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Abstract

Acute perturbation of the hippocampus, one of the connector hubs in the brain, is a key
step in the pathophysiological cascade of transient global amnesia (TGA). We tested the
hypothesis that network efficiency, meaning the efficiency of information exchange over a
network, is impaired during the acute stage of TGA. Graph theoretical analysis was applied
to resting-state EEG data collected from 21 patients with TGA. The EEG data were
obtained twice, once during the acute stage (< 24 hours after symptom onset) and once
during the resolved stage (> 2 months after symptom onset) of TGA. Characteristic path
lengths and clustering coefficients of functional networks constructed using phase-locking
values were computed and normalized as a function of the degree in the delta, theta, alpha,
beta 1, beta 2 and gamma frequency bands of the EEG. We investigated whether the nor-
malized characteristic path length (hnCPL) and normalized clustering coefficients (nCC) dif-
fered significantly between the acute and resolved stages of TGA at each frequency band
using the Wilcoxon signed-rank test. For networks where the nCPL or nCC differed signifi-
cantly between the two stages, we also evaluated changes in the connections of the brain
networks. During the acute stage of TGA, the nCPL of the theta band networks with mean
degrees of 8, 8.5, 9 and 9.5 significantly increased (P < 0.05). During the acute stage, the
lost edges for these networks were mostly found between the anterior (frontal and anterior
temporal) and posterior (parieto-occipital and posterior temporal) brain regions, whereas
newly developed edges were primarily found between the left and right frontotemporal
regions. The nCC of the theta band with a mean degree of 5.5 significantly decreased dur-
ing the acute stage (P < 0.05). Our results indicate that TGA deteriorates the network effi-
ciency of the theta frequency band. This effect might be related to the desynchronization
between the anterior and posterior brain areas.

PLOS ONE | DOI:10.1371/journal.pone.0164884 October 14,2016

1/12


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0164884&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:seoheeji@snubh.org

@° PLOS | ONE

Transient Global Amnesia and Network Efficiency

Introduction

Transient global amnesia (TGA) is an interesting syndrome of unknown etiology that is char-
acterized by the abrupt onset of repetitive questioning. Despite the presence of profound amne-
sia, patients with TGA appear to have intact general cognition during the attack. They remain
alert and communicative without focal neurological signs [1], and their memory usually starts
to recover after a few hours, returning to normal within a day [2]. Emotional stress, physical
efforts, temperature change and sexual intercourse are common precipitating events of TGA
[2].

Because focal hyperintense diffusion-weighted imaging (DWI) lesions in area CA1 of the
hippocampus have been reported during the acute stage of TGA [3], hippocampal CA1 injury
and the subsequent perturbation of corticohippocampal circuits have been regarded as key
steps in the pathophysiological cascade of TGA [4]. Before the documentation of these hippo-
campal DWI lesions, mesiotemporal hypoperfusion with concomitant involvement of various
cortical and subcortical structures had also been noted in patients with TGA, suggesting alter-
ations of the hippocampus and corticohippocampal circuits [5]. Recently, corticohippocampal
disruption was identified within the episodic memory network during a TGA attack in a rest-
ing-state functional MRI study [6].

Graph theory enables the quantitative measurement of cortical connection features [7].
Path length, which is the number of edges that must be traversed to go from one node to any
other node, is a key graph-theoretical index [8]. The average path length over all possible pairs
of nodes, called the characteristic path length (CPL), is inversely related to the efficiency of
information exchange over a network [8,9]. Given that the hippocampus is one of the major
connector hubs in the brain [10], the perturbation of the hippocampal network during TGA
might deteriorate the network efficiency.

In the current study, patients with TGA underwent resting-state EEG twice: once during the
acute stage and once during the resolved stage of TGA. We investigated the hypothesis that
acute TGA impairs network efficiency by comparing the CPL of the acute stage with that of the
resolved stage in each frequency band. To examine whether another network characteristics
are also affected during TGA, we evaluated the clustering coefficient (CC), which is related to
the functional specificity of regional brain areas [11].

