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Abstract 
 

Analysis of corticohippocampal circuit in patients with transient 

global amnesia using EEG and functional neuroimaging 

 

Young Ho Park 

Graduate Program of Neuroscience 

Department of Medicine 

The Graduate School 

Seoul National University 

 

Background and purpose: Corticohippocampal circuits, which play 

important role in performing higher cognitive functions, could be 

divided into two systems with respect to memory: anterior temporal 

(AT) system and posterior medial (PM) system. We evaluated 

which corticohippocampal circuit is mainly involved in patients with 
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transient global amnesia (TGA) which is a natural lesion model of a 

perturbation of corticohippocampal circuits. We also investigated 

whether the corticohippocampal circuit is differently involved 

according to the location of hippocampal diffusion-weighted imaging 

(DWI) lesion and whether the network efficiency is impaired during 

the acute stage of TGA. 

Methods: In study 1, we evaluated the involvement of the 

corticohippocampal circuits during the acute stage of TGA by EEG 

spectral power analysis. Patients with TGA who visited Seoul 

National University Bundang Hospital within 24 hours after 

symptom onset were retrospectively identified. Twenty patients 

underwent EEG twice, once in the acute stage (<24 hours after 

symptom onset) and once in the resolved stage (>2 months after 

symptom onset). A fast Fourier transform was applied to compute 

the spectral power of the 6 frequency bands: delta, theta, alpha, 

beta 1, beta 2, and gamma. A paired Student’s t test was used to 

evaluate the difference in the regional spectral powers in each 

frequency band between the acute and resolved TGA stages. In 



iii 

 

study 2, we evaluated the involvement of the corticohippocampal 

circuits during the acute stage of TGA by 18F-fluorodeoxyglucose 

positron emission tomography (FDG PET). A consecutive series of 

12 patients with TGA who underwent FDG-PET within 3 days after 

symptom onset were retrospectively identified. We used statistical 

parametric mapping (SPM) to compare cerebral glucose metabolism 

of TGA patients with 25 age-matched normal controls. We also 

compared metabolism of TGA patients according to the location of 

location of DWI lesions. In study 3, we investigated the change of 

perfusion or metabolism using SPM analysis of SPECT. Based on 

the location of the DWI lesion along the anterior-posterior axis of 

the hippocampus, a consecutive series of 37 patients were divided 

into the following three groups: head (n = 15), body (n = 15) or 

tail (n = 7). To evaluate which cortical regions showed 

hypoperfusion according to the location of the DWI lesion, their 

SPECT images were compared between two groups. In study 4, 

graph-theoretical analysis was applied to resting-state EEG data 

from 21 TGA patients, which were obtained twice, once in the acute 

stage (< 24 hours after symptom onset) and once in the resolved 
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stage (> 2 months after symptom onset). Using phase-locking 

value, clustering coefficient and characteristic path length were 

computed and normalized as a function of degree in delta, theta, 

alpha, beta 1, beta 2 and gamma frequency bands. We investigated 

whether small-worldness as well as normalized clustering 

coefficient (nCC) and normalized characteristic path length (nCPL) 

were significantly different between the acute and resolved stage of 

TGA, using Wilcoxon rank sum test. We also evaluated the change 

of connections in the brain network 

Results: In study 1, compared with the resolved stage, relative 

theta power in the left parieto-occipital region was increased and 

relative alpha power in the right parieto-occipital region was 

reduced during the acute stage of TGA, with a statistical 

significance of P < 0.05 (uncorrected). In study 2, we found several 

hypometabolic clusters in the left temporal and bilateral parieto-

occipital regions and hypermetabolic clusters mainly in the bilateral 

inferior frontal regions at P < 0.001 (uncorrected). Comparisons 

according to the location of DWI lesions did not reveal any 
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difference. In study 3, more anterior DWI lesions were associated 

with hypoperfusion of the anterior temporal and frontal areas, 

whereas more posterior lesions were associated with hypoperfusion 

of the posterior temporal, parietal, occipital and cerebellar areas at 

P < 0.005 (uncorrected). The difference was most prominent 

between the group of hippocampal lesions on the head and tail. In 

study 4, during the acute stage of TGA, small-worldness was 

decreased (P = 0.011) with reduced nCC and increased nCPL at the 

beta1 frequency band with a mean degree of 13.5. Connections 

between Fp1-T3, T3-T6, T6-Fp1 and C3-T7 were lost at that 

period. 

Conclusion: The PM system was mainly disrupted during the acute 

stage of TGA. Although it was suggested that different 

corticohippocampal circuits were involved according to the location 

of DWI lesion along the anterior-posterior hippocampus in SPECT 

study, the results were not consistent in FDG PET study. The 

network efficiency was impaired during TGA, especially in the 

beta1 frequency band. 
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Introduction 

Transient global amnesia (TGA) is an interesting syndrome of 

sudden-onset amnesia that is not associated with other 

neurological deficits and resolves spontaneously within 24 hours.1 

Although the exact mechanism is still not completely understood, 

focal injury in the hippocampal CA1 field, detected as a tiny 

hyperintense diffusion weighted imaging (DWI) lesion,2 and 

subsequent perturbation of the corticohippocampal circuitry are 

thought to be key to the pathogenesis of TGA.1 

With regard to memory, two distinct corticohippocampal 

circuitries potentially exist: the anterior temporal (AT) network and 

the posterior medial (PM) network.3 The PM network is thought to 

be more involved in episodic memory than the AT network.4 Given 

that TGA patients show marked impairment of episodic memory 

during the acute stage, the PM network might be disrupted primarily 

during the acute stage of TGA. However, the particular network 

involved during the acute stage of TGA has not been studied using 

neuroimaging or electrophysiological techniques. 
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Therefore, we investigated which network is disrupted 

during the acute stage of TGA by spectral analysis of EEG. We 

included TGA patients with hippocampal DWI lesions, and analyzed 

the differences in EEG spectral powers between the acute (<24 

hours after symptom onset) and resolved (>2 months after 

symptom onset) TGA stages by paired comparison. We identified 

the cortical regions that exhibited a difference in spectral power 

between two stages, and determined the network associated with 

these cortical regions.  

However, because electrophysiological techniques have a 

poor spatial resolution, metabolic techniques such as positron 

emission tomography (PET) are also needed to investigate the 

location and distribution of the corticohippocampal circuits 

perturbed in the pathophysiological cascade of TGA.5 Until now, 

several studies of TGA patients who underwent PET at the acute 

stage, mostly as case reports and region-of-interest (ROI) 

analyses, have been reported inconsistent  results.6-10 ROI 

analyses may suffer from inaccuracy in detecting abnormalities that 

are small relative to the size of the ROI or that extend across the 
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boundaries of two or more ROIs.11 Although voxel-based 

morphometry could avoid these problems, PET images of TGA 

patients have not been evaluated using such a method. Therefore, 

we also evaluated the spatial distribution of altered 

corticohippocampal circuits using 18F-fluorodeoxyglucose (FDG) 

PET during the acute stage of TGA in voxel-based approaches. 

