the addiction group
compared with the control group. Glx/Cr adjusted brain paren-
chymal (bp-Glx/Cr) and gray matter volumes (gm-Glx/Cr) were

AJNR Am J Neuroradiol 4112931301 Jul 2020  www.ajnr.org 1295


https://www.python.org/
http://www.lcmodel.com/
http://www.fil.ion.ucl.ac.uk/spm/software/spm12

lSNR[2] =M6.3,w=1.0

BNR[ 0] =¥2.1,w=1.(

.OSNR[4] ='9.2,w=0.0

NR[6] = 8.4, w=0.0] SNR[8] =

BNR[ 9]=

BNR[12]=13.4,w=0.{ =16.9,w=0.6NR[14] =

BNR[15]=14.7, w=0.¢

‘SNR[17]M

11.9,w=1.

bNR[18] = BNR[19]=11.0,w=1.{

BNR[21]=§9.1,w=1.

bNR[22] =13.8,w=1.pNR[23] =

=255w=0.6NR[27]=12.9,w=0.6NR[28]= ¥2.8, w=1.GNR[29]=19.4,w = 0.(
400} 1
200} ]
-4.0 =35 =3.0 --iS et 2 =15 =1.0 -=0.5 0.0
B frequency (ppm)

FIG 2. Acquisition and spectral fitting of MEGA-PRESS MR spectroscopy. A, MR imaging data are acquired with a 3T MR imaging scanner with a
32-channel phased array head coil. The signal-to-noise ratio acquired on each channel is visually checked, and raw data with a low signal-to-noise
ratio (red characters) are removed from averaging. B, Selected raw data are averaged in the time domain and baseline-corrected, and the areas
under the GABA and Glx peaks at 3.01and 3.8 ppm (red lines) are measured by fitting to double and single Gaussian functions, respectively.

lower in the addiction group but without statistical significance
(P = .375 and .587, respectively; Fig 3B). The Glx level was
increased after cognitive and behavioral therapy but without sta-
tistical significance (P = .096 and .131, respectively; Fig 3B).

The results of correlations between neurotransmitters and
psychological tests are described in Table 4. The GABA/Cr
adjusted with gray-matter volume fraction (gm-GABA/Cr)
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positively correlated with the Internet Addiction Test and the
Smartphone Addiction Scale as well as the sum of both scales.
(Fig 4A) The bp-GABA/Cr correlated with the Internet
Addiction Test but was not significantly correlated with
Smartphone Addiction Scale.

The gm-GABA/Cr significantly correlated with the depression
score (P = .046), state anxiety (P = .032), and total anxiety (P =



Table 1: Demographics, psychological tests, and pre- and postcognitive behavioral therapy data

Internet Addiction (Mean) Control (Mean) PreTx (Mean) PostTx (Mean)

(n=19) P Value (n=12) P Value
Sex (M/F) 910 10 8:4
Age (yr) 1547 + 3.06 (range, T-22) 10 14.00 = 1.95 (11-17)
IAT 63.32 £ 1515 27.37 = 4.83 < .001® 6842 = 1474 52.58 = 10.24 .001
SAS 4553 £7.40 17.89 £ 8.12 <.0071° 4583 * 6.42 30.67 = 6.85 < .001°
IAT+SAS 108.84 = 20.19 4526 *= 11.72 < .001 114.25 £ 19.43 83.25 £ 15.52 < .001®
HRSD 353 £592 0x0 0187 2.00 * 3.69 0.25 £ 0.62 147
State STAI 4611 = 7.75 31.95 £ 9.99 < .001* 46.45 *= 8.55 43.82 +£10.07 441
Trait STAI 50.16 = 7.54 39.05 = 4.93 < .001® 49.27 = 7.84 4536 = 7.89 .085
Total STAI 95.89 = 14.56 71 £13.58 < .001® 95.06 * 16.19 89.18 = 17.55 253
BIS 57.53 £7.63 45.58 £ 11.72 .001° 54.27 = 6.94 5245 *+ 6.83 .093
ISl 6.89 = 4.977 311 £ 2.558 .006° 517 = 374 5.00 =443 .891
PSQI 595 * 324 353 =187 .008? 4.67 £ 231 4.83 + 292 J77
1Q 95.18 = 2.88 98 £ 1112 467

Note:—PreTx indicates precognitive behavioral therapy; PostTx, postcognitive behavioral therapy; IAT, Internet Addiction Test; SAS, Smartphone Addiction Scale; HRSD,
Hamilton Rating Scale for Depression; STAI, State-Trait Anxiety Inventory; BIS, Barratt Impulsiveness Scale; ISI, Insomnia Severity Index; PSQI, Pittsburgh Sleep Quality
Assessment; |1Q, intelligence quotient.