Materials and Methods
Participants

A retrospective analysis of patients with TGA was performed based on a registry database. We
identified 22 patients who visited Seoul National University Bundang Hospital within 24 hours
after symptom onset, between January 2008 and April 2014, and who fulfilled the TGA criteria
[1]. The diagnostic criteria were as follows: (a) presence of anterograde amnesia that was wit-
nessed by an observer, (b) absence of clouding of consciousness and loss of personal identity,
(c) cognitive impairment limited to amnesia, (d) absence of focal neurological signs and epilep-
tic features, (e) absence of recent history of head trauma and seizures, and (f) resolution of
symptoms within 24 hours. The patients had 1- to 5-mm punctate hyperintense lesions in the
lateral hippocampus on DWI (S1 Fig) [3]. Single-shot spin-echo echo-planar imaging was used
for DWI with the following parameters: matrix, 128 x 128 interpolated to 256 x 256; field of
view, 220 mm; repetition time, 9400 ms for 1.5 T (Intera; Philips Medical Systems, Best, Neth-
erlands) and 5000 ms for 3 T (Intera Achieva; Philips, Best, Netherlands); echo time, 66 ms for
1.5 T and 59 ms for 3 T; SENSE factor, 2; number of acquisitions, 4; b value, 2000 s/mm?; and
section thickness, 3 mm [12]. DWI was performed again at day 3 post-onset with the same
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parameters. Sixteen patients had hippocampal lesions on the initial DWI, whereas 6 patients
had hippocampal lesions only on the follow-up DWI. The patients underwent EEG twice, once
during the acute stage (< 24 hours after symptom onset) and once during the resolved stage
(> 2 months after symptom onset) of TGA. After 1 patient was excluded due to EEG data that
were unsuitable for analysis because of artifacts, the remaining 21 patients comprised the study
population.

EEG recordings

Spontaneous EEG was recorded in a resting state with the eyes closed. EEG data were acquired
for 15 minutes from 21 electrode locations (Fp1, Fp2, F3, F4, F7, F8, Fz, C3, C4, Cz, T1, T2, T3,
T4, T5, T6, P3, P4, Pz, O1, and O2) according to the international 10-20 system with a linked
ear reference using a computer-based system (Natus Neurology, Inc, Warwick, RI). The EEG
was recorded at a sampling rate of 200 Hz. The band-pass filter was set at 1 and 70 Hz, and a
notch filter removed 60-Hz noise. The EEG data were visually inspected to obtain 20 series of
2-s epochs for analysis (400 samples) that were free of artifacts [13,14]. The data were then set
to an average reference. The direct current offset component was subtracted in each epoch, and
epochs exceeding +75 uV in amplitude at any electrode were rejected from the analysis.

Computation of the phase-locking value

Using 20 artifact-free epochs, the phase-locking value (PLV) was computed between all possi-
ble pairwise combinations of EEG electrodes. The PLV is a measure that quantifies phase syn-
chronization between two signals that originate from different electrode locations but that
were recorded during the same time interval and within the same frequency band [15]. The
phases of two signals may be synchronized even when their amplitudes are not correlated [16].
The PLV is stationarity-independent and is focused on the phase of the signals. The PLV can
range from 0 to 1. If the value is close to 1, the two signals are synchronized with a constant
time lag. If it is close to 0, the two signals are temporally independent of each other. We made a
21x21 connectivity matrix for each of the following six frequency bands: delta (1.0-3.8 Hz),
theta (4.0-7.8 Hz), alpha (8-12 Hz), beta 1 (12-18 Hz), beta 2 (18-26 Hz) and gamma (27-55
Hz) [17].

Computation of the normalized CPL and normalized CC

The next step was to convert the weighted connectivity matrix into a binary adjacency matrix
using a threshold. We constructed 999 unweighted binary networks by increasing the threshold
from 0.001 to 0.999 with a step size of 0.001. The CPL and CC were evaluated for each binary
network. The CC can be defined as the ratio of the number of existing connections between
neighboring nodes and the maximum possible number of connections between neighboring
nodes [9]. The local CC was first calculated for each node, and then the local CCs were aver-
aged over all possible nodes in the network [18].

After calculating the two measures, the CPL and CC values were normalized using the cor-
responding values for 50 random networks [19] that were the same size but had different struc-
tures [20]. These random networks were generated by randomly changing the locations of the
edges of the original network. Because graph theoretical measures are not only influenced by
network structure but also by overall network size [21], we computed the normalized charac-
teristic path length (nCPL) and the normalized clustering coefficient (nCC) as a function of the
degree, which is the average number of edges per node [22].
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Statistical analysis

We compared the nCPL and nCC between the acute and resolved stage of TGA for networks
across the six frequency bands using the Wilcoxon signed-rank test (P < 0.05). Networks for
the acute and resolved stages that were equal in mean degree, which ranged from 5 to 10 in
increments of 0.5, were compared [23]. We also calculated the effect size using Cohen’s d val-
ues [24]. Then, we evaluated the edges that were lost or developed in the brain network during
acute TGA when the nCPL or nCC significantly differed. We also compared Bonacich central-
ity [25] between the acute and resolved stage of TGA for these networks using the Wilcoxon
signed-rank test (P < 0.05). In addition, we compared the nCPL and nCC between patients
with acute TGA and 44 age- and sex-matched control subjects using the Wilcoxon signed-rank
test (P < 0.05). The control subjects were free of any neurological dysfunctions based on the 29
items of the Health Screening Exclusion Criteria [26] and had normal brain MRI examinations.
Most statistical analyses were performed using STATA/SE version 14.0 (StataCorp, College
Station, TX), while MATLAB 2015b (MathWorks, Inc, Natick, MA) was used for the EEG
analysis. The study protocol was approved by Seoul National University Bundang Hospital
institutional review board. Informed consent was waived due to the study’s retrospective nature
and the minimal risk to participants.