Statistical parametric mapping (SPM) analysis was performed to 

demonstrate the metabolic change between TGA patients and 

normal controls. We also analyzed the alteration of cerebral 

metabolism in each TGA patient (Study 2). 

In addition, the anterior and posterior hippocampus showed 

distinct connections with different cortical areas in an fMRI study.3 

The location of hypoperfusion on single photon emission computed 

tomography (SPECT) in TGA might be potentially determined by 

the site of the DWI lesions along the anterior-posterior axis of the 

hippocampus. Therefore, we evaluated whether the two parallel 

pathways between the hippocampus and neocortex could be 

confirmed in TGA which is a natural lesion model of a perturbation 

of the hippocampus. Patients with TGA were grouped based on 
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whether the DWI lesion was located at the head, body or tail of the 

hippocampus.12 To investigate which cortical regions showed 

hypoperfusion according to the location of the DWI lesion, their 

SPECT images were compared between groups using SPM (Study 

3). We also evaluated the differential connectivity along the 

anterior-posterior axis of the hippocampus using FDG PET (Study 

2). 

Furthermore, we evaluated the change of network efficiency 

during the acute stage of TGA. Looking at the brain as a network 

using a graph theory, it consists of a set of nodes linked by 

connections.13 Optimal brain functioning requires a high level of 

connectivity within local neighborhoods while allowing all nodes of 

the network to be linked by short path lengths: such a feature is 

known as small-worldness.14 Considering that the hippocampus is 

one of the highly connected rich-club hubs which are more densely 

connected among themselves,15 hippocampal injury during TGA 

might disrupt small-world topology. Therefore, we investigated the 

hypothesis that TGA results in a loss of small-world features such 

as a high cluster coefficient and a short path length. Graph 
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theoretical analysis of resting-state EEG was performed and 

compared between the acute and resolved stages of TGA (Study 4). 

We summarized the flow of the study in Figure 1. 
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Figure 1. Outlines of the study 

Graphic manifestation of the corticohippocampal circuits were 

modified from the article by Ranganath, et al.4
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Methods 

Change of EEG spectral power between the acute and 

resolved stage of TGA (Study 1) 

A retrospective analysis of TGA patients was performed based on a 

prospective registry database. We identified 21 patients who visited 

Seoul National University Bundang Hospital within 24 hours after 

onset, between January 2007 and June 2013, and fulfilled the TGA 

criteria proposed by Hodges and Warlow.16 The diagnostic criteria 

were as follows: (a) the presence of anterograde amnesia (e.g., 

asking repetitive questions or exhibiting temporal disorientation) 

that was witnessed by an observer, (b) no clouding of 

consciousness or loss of personal identity, (c) cognitive 

impairments limited to amnesia (e.g., lack of symptoms such as 

inability to recognize faces or common objects, difficulty thinking of 

common words while speaking or uncharacteristic mood change), (d) 

no focal neurologic signs or epileptic features, (e) no recent history 

of head trauma or seizures, and (f) resolution of symptoms within 
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24 hours. The patients had 1 to 5 mm punctate hyperintense lesions 

in the lateral portion of the hippocampus on DWI (Figure 2). 

Single-shot spin-echo echo-planar imaging was used for DWI 

using the following parameters: matrix, 128 × 128 interpolated to 

256 × 256; field of view, 220 mm; repetition time, 9400 ms for 1.5 

T (Intera; Philips Medical Systems, Best, Netherlands) and 5000 

ms for 3 T (Intera Achieva; Philips Medical System, 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/mm2; 

and section thickness, 3 mm.17 DWI was performed again at day 3 

post-onset with the same imaging parameters. Fifteen patients had 

hippocampal lesions on the initial DWI, whereas 6 patients had 

hippocampal lesions only on the follow-up DWI. They underwent 

EEG twice, once in the acute stage (<24 hours after symptom onset) 

and once in the resolved stage (>2 months after symptom onset). 

After excluding 1 patient with EEG data that were unsuitable for 

analysis because of artifacts, the remaining 20 patients comprised 

the study population. In a previous EEG spectral analysis, the mean 

difference of beta 1 power in the left parietal region between TGA 
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patients and normal controls was 19.8 with a standard deviation of 

23.6.9 Using 20 pairs of subjects, we calculated a statistical power 

of 94.3% to detect this difference based on a paired Student’s t 

test with α = 0.05. The patients’  demographics and clinical 

profiles were obtained through medical record review. 

All spontaneous EEG data were acquired for 15 minutes on a 

computer-based system (Natus Neurology, Inc, Warwick, RI) from 

21 electrode locations (Fp1, Fp2, F3, F4, F7, F8, Fz, C3, C4, Cz, T1, 

T2, T3, T4, T5, T6, P3, P4, Pz, O1, O2), according to the 

international 10-20 system with a linked ear reference. They were 

recorded at a sampling rate of 200 Hz. The band-pass filter was 1 

to 70 Hz, and a notch filter removed 60-Hz noise. EEG data for 

analysis were selected, by visual inspection, to obtain 20 series of 

2-second epochs (400 samples) that were free of artifacts. The 

data were then set to an average reference. The direct current 

offset component was subtracted in each epoch, and epochs 

exceeding ±75 μV amplitude at any electrode were rejected from 

the analysis. A fast Fourier transform computed the spectral power 

of 6 frequencies: delta (1.0-3.8 Hz), theta (4.0-7.8 Hz), alpha 
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(8.0-11.8 Hz), beta 1 (12.0-17.8 Hz), beta 2 (18-26 Hz), and 

gamma (27-55 Hz). Each 2-second epoch was zero-padded to 2.5 

times the length, to set the frequency resolution to 0.2 Hz. Band 

powers were normalized by dividing them by the whole band power 

(1-55 Hz) across all electrodes. The electrodes were grouped into 

the following 6 scalp regions: left frontocentral (F3, F7, C3), right 

frontocentral (F4, F8, C4), left temporal (T1, T3, T5), right 

temporal (T2, T4, T6), left parieto-occipital (P3, O1), and right 

parieto-occipital (P4, O2). We considered the frontocentral and 

temporal regions to belong to the anterior temporal network and the 

parietooccipital regions to belong to the posterior medial network.4 

The Fp1, Fp2 (because of eyebrow movement contamination) and 

midline (Fz, Cz, and Pz) electrodes were excluded from the 

statistical analysis. 