P value = .05

Table 2: Subjects with Internet addiction versus controls

bp-GABA/Cr gm-GABA/Cr wm-GABA/Cr bp-GLX/Cr gm-GLX/Cr wm-GLX/Cr
IA (mean) 73.85 £ 2274 49.10 = 15.27 2490 * 8.25 167.74 = 4344 106.87 = 39.90 56.25 = 13.74
Controls (Mean) 56.03 £ 25.25 36.27 = 16.02 19.77 = 971 179.55 £ 37.30 N7.45 = 25.86 62.67 = 13.12
P value .028% .016% .088 375 .587 149

Note:—wm-GABA/Cr indicates white matter volume-adjusted GABA-to-creatine ratio; wm-GLX/Cr, white matter volume-adjusted glutamine and glutamate-to-creatine
ratio; IA, Internet addiction.
*P value = 05.

Table 3: Pre- and postcongnitive behavioral therapy data

bp-GABA/Cr gm-GABA/Cr wm-GABA/Cr bp-GLX/Cr gm-GLX/Cr wm-GLX/Cr
PreTx (mean) 7420 * 23.58 4677 + 1595 2443 + 832° 177.19 + 47.81 19.07 + 3437 5812 * 14.81
PostTx (mean) 5272 + 1452 34.60 = 9.28 1811 = 5.67 215.65 + 48.31 142.46 + 34.54 7319 * 16.40°
P value 0347 .026* .071° 096 131 .06°

Note:—PreTx indicates precognitive behavioral therapy; PostTx, postcognitive behavioral therapy.
® P=.05 based on paired t test or Wilcoxon signed rank test.
® wm-GABA/Cr in precognitive behavioral therapy was not in a Gaussian distribution, and the nonparamatric Wilcoxon signed rank test was applied in statistical analysis.
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300.00-]
O control O control
W patient W patient
125.00 BlPostTx BlPostTx
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- 200.00-
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00-] 00
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FIG 3. The boxplots of GABA/Cr (A) and Glx to Glx/Cr (B) in healthy controls and Internet and smartphone addicted subjects pre- and postther-
apy. The horizontal line is the median, and the upper and lower ends of the boxes are the upper and lower quartiles, respectively. The vertical
lines represent data ranges. PostTX indicates postcognitive behavioral therapy.
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Table 4: Correlation between neurotransmitter and psychological tests

bp-GABA/Cr gm-GABA/Cr wm-GABA/Cr bp-GLX/Cr gm-GLX/Cr wm-GLX/Cr
IAT r 0.345 0.387 0.252 —-0.088 -0.029 -0.192
P value 0342 .016% 127 .599 .863 249
SAS r 0.300 0.323 0.250 -0.209 -0.172 -0.240
P value .067 0482 129 209 302 146
IAT+SAS r 0.336 0.372 0.260 -0.144 -0.093 -0.219
P value .039% 0222 neé 388 578 186
HRSD r 0.312 0.326 0.298 -0.201 -0.17 -0.201
P value .057 0462 069 227 308 227
State STAI r 0.327 0.348 0.274 0.075 0.096 0.028
P value .0457 .032% .095 .655 .566 .867
Trait STAI r 0.294 0.305 0.263 -0.197 -0.173 -0.212
P value .073 .062 m 235 300 202
Total STAI r 0.335 0.350 0.291 —-0.071 —0.048 -0.097
P value .040° .031° 077 674 770 564
BIS r 0.132 0.145 0.109 -0.06 -0.042 -0.079
P value 429 386 513 72 .800 .637
1SI r 0.073 0.037 0.139 -0.386 -0.419 —0.255
P value 664 824 405 0172 .009% 123
PSQI r 0.235 0.194 0.305 —0.405 -0.439 -0.264
P value 155 242 .063 0122 .006° 109

Note:—PreTx indicates precognitive behavioral therapy; PostTx, postcognitive behavioral therapy; IAT, Internet Addiction Test; SAS, Smartphone Addiction Scale; HRSD,
Hamilton Rating Scale for Depression; STAI, State-Trait Anxiety Inventory; BIS, Barratt Impulsiveness Scale; ISI, Insomnia Severity Index; PSQI, Pittsburgh Sleep Quality

Assessment.
P value = .05.