Results

The baseline characteristics of the study population are summarized in Table 1. In the theta fre-
quency band, the nCPL of the acute stage was significantly increased compared with that of the

Table 1. Baseline characteristics of the study population.

Age in years, mean (standard deviation) 61.81(8.65)
Males 6 (28.57%)
Precipitating factor

Physical stress 4 (19.05%)
Emotional stress 7 (33.33%)
Temperature change 4 (19.05%)
Severe pain 1(4.76%)
Intercourse 1(4.76%)
Associated symptom
Headache 2(9.52%)
Nausea 3 (14.29%)
Hypertension 6 (28.57%)
Diabetes 1(4.76%)
Hyperlipidemia 9 (42.86%)
Hours from symptom onset to the initial DWI, median (interquartile range) 7 (5-9)
Laterality of diffusion-weighted imaging lesion
Left 8(28.10%)
Right 9 (42.86%)
Bilateral 4 (19.05%)
Location of diffusion-weighted imaging lesion
Head 6 (28.57%)
Body 11 (52.38%)
Tail 5 (23.81%)

Days from symptom onset to the EEG recording during the resolved stage, median | 147 (99-375)
(interquartile range)

Values are presented as numbers (%) unless otherwise indicated.

doi:10.1371/journal.pone.0164884.t001
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resolved stage at mean degrees of 8 (P = 0.0273, Cohen’s d = 0.440), 8.5 (P = 0.0496, Cohen’s
d=0.416),9 (P =0.0355, Cohen’s d =0.481) and 9.5 (P = 0.0250, Cohen’s d = 0.587; Fig 1).
During the acute stage, lost edges for these networks mostly occurred between the anterior
(e.g., Fpl, Fp2, T1 and T2) and posterior (e.g., T5, T6, Pz and O1) electrodes, whereas newly
developed edges primarily occurred between the left (e.g., F3 and T1) and right (e.g., F4 and
T2) frontotemporal electrodes (Figs 2 and 3). Furthermore, the Bonacich centrality of the Fpl
electrode was decreased at mean degrees of 8, 8.5, 9 and 9.5 during the acute stage. The Bona-
cich centrality of the Fp2 electrode was also decreased at mean degrees of 9 and 9.5 (S1 Table).

Also in the theta frequency band, the nCC of the acute stage was significantly decreased
compared to that of the resolved stage at a mean degree of 5.5 (P = 0.0355, Cohen’s d = -0.527)
(S2 Fig). Edges that were lost and developed during the acute stage for that network are pre-
sented in S3 Fig. The Bonacich centrality was not significantly different between the acute and
resolved stage at a mean degree of 5.5 in the theta band (S1 Table). The effect sizes for the
nCPL and nCC were medium, with Cohen’s d ranging from 0.416 to 0.587 [24]. For networks
in the delta, alpha, betal, beta 2 and gamma frequency bands, the nCPL and nCC did not sig-
nificantly differ between the acute and resolved stages.

When the nCPL values from the patients with acute TGA were compared with those from
the control subjects, there were no significant differences in any of the frequency bands. Addi-
tionally, the nCC values were significantly decreased in the patients with acute TGA compared
to the control subjects in the theta frequency band at a mean degree of 7.5 (P = 0.0427, Cohen’s
d=0.5831) (54 Fig).

Discussion

Normally, spontaneous synchronization of the neural network at approximately 10 Hz regu-
lates the fluctuation of the global arousal and consciousness states in a resting-state, eye-closed
condition [27]. It was recently suggested that the spectral power of the alpha band in the par-
ieto-occipital region is decreased during acute TGA, with a concomitant increase in the theta
power associated with the dysfunction of the inhibitory neurons in the hippocampal CA1 field
[17]. The results of our graph theoretical analysis of the resting-stage EEG data indicate that,
although the theta power of the parieto-occipital region increased in a previous study [17], the
network efficiency of the theta band was impaired during acute TGA. This result was mani-
fested by the increased nCPL.