A paired Student ’ s t test was used to evaluate the 

difference in the regional relative spectral powers in each 

frequency band, and in each scalp region, between the acute and 

resolved TGA stages. The mean differences were obtained by 

subtracting the resolved stage from the acute stage. We also 
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calculated the effect size using Cohen’ s d values. Statistical 

analyses were performed using PASW statistical software version 

18.0 (IBM Corp, Somers, NY) for most analyses,and MATLAB 

2009a (Mathworks, Inc, Natick, MA) for the EEG analysis. A power 

calculation was performed using PS version 3.0.4, 2011. The study 

protocol was approved by the local institutional review board, with 

an informed consent waiver because of the study’s retrospective 

nature and minimal risk to participants.  
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Figure 2. Examples of hippocampal lesions on diffusion-weighted 

imaging in transient global amnesia  

Punctuate hyperintense lesions in the hippocampal head (A), body 

(B), and tail (C) are indicated with white arrows on axial diffusion-

weighted images.  
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SPM analysis of FDG PET of TGA patients and 

normal controls (Study 2) 

A retrospective analysis was performed based on a TGA registry 

database. We identified TGA patients who visited Seoul National 

University Bundang Hospital and underwent brain MRI and FDG 

PET within 3 days after onset, between August 2014 and February 

2015, and fulfilled the TGA criteria proposed by Hodges and 

Warlow.16 MRI and FDG PET images were read by board-certified 

neuroradiologists and nuclear medicine physicians, respectively. We 

excluded patients if their PET data were not appropriate for 

analysis.  

Participants fasted at least 6 hours before the FDG PET 

scan. Patients were instructed to close their eyes in a dimly lit room 

with minimal background noise. Scanning was initiated 40 minutes 

after FDG injection in a dose of 0.14 mCi/kg using an Allegro PET 

scanner (Philips Medical System, Cleveland, OH) operated in 

three-dimensional mode. Ten-minute emission scans and 

attenuation maps were obtained using a Cs-137 transmission 
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source. Attenuation corrected images were reconstructed using the 

3D Row-Action Maximum-Likelihood algorithm with a 3D image 

filter of 128×128×90 matrices with a pixel size of 2×2×2 mm. 

A voxel-based analysis was performed using SPM5 

(Institute of Neurology, University College London, London, UK), 

which was implemented using MATLAB 7.6 (The MathWorks Inc., 

Natick, MA). Prior to statistical analysis, all the PET images were 

spatially normalized into the MNI standard template (Montreal 

Neurological Institute, McGill University, Montreal, Canada) to 

remove inter-subject variability. Spatially normalized images were 

smoothed by convolution, using an isotropic Gaussian kernel with 

12 mm full width at half maximum. The count of each voxel was 

normalized to the average count of the whole brain with proportional 

scaling to remove the effect of differences in global activity. After 

spatial and count normalization, statistical comparisons between 

TGA patients and age-matched normal controls were performed on 

a voxel-by-voxel basis using t statistics, generating SPM (t) maps. 

Two contrasts were used to investigate whether each voxel had 

decreased or increased metabolism in TGA patients compared with 
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normal controls at a height threshold of P < 0.01 and 0.001, 

respectively (uncorrected) and an extent threshold of 100 voxels. 

For visualization, the significant voxels were projected onto the 

standard MNI template provided by SPM5, thus allowing anatomical 

identification. We then used BrainNet Viewer to demonstrate the 

hypo- and hypermetabolic regions on the 3D rendered image.18 

Furthermore, each individual patient was compared to normal 

controls with two contrasts as well at a height threshold of P < 0.05 

(family-wise error correction) and an extent threshold of 100 

voxels. We also visually assessed whether medial temporal 

metabolism in the raw FDG PET image was was decreased or 

increased around hippocampal DWI lesions. The study protocol was 

approved by the Institutional Review Board of Seoul National 

University Bundang Hospital, with a waiver of informed consent 

because of its retrospective nature and minimal risk to participants.  
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SPM analysis of SPECT of TGA patients according to 

the location of DWI lesion (Study 3) 

A consecutive series of patients who visited Seoul National 

University Bundang Hospital within 7 days of symptom onset and 

fulfilled criteria for TGA between January 2008 and June 2011 

were identified retrospectively. The diagnostic criteria for TGA 

were based on patient history and physical examination and 

included a bedside mental status examination.16 Patients who also 

had brain SPECT within 7 days of onset were included. We then 

selected patients who showed 1- to 5-mm punctate hyperintense 

lesions in the lateral portion of the hippocampus, probably around 

the CA1 field, on DWI.17 We excluded patients who had 

extrahippocampal structural lesions that caused perfusion 

abnormalities. Patients’demographics, clinical profiles and imaging 

data were obtained directly from the registry database or through 

medical record review. MRI and SPECT images were read by 

board-certified neuroradiologists and nuclear medicine physicians,  

respectively. A paired t-test was used to evaluate whether 
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scanning timing in respect to the chronology of each individual 

attack was different between DWI and SPECT. We compared 

patients who were included and excluded with respect to 

demographics and clinical characteristics using Student’s t-test 

for continuous variables. We used either Pearson’s chi-square 

test or Fisher’s exact test, as appropriate, for the categorical 

variables. 

We divided the study population into the following three 

groups based on the site of the DWI lesion along the anterior-

posterior axis: (i) hippocampal head lesion (lesions confined to the 

hippocampal head or concomitantly in both the hippocampal head 

and body), (ii) hippocampal body lesion (lesions confined to the 

hippocampal body) and (iii) hippocampal tail lesion (lesions 

confined to the hippocampal tail or concomitantly in both the 

hippocampal tail and body).12 Patients with simultaneous lesions of 

the hippocampal head and tail were excluded. Demographics and 

clinical characteristics among the groups were compared using the 

Fisher ’ s exact test for categorical variables. Demographic 

variables were also compared using the Mann-Whitney U test for 
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two groups (head and tail, head and body, body and tail) or the 

Kruskall-Wallis test for three groups (head, body and tail) for 

continuous variables. 

SPECT images were obtained using a triple-head gamma 

camera (Trionix Triad; Trionix Research Laboratory, Inc., 

Twinsburg, OH) equipped with a low-energy, fan-beam collimator. 

Patients were instructed to close their eyes in a dimly lit room with 

minimal background noise. Scanning was initiated 10 minutes after 

an intravenous injection of 15 mCi of Tc-99methylcysteine dimer. 

Data were acquired in a 1286128 matrix with a voxel size of 

1.7861.7861.78 mm and then reconstructed by filtered back-

projection using a Butterworth filter (cutoff frequency 0.6 cycle per 

cm, order 8) to reduce statistical noise. We also performed 

correction for tissue attenuation.  

SPECT images were analyzed using SPM5 (Institute of 

Neurology, University College London, London, UK),19 which was 

implemented using Matlab 7.8 (The MathWorks Inc., Natick, MA). 