.031; Fig 4B). The bp-GABA/Cr significantly correlated with state
anxiety (P = .045) and total anxiety (P = .040).

Glx/Cr did not correlate with Internet and smartphone addic-
tions scores. The bp-Glx/Cr and gm-Glx/Cr significantly corre-
lated with insomnia (P = .017 and P = .009, respectively) and
sleep quality (P = .012 and .006, respectively; Fig 4C). Impulsivity
did not correlate with GABA or GIx levels.

DISCUSSION

The results of this study showed that GABA levels were higher
in the ACC in young subjects with Internet and smartphone
addictions and decreased after 9 weeks of cognitive behavioral
therapy. The bp-GABA and gm-GABA correlated with depres-
sion and anxiety scores as well as Internet and smartphone addic-
tion scores. The bp-Glx and gm-Glx negatively correlated with
insomnia severity and sleep quality.

Recently, the high accessibility of smartphones has led to
severe functional impairments compared with conventional
Internet addiction. Smartphone addiction is a behavioral or tech-
nological addiction based on Internet use and shares core symp-
toms and risk factors with Internet addiction.’** Therefore,
smartphone addiction could be considered a category of Internet
addiction;>* thus, Internet and smartphone addictions were not
separated in this study.

GABA is the main inhibitory neurotransmitter and is present
at approximately one-third of all synapses.”* The GABA concen-
tration in the human brain is approximately 1 mM.** GABA is
present in inhibitory local interneurons and is approximately 7-
fold more concentrated in gray matter than in white matter.***
Therefore, the gm-GABA level was statistically more significant
than wm-GABA in this study (Tables 2-4). Glutamate is the
main component in Glx based on MR spectroscopy. Glutamate is
the major excitatory neurotransmitter, and GABA is mostly
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synthesized from glutamate via decarboxylation.”® The concen-
tration of glutamate was also approximately 2-fold higher in gray
matter.”> GABA and glutamate are also key opposite modulators
of dopamine in mesocorticolimbic pathways, which are closely
associated with addiction**”*®

In previous in vivo MR spectroscopy studies, the decreased
GABA level was associated with depression and autism spectrum
disorders.” Schizophrenia did not show statistical significance in
the meta-analysis but tended to exhibit lower GABA levels. In
several studies, a low GABA level was reported in subjects with
attention deficit/hyperactivity disorder and panic disorder.’**’
GABA 4 receptor subunit expression has also been shown to exert
significant influence on substance and gambling addictions.*®**
A high signal-to-noise ratio is a technical challenge when using
MR spectroscopy to measure GABA levels. However, the occipi-
tal or parietal lobes have been evaluated in many GABA MR
spectroscopy studies without being implicated in the etiology of
psychiatric disorders, though homogeneous magnetic field and
increased signal-to-noise ratios were obtained.”

The ACC is the dopamine pathway associated with Internet
and substance addictions. The ACC also provides a higher signal-
to-noise ratio and a homogeneous magnetic field because the
ACC is distant from the skull and relatively close to the MR
imaging receiver compared with other regions of the mesocorti-
colimbic system such as the ventral tegmental area, nucleus
accumbens, insula, and prefrontal cortex. Therefore, the ACC
was thought to satisfy the hypothesis-driven and technical
approaches when using MR spectroscopy to study Internet
addiction.

In this study, GABA levels were increased in Internet- and
smartphone-addicted youth compared with other psychiatric dis-
orders and substance addictions. Two mechanisms can be postu-
lated for the increased GABA levels in Internet and smartphone
addiction. One involves the different neurobiology of Internet or
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FIG 4. The correlations between neurotransmitters and clinical scales of Internet addiction and psychological tests. A, The gm-GABA/Cr is sig-
nificantly correlated with the Internet Addiction Test (circle and dashed line) and the Smartphone Addiction Scale (x and dotted line) as well as
the sum of both scales (square and solid line). B, The gm-GABA/Cr was significantly correlated with the depression scale (circle and dashed line),
total anxiety score (x and dotted line), and state anxiety score (square and solid line). C, The gm-Glx/Cr was correlated with insomnia (circle and
dashed line) and sleep quality scores (square and solid line). IAT indicates Internet Addiction Test; SAS, Smartphone Addiction Scale; HRSD,
Hamilton Rating Scale for Depression; STAI-S, State-Trait Anxiety Inventory to measure state component of anxiety; PSQI, Pittsburgh Sleep