The theta rhythm has been strongly implicated in the mnemonic function of the hippocam-
pus [28]. Hippocampal cell assemblies are activated in the theta cycle during the formation of
episodic memory [29]. When the hippocampal theta rhythm was reduced after medial septal
lesion, performance deteriorated on spatial and non-spatial memory tasks [30]. In addition,
electrical stimulation of the Schaffer collateral-CA1 synapses at the theta frequency was opti-
mized for the induction of hippocampal long-term potentiation compared with stimulation at
shorter or longer intervals [31]. However, both the amount of theta rhythm and the functional
connectivity in the theta band contribute to memory formation [32,33]. Theta coherence
between the hippocampus and parahippocampal cortex [32] as well as across cortical regions
[33] increases during memory formation.

In our study, lost edges mostly occurred between the anterior and posterior brain regions
for networks in which the nCPL increased significantly during acute TGA. The Bonacich cen-
trality of the anterior brain region (Fp1, Fp2) also decreased during this stage. A previous study
reported that theta coherence between the frontal and posterior electrodes was enhanced dur-
ing memory task performance [33]. We suggest that desynchronization in the theta band
between the anterior and posterior brain regions might contribute to the episodic memory
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Fig 1. Comparison of the nCPL between the acute and resolved stages of TGA. The median nCPL values in the acute and resolved
stage of TGA are presented with regard to the delta (A), theta (B), alpha (C), beta 1 (D), beta 2 (E) and gamma (F) frequency bands. The
values of nCPL were computed as a function of the degree. Abbreviation: nCPL, normalized characterized path length; TGA, transient
global amnesia. * P < 0.05, Wilcoxon signed-rank test.

doi:10.1371/journal.pone.0164884.9001

PLOS ONE | DOI:10.1371/journal.pone.0164884 October 14,2016 6/12



o @
@ : PLOS | ONE Transient Global Amnesia and Network Efficiency

(A)

T1

Fig 2. Edges lost during the acute stage of transient global amnesia when nCPL significantly increased. Edges were lost during the acute
stage compared with the resolved stage for networks with mean degrees of 8 (A), 8.5 (B), 9 (C) and 9.5 (D) in the theta band when nCPL significantly
increased. Most of the edges were between the anterior (e.g., Fp1, Fp2, T1 and T2) and posterior (e.g., T5, T6, Pz and O1) electrodes. Abbreviation:
nCPL, normalized characterized path length.

doi:10.1371/journal.pone.0164884.9002

impairment that is associated with TGA. In contrast, the development of new edges between
the left and right frontotemporal regions during acute TGA might be a manifestation of a com-
pensatory process. The brain attempts to maximize performance in the face of damage by
using structures or networks not typically engaged, a process known as cognitive reserve [34].
However, these connections might also represent a false-positive result. When we compared
the network structures for the acute and resolved stages of TGA, we assumed that the two net-
works were equal in size. However, given that overall functional connectivity in the episodic
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(A)

T1

T T2 T1 T2

Fig 3. Edges developed during the acute stage of transient global amnesia when nCPL significantly increased. Edges were developed
during the acute stage compared with the resolved stage for networks with mean degrees of 8 (A), 8.5 (B), 9 (C) and 9.5 (D) in the theta band when
nCPL significantly increased. Most of the edges occurred between the left (e.g., F3 and T1) and right (e.g., F4 and T2) frontotemporal electrodes.
Abbreviation: nCPL, normalized characterized path length.

doi:10.1371/journal.pone.0164884.9003

memory network is reduced during the acute stage of TGA [6], the entire network size might
be smaller during that time.

We also found that the nCC decreased in the theta band at a mean degree of 5.5. Given that
the results were not corrected for multiple comparisons, differences at a single degree might be
insufficient evidence to draw any conclusions. The relative sparing of the nCC suggests that the
local connectedness of these brain networks might not be markedly disrupted following the
hippocampal injury that occurs during acute TGA.
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Although the nCC values for the patients with acute TGA were decreased compared to
those of the control subjects in the theta band at a mean degree of 7.5, the nCPL values did not
significantly different between these groups. Because the statistical power of a paired compari-
son could be greater than that of an independent comparison [35], it is possible that no signifi-
cant differences would be detected between patients with acute TGA and control subjects,
despite the differences in nCPL between acute and resolved TGA. The differences between the
patients with acute TGA and the control subjects should be further investigated with larger
samples in the future.