The mean voxel intensity across all slices of the imaging volume 
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was calculated. Each voxel was then thresholded at 80% of the 

mean intensity to eliminate background noise and partial volume 

effects at the edge of the brain. Each SPECT scan was then 

spatially normalized to the SPECT template provided by SPM5 

using an affine geometric transformation. These images were 

smoothed using an isotropic Gaussian kernel of 16 mm fullwidth at 

half maximum. Then, a proportional scaling was applied to remove 

the effect of differences in global activity. After normalization and 

smoothing, statistical comparisons between two groups based on 

the site of the DWI lesion (head vs. tail, tail vs. head, head vs. body, 

body vs. head, body vs. tail, tail vs. body, left vs. right, right vs. left) 

were performed on a voxel-by-voxel basis using t statistics to 

generate SPM (t) maps. We investigated hypoperfusion areas at a 

threshold of P < 0.005 (uncorrected) and an extent threshold of 100 

voxels. For purposes of visualization, the significant voxels were 

projected onto the ch2better template included with MRIcron. All 

statistical analyses were performed using the PASW statistical 

software version 19.0 (IBM Corp., Somers, NY), except for the 

SPM analysis. Because all data were analyzed anonymously, a 
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waiver of informed consent was obtained from the Seoul National 

University Bundang Hospital Institutional Review Board, which 

approved this study. 
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Change of network efficiency between the acute and 

resolved stage of TGA (Study 4) 

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 onset, 

between January 2008 and April 2014, and fulfilled the TGA criteria 

proposed by Hodges and Warlow.16 The patients had 1 to 5 mm 

punctate hyperintense lesions in the lateral hippocampus on DWI.2 

They underwent EEG twice, once during the acute stage (< 24 

hours after symptom onset) and once in the resolved stage (> 2 

months after symptom onset). After excluding 1 patient with EEG 

data that were unsuitable for analysis because of artifacts, the 

remaining 21 patients comprised the study population. 

The spontaneous EEG was recorded in a resting state with 

eyes closed. The EEG data were acquired for 15 minutes on a 

computer-based system (Natus Neurology, Inc, Warwick, RI) from 

21 electrode locations (Fp1, Fp2, F3, F4, F7, F8, Fz, C3, C4, Cz, T1, 

T2, T3, T4, T5, T6, P3, P4, Pz, O1, O2), according to the 

international 10-20 system with a linked ear reference. They were 
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recorded at a sampling rate of 200 Hz. The band-pass filter was 1 

to 70 Hz, and a notch filter removed 60-Hz noise. EEG data were 

visually inspected to obtain 20 series of 2-second epochs for 

analysis (400 samples) that were free of artifacts. The data were 

then set to an average reference. The direct current offset 

component was subtracted in each epoch, and epochs exceeding ±

75 μV amplitude at any electrode were rejected from the analysis.  

Using 20 artifact-free epochs, phase locking value (PLV) 

was computed between all possible pairwise combinations of EEG 

electrodes. PLV is a measure to quantify phase synchronization 

between two signals from different electrode locations which were 

recorded at the same time interval and frequency band.20 Phases of 

two signals may be synchronized even when their amplitudes are 

not correlated.21 The PLV is stationarity-independent and focuses 

on the phase of the signals. The PLV has a 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 21×21 connectivity matrix 

for each of the following six frequency bands: delta (1-4 Hz), theta 
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(4-8 Hz), alpha (8- 12 Hz), beta 1 (12-18 Hz), beta 2 (18-26 Hz) 

and gamma (27-55 Hz). 

 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. For each of 

the binary network, the following three representative global 

graph-theoretical measures were evaluated: clustering coefficient 

(CC), characteristic path length (CPL) and small-worldness (SW). 

 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.22 At first, local 

CC was calculated for each node and then averaged over all possible 

nodes in the network.23 This network average CC value indicates 

how well a network forms local clusters and has been interpreted as 

a measure of resilience to random error.22,23 

 The CPL can be computed as the averaged minimal number 

of edges between any of two nodes of the graph.22 The CPL 
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demonstrates how well integrated a graph is, and how easy it is to 

transport information in the network.22 

 After calculating the two measures, the CC and CPL were 

normalized by 50 random networks24 with the same network size 

but different structure.25 These random networks were generated 

by changing randomly the locations of the edges of the original 

network. Then, the SW was defined as the ratio of the normalized 

clustering coefficient (nCC) and the normalized characteristic path 

length (nCPL).22 

 Because graph-theoretical measures are influenced by not 

only the network structure but also the overall network size,26 we 

computed these characteristics as a function of degree, which is the 

average number of edges per node.22 

 We compared the SW between the acute and resolved stage 

of TGA at six frequency bands using Wilcoxon signed-rank test. 

The networks of the acute and resolved stage were compared 

which have an equal mean degree, ranging from 6 to 21 with an 

increment of 0.5.27 We also calculated the effect size using Cohen’
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s d values.28 At the frequency band and degree where the SW is 

significantly different between the two stages with P < 0.05, we 

also compared the nCC and nCPL using the Wilcoxon signed-rank 

test. We postulated that small-world features could be said to be 

different between the acute and resolved stages when not only the 

SW but also the nCC and nCPL are significantly different at P < 0.05. 

We also compared local efficiency of each EEG electrode between 

the two stages using the Wilcoxon signed-rank test when the 

small-world features are different. The local efficiency is a local 

graph-theoretical measure computed as the averaged shortest path 

connecting all neighbors of a given node.29 Then, we evaluated 

which connections were significantly changed between the acute 

and resolved state at P < 0.05. The network maps with nodes and 

edges were visualized using BrainNet Viewer.18 

 Statistical analyses were performed using STATA/SE 

version 14.0 (StataCorp, College Station, TX) for most analyses and 

MATLAB 2015b (Mathworks, Inc, Natick, MA) for the EEG analysis. 

The study protocol was approved by the local institutional review 

board, with an informed consent waiver because of the study’s 
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retrospective nature and minimal risk to participants. 
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Results 

Change of EEG spectral power between the acute and 

resolved stage of TGA (Study 1) 

Baseline characteristics of the study population were summarized 

(Table 1). Mean differences in the relative spectral powers 

between the stages of acute and resolved TGA were demonstrated 

by the frequency band and scalp region (Figure 3). Relative theta 

power in the left parieto-occipital region and relative alpha power 

in the right parieto-occipital region were significantly different 

between stages. Compared with the resolved stage, the relative 

theta power in the left parieto-occipital region was increased 

(uncorrected P = 0.026, Cohen’s d = 0.41) and relative alpha 

power in the right parieto-occipital region was reduced 

(uncorrected P = .025, Cohen’s d = −0.48) during the acute stage 

of TGA (Figure 4). The effect sizes were medium, with Cohen’s d 

ranging from 0.41 to 0.48.  
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Table 1. Baseline characteristics of the study 1 population 

Age in years, mean (SD) 62.05 

(8.80) 

Males 6 (30.0%) 

Duration of TGA in hours, mean (SD) 4.87 

(4.22) 

Precipitating factor  

   Physical stress 4 (20.0%) 

   Emotional stress 5 (25.0%) 

   Vomiting 1 (5.0%) 

Associated symptoms  

   Headache 2 (10.0%) 

   Nausea 3 (15.0%) 

Hypertension 6 (30.0%) 

Diabetes 0  

Hyperlipidemia 9 (45.0%) 

Hours from symptom onset to the initial DWI, mean 

(SD) 

8.35 

(5.74) 
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Laterality of DWI lesion  

   Left 5 (25.0%) 

   Right 8 (40.0%) 

   Bilateral 7 (35.0%) 

Location of DWI lesion*  

   Head 6 (30.0%) 

   Body 9 (45.0%) 

   Tail 6 (30.0%) 

Days from symptom onset to the EEG recording in 

the resolved stage, mean (SD) 

245.2 

(269.6) 

Values are number (%) unless indicated.  