Quality Assessment.

behavioral addiction, and the other involves tolerance or an anti-
reward mechanism. GABA inhibits synaptic signal transmission
in the central nervous system. Activation of GABA, and GABAg
receptors hyperpolarizes neurons and inhibits action potential
generation and neurotransmission.** The inhibition of GABA at
the synapse attenuates the function of involved neural networks.
Therefore, the increased GABA levels in subjects with Internet
and smartphone addiction may be associated with the down-reg-
ulation of ACC functions, including impulsiveness control during
the decision-making process under conditions of risk."®

The ACC is also important for input integration and regula-
tion of processing in cognitive and emotional neural networks.”
In many neuroimaging and animal studies, the ACC was shown
to be associated with affective disorders (Fig 1).*>77 ACC func-
tional loss caused by lesions produces symptoms of emotional
instability, inattention, and decreased social interaction.”>*” The

emotional and personal traits caused by neurotransmitter
derangement include risk factors for Internet and smartphone
addictions and may be shared with the pathophysiology of psy-
chiatric comorbidities in Internet and smartphone addiction,
such as depression, attention deficit/hyperactivity disorder, and
hostility."* ITn a meta-analysis, Internet addiction was strongly
associated with comorbid psychopathology, though the causal
interaction could not be defined because of the insufficient longi-
tudinal study.®® In this study, the risk factors and psychiatric
comorbidities of Internet and smartphone addiction were possi-
bly associated with decreased ACC function due to increased
GABA levels (Table 4 and Fig 4).

Glutamate was shown to enhance the ACC functions in emo-
tion processing and personal traits in previous studies.'>'> The
ACC glutamate concentration was positively correlated with
impulsivity.'* Conversely, reduced ACC glutamate concentration
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increased the risk of exposure to noxious stimulation, concerns
regarding potential problems, and the fear associated with uncer-
tainty.'>"” The negative correlations of Glx with insomnia sever-
ity and sleep quality in this study may be explained by decreased
emotional ACC functions. In this study, the change in GABA lev-
els after cognitive behavioral treatment showed that the GABA
change was not the structural change of GABAergic interneurons
but a functional change of GABAergic inhibition.”” The neuro-
transmitters can be reversed and normalized with improvement
regarding Internet and smartphone addiction and comorbidities.

This study had several limitations. First is the reproducibility
issue of GABA MR spectroscopy. GABA levels can be affected by
age, sex, and circadian rhythm. In a previous study, the GABA
level was lower in older subjects on the basis of the age-related
gray matter loss; however, the tissue-corrected GABA analysis
could correct the age effect.”®® Although the neurotransmitters
in youth can be changed by the developing brain volume before
and after puberty, the change of neurotransmitters in healthy
youth has not yet been reported. Males showed higher specific
GABA receptor subunits in tissue analysis,** and GABA levels
were increased at the time of ovulation in females.*' However, in
this study, tissue-corrected GABA analysis and exact sex- and
age-matched case and control groups were used to reduce the
biologic variability. We tried to improve the technical reproduci-
bility of MR spectroscopy as much as possible with the use of
large voxel volume and careful positioning in the ACC, as well as
preparing very low first- and second-order shimming values.

Another limitation was the relatively small sample size of the
study population, particularly in cognitive behavioral therapy. A
future study with a larger sample size could clarify the roles of
neurotransmitters in subjects with Internet and smartphone
addiction. Last, the MR spectroscopy analysis used did not sepa-
rate the glutamate peak from the glutamine peak. MEGA-PRESS
MR spectroscopy with a 1.9-ppm editing pulse can separate the
Glx signal at 3.7 ppm as well as GABA at 2.01 ppm,** and the Glx
concentration detected on MR spectroscopy was very likely asso-
ciated with excitatory neurotransmission.*?

CONCLUSIONS

A higher GABA level in the ACC was associated with Internet
and smartphone addiction. The high GABA level in Internet and
smartphone addiction was normalized after cognitive behavioral
therapy. In addition, GABA and Glx levels were correlated with
clinical scores obtained using standard psychological tests. The
abnormal GABA level or disrupted balance between GABA and
GIx including glutamate in the ACC may contribute to under-
standing the biochemical and molecular basis of the Internet and
smartphone addiction and the associated comorbidities that
could be used to devise appropriate treatments.

Disclosures: Hyung Suk Seo—RELATED: Grant: National Research Foundation of
Korea (2013RIATAI012361).
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