This study has limitations. First, the results were not corrected for multiple comparisons.
When testing multiple hypotheses regarding the same issue, the individual P values of the tests
might not be an appropriate guide for determining actual significance [36]. However, because
adjustments for multiple tests increase the chance of type II errors and make the interpretation
of findings dependent on the number of tests performed, simply describing the tests of signifi-
cance that were performed is also a way to deal with multiple comparisons in exploratory
studies [37]. Second, we used scalp EEG data collected from 21 electrodes according to the
international 10-20 system, which might not be optimal for graph theoretical analysis. Using a
great number of electrodes provides higher spatial resolution and enables the modeling of the
brain network at the cortical level. However, because EEG data are usually acquired according
to the 10-20 system in the clinical setting, many clinical studies use these EEG data despite
their limitations for research purposes [38].

In conclusion, we demonstrated that network efficiencyin the theta band is impaired during
the acute stage of TGA using graph theoretical analysis. The desynchronization between the
anterior and posterior brain regions might contribute to the clinical manifestation of TGA.

Supporting Information

S1 Fig. Examples of hippocampallesions on diffusion-weighted imaging in patients with
transient global amnesia. Punctuate hyperintense lesions in the head (A), body (B) and tail
(C) of the hippocampus are indicated with white arrows on axial diffusion-weighted imaging.
Modified from Park et al. [5].

(TIF)

S2 Fig. Comparison of the nCC between the acute and resolved stages of TGA. The median
nCC values during the acute and resolved stages of TGA are presented with regard to the delta
(A), theta (B), alpha (C), beta 1 (D), beta 2 (E) and gamma (F) frequency bands. The values of
nCC were computed as a function of the degree. Abbreviation: nCC, normalized clustering
coefficient; TGA, transient global amnesia. * P < 0.05, Wilcoxon signed-rank test.

(TIF)

S3 Fig. Edges lost and developed during the acute stage of transient global amnesia when
nCC significantly decreased. Edges were lost (A) and developed (B) during the acute stage
compared with the resolved stage for a network at a mean degree of 5.5 in the theta band when
nCC significantly decreased. A marked difference was not observed between the lost and devel-
oped edges. Abbreviation: nCC, normalized clustering coefficient.

(TIF)

$4 Fig. Comparison of the nCC between patients with acute TGA and control subjects. The
median nCC values for patients with acute TGA patients and control subjects are presented
with regard to the delta (A), theta (B), alpha (C), beta 1 (D), beta 2 (E) and gamma (F) fre-
quency bands. The values of nCC were computed as a function of the degree. Abbreviation:
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nCC, normalized clustering coefficient; TGA, transient global amnesia. * P < 0.05, Wilcoxon
signed-rank test.
(TIF)

S1 Table. Comparison of the Bonacich centrality of each electrode between the acute and
resolved stages of transient global amnesia in the theta frequency band at mean degrees of
5.5, 8, 8.5, 9 and 9.5. Abbreviations: IQR, interquartile range. *The P values were obtained by
Wilcoxon signed-rank test.

(PDF)

Acknowledgments

We acknowledge the Medical Research Collaborating Center at Seoul National University Bun-
dang Hospital for providing statistical assistance.

Author Contributions
Conceptualization: YHP SYK.

Data curation: YHP SHY.

Formal analysis: YHP SHY JSL JWJ.
Investigation: YHP SHY.
Methodology:JYK CHI.

Project administration: YHP SYK.
Resources: SHY JSL JW]J.

Software: JYK.

Supervision: CHI SYK.

Validation: YHP JYK.
Visualization: YHP SHY.

Writing - original draft: YHP JYK.
Writing - review & editing: YHH JYK CHI SYK.

References

1. Hodges JR, Warlow CP. Syndromes of transient amnesia: towards a classification. A study of 153
cases. J Neurol Neurosurg Psychiatry. 1990; 53: 834—-843. doi: 10.1136/jnnp.53.10.834 PMID:
2266362

2. Quinette P, Guillery-Girard B, Dayan J, de la Sayette V, Marquis S, Viader F, et al. What does transient
global amnesia really mean? Review of the literature and thorough study of 142 cases. Brain. 2006;
129: 1640-1658. doi: 10.1093/brain/awl105 PMID: 16670178

3. Bartsch T, Alfke K, Stingele R, Rohr A, Freitag-Wolf S, Jansen O, et al. Selective affection of hippo-
campal CA-1 neurons in patients with transient global amnesia without long-term sequelae. Brain.
2006; 129: 2874-2884. doi: 10.1093/brain/awl248 PMID: 17003071

4. Bartsch T, Deuschl G. Transient global amnesia: functional anatomy and clinical implications. Lancet
Neurol. 2010; 9: 205-214. doi: 10.1016/S1474-4422(09)70344-8 PMID: 20129169

5. Park YH,JangJW, Yang Y, Kim JE, Kim S. Reflections of two parallel pathways between the hippo-
campus and neocortex in transient global amnesia: a cross-sectional study using DWI and SPECT.
PLOS ONE. 2013; 8: €67447. doi: 10.1371/journal.pone.0067447 PMID: 23861765