Abbreviations: DWI, diffusion-weighted imaging; EEG, 

electroencephalography; SD, standard deviation.  

* One patient had simultaneous lesions of the hippocampal head and 

tail. 
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Figure 3. The mean differences in the regional relative spectral 

powers between the stages of acute and resolved TGA 

The mean differences were obtained by subtracting the relative 

spectral powers of the resolved stage from the relative spectral 

powers of the acute stage of TGA. The mean differences were 

demonstrated by the frequency band and scalp region. The 

horizontal line and the number in the center of each vertical line 
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denote the mean difference, and the whiskers indicate the 95% 

confidence interval.  

Abbreviations: LF, left frontocentral; LPO, left parieto-occipital; LT, 

left temporal; RF, right frontocentral; RPO, right parieto-occipital; 

RT, right temporal; TGA, transient global amnesia. 

* P values < 0.05 by a paired Student’s t-test 
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Figure 4. Change in relative spectral power between the acute and 

resolved TGA stages 

The relative spectral power of each participant was plotted to 

demonstrate the change between the stages. The change was 

evaluated by a paired Student's t-test and significant only in the 

left parieto-occipital area in the theta band (A) and the right 

parieto-occipital area in the alpha band (B). 

Abbreviations: TGA, transient global amnesia.   



３３ 

 

Study 2. SPM analysis of FDG PET of TGA patients 

and normal controls 

We identified 14 consecutive patients with TGA who arrived at the 

hospital and underwent brain MRI and FDG PET within 3 days of 

symptom. Two patients were excluded because of inappropriate 

PET data for analysis. The study population consisted of the 

remaining 12 patients (Table 2).  

When TGA patients were compared with 25 age-matched 

controls, we found several hypometabolic clusters in the left 

temporal and bilateral parieo-occipital regions and hypermetabolic 

clusters mainly in the bilateral inferior frontal regions (Table 3 and 

Figure 5).  

When each individual TGA patient was compared with 

normal controls, hypometabolic clusters were not always but mostly 

located at the posterior brain regions, whereas hypermetabolic 

cluster were usually located at the anterior brain regions (Figure 6). 

Visual assessment of the raw FDG PET images revealed no 
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correlation between the location of hippocampal DWI lesions and the 

alteration of cerebral metabolism. Comparisons according to the 

location of DWI lesions did not reveal any difference. 
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Table 2. Clinical characteristics of the study 2 population 

Cas

e 

No. 

Age 

in 

year

s 

Se

x 

Circumst

ances of 

onset 

Durati

on of 

TGA  

Location of 

hippocampal 

DWI lesion 

(Time from 

onset to 

scan) 

Time 

from 

onset to 

PET 

scan 

1 61 F Arguing 

with a 

daughter 

1 h L body (2 h) 37 h 

2 54 F Crying in 

argument

s 

3 h R body (72 

h) 

L body (72 h) 

38 h 

3 60 M Strength 

training 

6.5 h R body (9 h) 

L body (9 h) 

L tail (72 h) 

51 h 

4 68 F Sexual 

intercour

3.5 h L head (72 h) 50 h 
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se 

5 60 F Warm 

bath 

2 h R head (72 h) 

L body (72 h) 

49 h 

6 62 F Arguing 

with  a 

tenant 

6 h L head (72 h) 47 h 

7 64 M Warm 

bath 

8 h R body (8 h) 67 h 

8 65 F Arguing 

with a 

husband 

3 h R body (3 h) 47 h 

9 70 F Making 

kimchi  

0.3 h L body (72 h) 24 h 

10 72 F Arm pain 

after 

falling 

down 

2 h R body (72 

h) 

42 h 

11 56 M Stress 1.5 h R body (6.5 72 h 
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after 

losing a 

job 

h) 

R head, tail 

(72 h) 

Lt head (72 

h) 

12 54 M Emptying 

the 

bowels 

5 h L body (4 h) 

R body (72 

h) 

49 h 

Abbreviations: DWI, diffusion-weighted imaging; F, female; L, left; 

M, male; PET, positron emission tomography; R, right; TGA, 

transient global amnesia.  
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Table 3. Regions of hypometabolism and hypermetabolism in 

patients with TGA compared to normal controls 

 

Variable Regions BA Stereotaxic 

coordinates 

T 

value 

Clust

er 

size x y z 

Hypomet

abolism 

in TGA 

Left mid 

temporal pole   

20 -32 24 -40 4.81* 118 

Right cuneus  18 20 -76 28 4.00* 541 

Right mid 

occipital lobe 

19 36 -88 18 3.30† 255 

Right lingual 

gyrus 

17 16 -

102 

-8 3.46† 533 

Left calcarine 

gyrus 

17 -14 -64 12 3.17† 252 

Left inferior 

occipital lobe 

18 -22 -94 -4 3.10† 158 
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Hyperm

etabolis

m in 

TGA 

Right 

superior 

medial frontal 

lobe 

9 10 58 36 4.59* 1620 

Left inferior 

orbital frontal 

lobe 

11 -20 20 -16 4.50* 5424 

Right insula  48 30 16 -12 4.44* 5424 

Left mid 

orbital frontal 

lobe 

46 -48 50 0 3.33† 639 

Left inferior 

frontal lobe 

45 -52 44 4 3.02† 639 

Left superior 

orbital frontal 

lobe 

11 -10 60 -18 3.51† 461 

Abbreviations: BA, Brodmann area; TGA, transient global amnesia. 

*P < 0.001, †P < 0.01  



４０ 

 

 

Figure 5. Regions of decreased and increased metabolism in 

patients with transient global amnesia compared to normal controls 

Areas of decreased (A) and increased (B) metabolism are shown in 

axial and sagittal images with uncorrected P < 0.01 and cluster 

threshold of 100 voxels. Those regions of hypometabolism (blue) 

and hypermetabolism (orange) are also displayed on the 3D 

rendered image (C) using BrainNet Viewer. Numbers below the 

color bar indicate T-value. 
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Figure 6. Raw FDG PET images, hippocampal DWI lesions and 

results of SPM analysis in each patient with transient global 

amnesia compared to normal controls 

Axial raw FDG PET image and DWI of each patient are 

demonstrated from case 1 to case 12. Focal hyperintense lesions in 

the hippocampus are indicated with white arrows. Areas of 

decreased (blue) and increased (orange) metabolism are shown on 

the 3D rendered image with P < 0.05 (family-wise error correction) 
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and cluster threshold of 100 voxels using BrainNet viewer. 

Numbers below the color bar indicate T-value. 