PLOS ONE | DOI:10.1371/journal.pone.0164884 October 14,2016 10/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0164884.s005
http://dx.doi.org/10.1136/jnnp.53.10.834
http://www.ncbi.nlm.nih.gov/pubmed/2266362
http://dx.doi.org/10.1093/brain/awl105
http://www.ncbi.nlm.nih.gov/pubmed/16670178
http://dx.doi.org/10.1093/brain/awl248
http://www.ncbi.nlm.nih.gov/pubmed/17003071
http://dx.doi.org/10.1016/S1474-4422(09)70344-8
http://www.ncbi.nlm.nih.gov/pubmed/20129169
http://dx.doi.org/10.1371/journal.pone.0067447
http://www.ncbi.nlm.nih.gov/pubmed/23861765

@° PLOS | ONE

Transient Global Amnesia and Network Efficiency

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.
26.

27.

28.

29.

Peer M, Nitzan M, Goldberg |, Katz J, Gomori JM, Ben-Hur T, et al. Reversible functional connectivity
disturbances during transient global amnesia. Ann Neurol. 2014; 75: 634—643. doi: 10.1002/ana.
24137 PMID: 24623317

Bullmore E, Sporns O. Complex brain networks: graph theoretical analysis of structural and functional
systems. Nat Rev Neurosci. 2009; 10: 186—198. doi: 10.1038/nrn2575 PMID: 19190637

Bassett DS, Bullmore ET. Human brain networks in health and disease. Curr Opin Neurol. 2009; 22:
340-347. doi: 10.1097/WCO.0b013e32832d93dd PMID: 19494774

Latora V, Marchiori M. Efficient Behavior of Small-World Networks. Phys Rev Lett. 2001; 87: 198701—
198704. doi: 10.1103/PhysRevLett.87.198701 PMID: 11690461

van den Heuvel MP, Sporns O. Rich-club organization of the human connectome. J Neurosci. 2011;
31: 15775-15786. doi: 10.1523/JNEUROSCI.3539-11.2011 PMID: 22049421

Sporns O, Zwi JD. The small world of the cerebral cortex. Neuroinformatics. 2004; 2: 145-162. doi: 10.
1385/NI:2:2:145 PMID: 15319512

Ryoo |, Kim JH, Kim S, Choi BS, Jung C, Hwang SI. Lesion detectability on diffusion-weighted imaging
in transient global amnesia: the influence of imaging timing and magnetic field strength. Neuroradiol-
ogy. 2012; 54: 329-334. doi: 10.1007/s00234-011-0889-4 PMID: 21603902

Nishida K, Morishima Y, Yoshimura M, Isotani T, Irisawa S, Jann K| et al. EEG microstates associated
with salience and frontoparietal networks in frontotemporal dementia, schizophrenia and Alzheimer’s
disease. Clin Neurophysiol. 2013; 124: 1106—1114. doi: 10.1016/j.clinph.2013.01.005 PMID:
23403263

Sauseng P, Klimesch W, Doppelmayr M, Pecherstorfer T, Freunberger R, Hansimayr S. EEG alpha
synchronization and functional coupling during top-down processing in a working memory task. Hum
Brain Mapp. 2005; 26: 148—155. doi: 10.1002/hbm.20150 PMID: 15929084

Lachaux JP, Rodriguez E, Martinerie J, Varela FJ. Measuring phase synchrony in brain signals. Hum
Brain Mapp. 1999; 8: 194—208. doi: 10.1002/(SICI)1097-0193(1999)8:4<194::AID-HBM4>3.0.CO;2-C
PMID: 10619414

Pikovsky A, Rosenblum M, Kurths J. Synchronization. Cambridge: Cambridge University Press;
2003. doi: 10.4249/scholarpedia.1459

Park YH, Jeong HY, Jang JW, Park SY, Lim JS, Kim JY, et al. Disruption of the posterior medial net-
work during the acute stage of transient global amnesia: a preliminary study. Clin EEG Neurosci. 2016;
47:69-74. doi: 10.1177/1550059414543684 PMID: 25392008

Watts DJ, Strogatz SH. Collective dynamics of “small-world” networks. Nature. 1998; 393: 440—442.
doi: 10.1038/30918 PMID: 9623998

de Haan W, Pijnenburg YA, Strijers RL, van der Made Y, van der Flier WM, Scheltens P, et al. Func-
tional neural network analysis in frontotemporal dementia and Alzheimer’s disease using EEG and
graph theory. BMC Neurosci. 2009; 10: 101. doi: 10.1186/1471-2202-10-101 PMID: 19698093

Maslov S, Sneppen K. Specificity and stability in topology of protein networks. Science. 2002; 296:
910-913. doi: 10.1126/science.1065103 PMID: 11988575

Joudaki A, Salehi N, JaliliM, Knyazeva MG. EEG-based functional brain networks: does the network
size matter? PLOS ONE. 2012; 7: €35673. doi: 10.1371/journal.pone.0035673 PMID: 22558196

Stam CJ, Reijneveld JC. Graph theoretical analysis of complex networks in the brain. Nonlin Biomed
Phys. 2007; 1: 3. doi: 10.1186/1753-4631-1-3 PMID: 17908336

Stam CJ, Jones BF, Nolte G, Breakspear M, Scheltens P. Small-world networks and functional con-
nectivity in Alzheimer’s disease. Cereb Cortex. 2007; 17: 92-99. doi: 10.1093/cercor/bhj127 PMID:
16452642

Cohen J. A power primer. Psychol Bull. 1992; 112: 155-159. doi: 10.1037/0033-2909.112.1.155
PMID: 19565683

Bonacich P. Power and centrality: a family of measures. Am J Sociol. 1987; 92: 1170-1182.

Christensen KJ, Multhaup KS, Nordstrom S, Voss K. A cognitive battery for dementia: Development
and measurement characteristics. Psychol Assess. 1991; 3: 168—174. doi: 10.1037/1040-3590.3.2.
168

Babiloni C, Lizio R, Marzano N, Capotosto P, Soricelli A, Triggiani Al, et al. Brain neural synchroniza-
tion and functional coupling in Alzheimer's disease as revealed by resting state EEG rhythms. Int J
Psychophysiol. 2016; 103: 88—102. doi: 10.1016/j.ijpsycho.2015.02.008 PMID: 25660305

Vertes RP. Hippocampal theta rhythm: a tag for short-term memory. Hippocampus. 2005; 15: 923—
935. doi: 10.1002/hipo.20118 PMID: 16149083

Buzsaki G, Moser El. Memory, navigation and theta rhythm in the hippocampal-entorhinal system. Nat
Neurosci. 2013; 16: 130—138. doi: 10.1038/nn.3304 PMID: 23354386

PLOS ONE | DOI:10.1371/journal.pone.0164884 October 14,2016 11/12


http://dx.doi.org/10.1002/ana.24137
http://dx.doi.org/10.1002/ana.24137
http://www.ncbi.nlm.nih.gov/pubmed/24623317
http://dx.doi.org/10.1038/nrn2575
http://www.ncbi.nlm.nih.gov/pubmed/19190637
http://dx.doi.org/10.1097/WCO.0b013e32832d93dd
http://www.ncbi.nlm.nih.gov/pubmed/19494774
http://dx.doi.org/10.1103/PhysRevLett.87.198701
http://www.ncbi.nlm.nih.gov/pubmed/11690461
http://dx.doi.org/10.1523/JNEUROSCI.3539-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22049421
http://dx.doi.org/10.1385/NI:2:2:145
http://dx.doi.org/10.1385/NI:2:2:145
http://www.ncbi.nlm.nih.gov/pubmed/15319512
http://dx.doi.org/10.1007/s00234-011-0889-4
http://www.ncbi.nlm.nih.gov/pubmed/21603902
http://dx.doi.org/10.1016/j.clinph.2013.01.005
http://www.ncbi.nlm.nih.gov/pubmed/23403263
http://dx.doi.org/10.1002/hbm.20150
http://www.ncbi.nlm.nih.gov/pubmed/15929084
http://dx.doi.org/10.1002/(SICI)1097-0193(1999)8:4&lt;194::AID-HBM4&gt;3.0.CO;2-C
http://www.ncbi.nlm.nih.gov/pubmed/10619414
http://dx.doi.org/10.4249/scholarpedia.1459
http://dx.doi.org/10.1177/1550059414543684
http://www.ncbi.nlm.nih.gov/pubmed/25392008
http://dx.doi.org/10.1038/30918
http://www.ncbi.nlm.nih.gov/pubmed/9623998
http://dx.doi.org/10.1186/1471-2202-10-101
http://www.ncbi.nlm.nih.gov/pubmed/19698093
http://dx.doi.org/10.1126/science.1065103
http://www.ncbi.nlm.nih.gov/pubmed/11988575
http://dx.doi.org/10.1371/journal.pone.0035673
http://www.ncbi.nlm.nih.gov/pubmed/22558196
http://dx.doi.org/10.1186/1753-4631-1-3
http://www.ncbi.nlm.nih.gov/pubmed/17908336
http://dx.doi.org/10.1093/cercor/bhj127
http://www.ncbi.nlm.nih.gov/pubmed/16452642
http://dx.doi.org/10.1037/0033-2909.112.1.155
http://www.ncbi.nlm.nih.gov/pubmed/19565683
http://dx.doi.org/10.1037/1040-3590.3.2.168
http://dx.doi.org/10.1037/1040-3590.3.2.168
http://dx.doi.org/10.1016/j.ijpsycho.2015.02.008
http://www.ncbi.nlm.nih.gov/pubmed/25660305
http://dx.doi.org/10.1002/hipo.20118
http://www.ncbi.nlm.nih.gov/pubmed/16149083
http://dx.doi.org/10.1038/nn.3304
http://www.ncbi.nlm.nih.gov/pubmed/23354386