Abbreviations: DWI, diffusion-weighted imaging; FDG, 18F-

fluorodeoxyglucose; PET, positron emission tomography; SPM, 

statistical parametric mapping. 
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Study 3. SPM analysis of SPECT of TGA patients 

according to the location of DWI lesion 

We identified 88 TGA patients who arrived at the hospital within 7 

days of symptom onset. Fifty-seven patients also had brain SPECT 

within 7 days of onset. Among these 57 patients, 41 patients had 

relevant hippocampal lesions on DWI during the study period. Four 

patients were excluded for the following reasons: old infarction in 

the temporal lobe with stenosis of the posterior cerebral artery (n 

= 1) and concomitant lesions of the hippocampal head and tail (n = 

3). The study population consisted of the remaining 37 patients 

(Table 4). There was no hyperperfusion on visual rating of SPECT 

images. Time of onset to SPECT was significantly longer than time 

of onset to DWI with a mean difference of 13.36 hours (P = 0.031). 

The included patients had a longer duration of TGA and a higher 

incidence of dizziness compared with the excluded patients.  

 Perfusion was decreased in the inferior frontal and anterior 

temporal areas and the cingulate gyrus of patients with hippocampal 

head lesions compared with patients with tail lesions (Figure 7, 
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Table 5). Compared with patients with head lesions, patients with 

tail lesions showed perfusion deficits in the parieto-occipital and 

cerebellar areas. Blood flow in patients with head lesions was 

reduced in the middle frontal areas relative to patients with body 

lesions. Patients with body lesions had hypoperfusion in the 

cerebellar area compared with patients with head lesions. Perfusion 

was decreased in the frontal and anterior temporal areas and the 

postcentral gyrus in patients with body lesions compared with 

patients with tail lesions. Compared with patients with body lesions, 

patients with tail lesions showed hypoperfusion in the parieto-

occipital and posterior temporal areas and in the middle frontal 

gyrus.  

 Patients with left hippocampal lesions showed perfusion 

deficit in the bilateral parietal areas relative to patients with right 

hippocampal lesions. Perfusion was decreased in the bilateral 

frontotemporal areas of patients with right hippocampal lesions 

compared with patients with left hippocampal lesions. Cerebral 

hypoperfusion was not lateralized according to the side of the 

hippocampal lesions.  
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Table 4. Baseline characteristics of the study 3 population (n = 37) 

Age in years, mean (SD) 59.35 (7.30) 

Males 11 (29.7%) 

Duration of TGA in hours, mean (SD) 7.50 (4.47) 

Precipitating factor  

   Physical stress 17 (47.2%) 

   Emotional stress 17 (47.2%) 

   Vomiting 5 (13.9%) 

Associated symptoms  

   Headache 12 (33.3%) 

   Dizziness 4 (11.1%) 

   Nausea 5 (13.9%) 

   None 20 (55.6%) 

Hypertension 11 (30.6%) 

Diabetes 3 (8.3%) 

Hyperlipidemia 13 (36.1%) 

Laterality of DWI lesion  

   Left 11 (30.6%) 



４６ 

 

   Right 16 (43.2%) 

   Bilateral 10 (27.0%) 

Location of DWI lesion  

   Head 15 (40.5%) 

   Body 15 (40.5%) 

   Tail 7 (18.9%) 

Values are number (%) unless indicated.  

Abbreviations: DWI, diffusion-weighted imaging; SD, standard 

deviation.  
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Table 5. Regions of perfusion deficit based on the site of 

hippocampal lesion along the anterior-posterior axis (P < 0.005, 

uncorrected, k = 100) 

Variab

les 

Regions BA Stereotaxic 

coordinates 

T 

value 

Cluste

r size 

x y z 

Head 

< Tail 

Right fusiform 

gyrus 

20 -42 -18 -30 4.52 435 

Right middle 

temporal gyrus 

21 -54 2 -24 3.26 320 

Right inferior 

frontal gyrus 

45 -58 34 14 3.20 188 

Right middle 

cingulate gyrus 

23 -12 -20 40 3.05 144 

Tail < 

Head 

Right precuneus 7 -4 -66 62 5.61 5,089 

Right superior 

occipital gyrus 

7 -28 -76 44 4.75 

Left superior 7 32 -64 52 4.50 
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parietal gyrus 

Left cerebellar 

uvula 

n/a 6 -54 -32 4.97 4,169 

Left cerebellar 

uvula 

n/a 12 -44 -36 4.87 

Cerebellar 

vermis 

n/a -2 -54 -30 4.47 

Head 

< 

Body 

Right middle 

frontal gyrus 

46 -30 28 32 3.33 105 

Body 

< 

Head 

Left crus 

cerebelli 

n/a 46 -68 -38 3.76 318 

Left crus 

cerebelli 

n/a 35 -80 -34 3.31 

Left crus 

cerebelli 

n/a 25 -82 -42 2.80 

Right cerebellar 

uvula 

n/a -10 -54 -32 3.74 816 
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Right cerebellar 

pyramis 

n/a -15 -58 -48 3.54 

Right cerebellar 

pyramis 

n/a -40 -55 -50 3.24 

Body 

< Tail 

Left Rolandic 

operculum 

48 68 4 2 4.34 186 

Left postcentral 

gyrus 

6 38 -14 42 3.86 202 

Left inferior 

temporal gyrus 

58 58 -18 -36 3.76 104 

Right superior 

frontal gyrus 

20 -12 48 -20 3.74 409 

Right rectus 

gyrus 

11 -14 32 -20 2.98 

Right middle 

temporal gyrus 

21 -54 0 -22 3.30 144 

Right temporal 

pole 

38 -50 10 -14 3.12 
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Tail < 

Body 

Left angular 

gyrus 

7 36 -70 44 4.78 1,386 

Left middle 

occipital gyrus 

19 28 -75 15 4.59 

Left middle 

occipital gyrus 

19 38 -75 30 3.21 

Right superior 

occipital gyrus 

19 -22 -78 40 4.55 829 

Left middle 

frontal gyrus 

46 46 36 40 3.89 177 

Right middle 

temporal gyrus 

20 -52 -26 -10 3.53 117 

Left middle 

temporal gyrus 

21 52 -42 -4 3.32 202 

Left paracentral 

lobule 

6 4 -16 80 3.22 147 

Abbreviations: BA, Brodmann area; n/a, not available.  
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Figure 7. Areas of hypoperfusion in relation to the longitudinal 

location of the hippocampal lesion  

Perfusion deficits in patients with hippocampal lesions on head vs. 

tail (A), tail vs. head (B), head vs. body (C), body vs. head (D), 

body vs. tail (E), and tail vs. body (F) were shown. The 

hypoperfusion areas (red color) were displayed on rendering 

images at a threshold of P < 0.005 uncorrected, k = 100. 
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Study 4. Change of network efficiency between the 

acute and resolved stage of TGA 

Baseline characteristics of the study population were summarized 

(Table 6). The SW of the acute stage was significantly decreased 

compared to the resolved stage in the delta frequency band with a 

mean degree of 17.5 and in the beta1 frequency bands with a mean 

degree of 12.5, 13 and 13.5 (Table 7). At the beta1 frequency band 

with a mean degree of 13.5, all the three graph-theoretical 

measures were significantly different: the SW was decreased (P = 

0.011, Cohen’s d = -1.072) with reduced nCC (P = 0.011, Cohen’

s d = -0.754) and increased nCPL (P = 0.028, Cohen’s d = 0.198) 

during the acute stage of TGA. The effect sizes were large for the 

SW and nCC and small for the nCPL.18 The local efficiency was 

significantly reduced at T2, T3 and P4 during the acute TGA stage 

(Table 8). At that period, the connections between Fp1-T3, T3-

T6, T6-Fp1 and C3-T7 were lost, whereas the connections 

between Fp2-T1, F4-T3, Cz-T4 and Pz-O2 were developed 

(Figure 8).
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Table 6. Baseline characteristics of the study 4 population  

Age in years, mean (SD) 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 symptoms  

   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, 

mean (SD) 

7 (5-9) 

Laterality of DWI lesion  
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   Left 8 (28.10%) 

   Right 9 (42.86%) 

   Bilateral 4 (19.05%) 

Location of DWI lesion*  

   Head 6 (28.57%) 

   Body 11 (52.38%) 

   Tail 5 (23.81%) 

Days from symptom onset to the EEG 

recording in the resolved stage, mean (SD) 

147 (99-375) 

Values are number (%) unless indicated.  

Abbreviations: DWI, diffusion-weighted imaging; EEG, 

electroencephalography; IQR, interquartile range; SD, standard 

deviation.  

* One patient had simultaneous lesions of the hippocampal head and 

tail.  
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Table 7. Paired comparison of SW in addition to nCC and nCPL 

between the acute and resolved stage of transient global amnesia  

Meas

ures 

Frequ

ency 

Degre

e 

Median 

(IQR) of 

the acute 

stage 

Median 

(IQR) of 

the 

resolved 

stage 

P 

value* 

Cohen’s 

d value 

SW Delta 

  

17.5 1.005 

(1.003-

1.008) 

1.008 

(1.006-

1.010) 

0.019 -0.827 

Beta1 12.5 1.119 

(1.111-

1.125) 

1.132 

(1.121-

1.142) 

0.012 -0.594 

13 1.085 

(1.078-

1.093) 

1.099 

(1.094-

1.110) 

0.011 -1.369 

13.5 1.063 

(1.056-

1.072 

(1.063-

0.011 -1.072 
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1.070) 1.083) 

nCC Delta 

  

17.5 1.005 

(1.003-

1.008) 

1.008 

(1.006-

1.010) 

0.019 -0.827 

Beta1 12.5 1.119 

(1.111-

1.131) 

1.132 

(1.121-

1.142) 

0.011 -0.651 

13 1.085 

(1.078-

1.098) 

1.099 

(1.094-

1.110) 

0.011 -1.039 

13.5 1.062 

(1.056-

1.070) 

1.072 

(1.063-

1.083) 

0.011 -0.754 

nCPL Delta 

  

17.5 1.000 

(1.000-

1.000) 

1.000 

(1.000-

1.000) 

0.655 0 

Beta1 12.5 0.999 

(0.999-

0.999 

(0.999-

0.590 0 
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1.000) 1.003) 

13 1.000 

(0.999-

1.000) 

1.000 

(0.999-

1.000) 

0.149 0 

13.5 1.000 

(1.000-

1.000) 

1.000 

(0.999-

1.000) 

0.028 0.198 

Abbreviations: IQR, interquartile range; nCC, normalized clustering 

coefficient; nCPL, normalized characteristic path length; SW, small-

worldness.  

*The P values were obtained by Wilcoxon signed-rank test.  
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Table 9. Paired comparison of local efficiency of each electrode 

between the acute and resolved stage of transient global amnesia in 

beta1 frequency band at the degree of 13.5 

EEG 

electrode 

Median (IQR) of the 

acute stage* 

Median (IQR) of the 

resolved stage* 

P 

value* 

Fp1 0.8270 (0.8192-

0.8438) 

0.8144 (0.8026-

0.8426) 

0.476 

F3 0.8242 (0.8097-

0.8363) 

0.8229 (0.8097-

0.8571) 

0.068 

C3 0.8071 (0.7791-

0.8235) 

0.8000 (0.7918-

0.8102) 

0.082 

P3 0.8121 (0.7945-

0.8261) 

0.8220 (0.7964-

0.8412) 

0.099 

Fp2 0.8206 (0.8069-

0.8413) 

0.8253 (0.8110-

0.8524) 

0.217 
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F4 0.8244 (0.8101-

0.8425) 

0.8269 (0.8125-

0.8510) 

0.715 

C4 0.8030 (0.7878-

0.8175) 

0.8080 (0.7876-

0.8334) 

0.414 

P4 0.7937 (0.7779-

0.8099) 

0.8248 (0.8036-

0.8374) 

0.006 

F7 0.8111 (0.7985-

0.8361) 

0.8176 (0.7942-

0.8260) 

0.768 

T3 0.8237 (0.8019-

0.8426) 

0.8444 (0.8210-

0.8555) 

0.042 

T5 0.8111 (0.7985-

0.8361) 

0.8176 (0.7942-

0.8260) 

0.768 

O1 0.8295 (0.8155-

0.8519) 

0.8263 (0.8078-

0.8462) 

0.526 

F8 0.8291 (0.8200- 0.8346 (0.8303- 0.192 
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0.8518) 0.8588) 

T4 0.8214 (0.8093-

0.8437) 

0.8280 (0.7940-

0.8600) 

0.986 

T6 0.8119 (0.7890-

0.8272) 

0.8077 (0.7876-

0.8172) 

0.715 

O2 0.8258 (0.8116-

0.8463) 

0.8333 (0.8197-

0.8428) 

0.498 

T1 0.8121 (0.7974-

0.8340) 

0.8367 (0.8039-

0.8594) 

0.079 

T2 0.8194 (0.7783-

0.8352) 

0.8273 (0.8144-

0.8674) 

0.033 

Fz 0.8389 (0.8121-

0.8461) 

0.8347 (0.8166-

0.8527) 

0.821 

Cz 0.7831 (0.7693-

0.7983) 

0.7879 (0.7727-

0.8193) 

0.931 
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Pz 0.7976 (0.7831-

0.8261) 

0.8000 (0.7829-

0.8224) 

0.375 

Abbreviations: IQR, interquartile range.  

*The P values were obtained by Wilcoxon signed-rank test. 
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Figure 8. Changes in network connectivity during the acute stage of 

transient global amnesia in beta1 frequency band at the degree of 

13.5 

The most of the network was sustained both during the acute and 

resolved stage of TGA (A). Some connections were lost (B), 

whereas other connections were newly developed (C) during the 

acute stage of TGA. The T2, T3 and P4 electrodes whose local 

efficiency was reduced during the acute stage were designated as 

red-colored nodes. 
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Discussion 

The PM system was mainly disrupted during the acute stage of 

TGA. Although it was suggested that different corticohippocampal 

circuits were involved according to the location of DWI lesion along 

the anterior-posterior hippocampus in SPECT study, the results 

were not consistent in FDG PET study. The network efficiency was 

impaired during TGA, especially in the beta1 frequency band. 