@° PLOS | ONE

Transient Global Amnesia and Network Efficiency

30.

31.

32.

33.

34.

35.

36.

37.

38.

Mizumori SJ, Perez GM, Alvarado MC, Barnes CA, McNaughton BL. Reversible inactivation of the
medial septum differentially affects two forms of learning in rats. Brain Res. 1990; 528: 12—20. doi: 10.
1016/0006-8993(90)90188-H PMID: 2245328

Larson J, Wong D, Lynch G. Patterned stimulation at the theta frequency is optimal for the induction of
hippocampal long-term potentiation. Brain Res. 1986; 368: 347-350. doi: 10.1016/0006-8993(86)
90579-2 PMID: 3697730

Fell J, Klaver P, Elfadil H, Schaller C, Elger CE, Fernandez G. Rhinal-hippocampal theta coherence
during declarative memory formation: interaction with gamma synchronization? Eur J Neurosci. 2003;
17:1082-1088. doi: 10.1046/j.1460-9568.2003.02522.x PMID: 12653984

Sarnthein J, Petsche H, Rappelsberger P, Shaw GL, von Stein A. Synchronization between prefrontal
and posterior association cortex during human working memory. Proc Natl Acad Sci USA. 1998; 95:
7092-7096. doi: 10.1073/pnas.95.12.7092 PMID: 9618544

Stern Y. What is cognitive reserve? Theory and research application of the reserve concept. J Int Neu-
ropsychol Soc. 2002; 8: 448—460. doi: 10.1017/S1355617702813248 PMID: 11939702

Zimmerman DW. A Note on Interpretation of the Paired-Samples t Test. J Educ Behav Stat. 1997; 22:
349-360. doi: 10.3102/10769986022003349

Aickin M, Gensler H. Adjusting for multiple testing when reporting research results: the Bonferroni vs
Holm methods. Am J Public Health. 1996; 86: 726—728. doi: 10.2105/AJPH.86.5.726 PMID: 8629727

Perneger TV. What'’s wrong with Bonferroni adjustments. BMJ. 1998; 316: 1236—1238. doi: 10.1136/
bmj.316.7139.1236 PMID: 9553006

Storti SF, Formaggio E, Manganotti P, Menegaz G. Brain Network Connectivity and Topological Analy-
sis During Voluntary Arm Movements. Clin EEG Neurosci. 2015. doi: 10.1177/1550059415598905
PMID: 26251456

PLOS ONE | DOI:10.1371/journal.pone.0164884 October 14,2016 12/12


http://dx.doi.org/10.1016/0006-8993(90)90188-H
http://dx.doi.org/10.1016/0006-8993(90)90188-H
http://www.ncbi.nlm.nih.gov/pubmed/2245328
http://dx.doi.org/10.1016/0006-8993(86)90579-2
http://dx.doi.org/10.1016/0006-8993(86)90579-2
http://www.ncbi.nlm.nih.gov/pubmed/3697730
http://dx.doi.org/10.1046/j.1460-9568.2003.02522.x
http://www.ncbi.nlm.nih.gov/pubmed/12653984
http://dx.doi.org/10.1073/pnas.95.12.7092
http://www.ncbi.nlm.nih.gov/pubmed/9618544
http://dx.doi.org/10.1017/S1355617702813248
http://www.ncbi.nlm.nih.gov/pubmed/11939702
http://dx.doi.org/10.3102/10769986022003349
http://dx.doi.org/10.2105/AJPH.86.5.726
http://www.ncbi.nlm.nih.gov/pubmed/8629727
http://dx.doi.org/10.1136/bmj.316.7139.1236
http://dx.doi.org/10.1136/bmj.316.7139.1236
http://www.ncbi.nlm.nih.gov/pubmed/9553006
http://dx.doi.org/10.1177/1550059415598905
http://www.ncbi.nlm.nih.gov/pubmed/26251456