Our results of the study 1 indicate that the cortical regions 

that belonged to the PM network showed alteration of neuronal 

activity during the acute stage of TGA: the theta power was 

increased and the alpha power was reduced in the parieto-occipital 

region. It is known that the theta activity in the neocortex is 

regulated by corticohippocampal feedback loops.30 When the 

hippocampus is damaged, the theta activity increases due to the 

dysfunction of inhibitory interneurons in the hippocampal CA1 

field.31 Therefore, the increased theta power in our study reflects 

perturbation of the corticohippocampal circuitry during the acute 

stage of TGA. Regarding alpha activity, hippocampal dysfunction 



６６ 

 

induces a prevalent depolarizing effect of the brainstem cholinergic 

system on the thalamus and subsequently reduces the cortical alpha 

power.32  

 It was recently reported that hippocampal atrophy alone 

could not induce episodic memory impairment in neurodegenerative 

disease.33 When the posterior medial network connecting the 

hippocampus and posterior cortical areas is damaged, episodic 

memory is impaired.33 We hypothesize that the alteration of cortical 

neuronal activity in the parieto-occipital area during the acute 

stage of TGA potentially explains the amnesia that our patients 

exhibited. The critical relay function of hippocampal CA1 neurons 

within the hippocampal-parietal network has also been 

demonstrated in acute TGA patients using a navigation task.34  

 Although EEG spectral analysis has been previously 

conducted in patients with TGA,35 the described methods differed 

from those in this study. First, the EEG data in that study were 

recorded in a less acute stage of TGA, as it included patients who 

were within 1 week after symptom onset. Second, the TGA patients 
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in that study did not undergo DWI. A more homogeneous group of 

patients with evidence of hippocampal CA1 injury on DWI was 

included in our study. 

There are several limitations to the study 1. First, detailed 

neuropsychological assessments were unavailable during the acute 

and resolved stages of TGA and were therefore not included in the 

analysis. The pathophysiologic mechanisms responsible for the 

phenomenon of TGA might be more clearly elucidated by evaluating 

whether episodic memory impairment is correlated with the 

alteration of regional spectral powers. Second, we could not 

compare the regional spectral powers between TGA patients and 

normal controls because we did not have normal EEG data available 

for use. Third, the significance levels were not corrected for 

multiple comparisons. Although it might be acceptable not to 

perform adjustments for multiple comparisons in an explorative 

study, the results without correction for multiple comparisons 

should be interpreted with caution.36 Fourth, this study is 

retrospective; therefore, we could not control variables that might 

affect the EEG spectral powers. Finally, we targeted relative 
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spectral power rather than absolute spectral power. Relative 

spectral power analysis may underestimate the real changes in the 

spectral power of each frequency band. However, relative spectral 

power analysis is frequently used in dementia studies,37 because 

this method attenuates the inter-individual variability and 

correlates well with dementia severity.38 

The results of the study 2 indicate that left temporal and 

bilateral parieto-occipital regions of decreased metabolism in 

patients with TGA belong to the PM network, whereas bilateral 

inferior frontal regions of increased metabolism belong to the AT 

network in the brain.4 Those two networks are major 

corticohippocampal circuits regarding to memory and related 

cognitive functions. Because hippocampus is a main component of 

the PM and AT network acting like a crossroad between them, focal 

hippocampal injury in TGA could give rise to the alteration of both 

networks.33 

Decreased metabolism in regions of the PM network might 

explain the impairment of episodic memory, which is a hallmark of 
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TGA. Information from the posterior associational regions, such as 

the retrosplenial cortex, posterior cingulate, precuneus and angular 

gyrus, is segregated into the parahippocampal cortex and then into 

the medial entorhinal area and posterior hippocampus. 39,40  

Activation of those regions, which compose the PM network, is 

known to be associated with episodic memory as well as 

autobiographical memory, spatial memory, spatial navigation and 

scene perception.4  

By contrast, information from the anterior association 

regions, such as the medial and orbital frontal cortices, is 

segregated into the perirhinal cortex and then into the lateral 

entorhinal area and anterior hippocampus. 39,40 Activation of those 

regions, which compose the AT network, is reported to be 

associated with semantic memory in addition to familiarity memory, 

object perception and motivational learning.4 With respect to 

decreased metabolism in the PM network and concomitant increased 

metabolism in the AT network, similar phenomena have been 

described. In a previous study of cognitive reserve, Alzheimer’s 

disease patients with high educational level showed hypoperfusion 
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in the temporoparietal region and hyperperfusion in the frontal 

region compared to the patients with low educational level matched 

for dementia severity.41 Alternative networks in the frontal region 

might be recruited and utilized in the face of advanced pathology of 

Alzheimer’s disease in the temporoparietal region.42 In patients 

with mild cognitive impairment (MCI), basal forebrain metabolism 

showed an inverted-U relationship with Mini Mental Status 

Examination score, whereas parietal metabolism showed an inverse 

linear relationship, which is understood as the compensation of the 

basal forebrain against the neurodegeneration in the parietal 

region.43 Furthermore, metabolism in the frontal region also showed 

a positive correlation with amyloid burden in MCI patients.44 

Although the clinical implication of the increased metabolism of the 

AT network is yet to be determined in TGA, compensation for the 

injury to the PM network might account for this result. 

Although the location of hippocampal DWI lesion and 

hypometabolism on FDG PET was concordant in a previous case 

report,8 there was no association between hippocampal DWI location 

and the alteration of cerebral metabolism in our study. Time from 



７１ 

 

TGA onset to PET scan was 2 hours in the case report, whereas 

time from onset to scan ranged between 24 and 72 hours in this 

study, which may explain the discrepancy. However, it was 

reported that the perfusion defects remained significantly 3 days 

after the onset of TGA.45 A future study with PET scans during the 

hyperacute phase of TGA will further elucidate whether the 

alteration of metabolism in the brain is associated with the location 

of hippocampal DWI lesions in TGA patients. 

There are several limitations to the study 2. First, detailed 

neuropsychological assessments were unavailable. To understand 

the implication of the altered cerebral metabolism, especially 

increased metabolism of the AT network, the patients need to 

undergo relevant neuropsychological tests. Although it has not been 

studied, they may show better performance in tasks related to the 

AT network during the acute state of TGA, reflecting the increased 

metabolism. Second, as mentioned above, they underwent the PET 

scans during the acute phase of TGA (within 3 days after onset) 

not during the symptoms of TGA. PET scans during the hyperacute 

phase of TGA will demonstrate the alteration of cerebral 
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metabolism by TGA more clearly. Third, P values were not 

corrected for multiple comparisons in group comparison between 

TGA patients and normal controls due to the small sample size. To 

reduce the false positive identification rate, we used a cluster 

threshold of 100 voxels. 

 In the study 3, we compared the locations of perfusion 

deficits based on the site of the hippocampal lesion along the 

anterior-posterior axis in patients with TGA. An SPM analysis 

revealed that more anterior DWI lesions were associated with 

hypoperfusion of the frontal and anterior temporal areas on SPECT, 

whereas more posterior lesions were associated with hypoperfusion 

of the parietal, posterior temporal, occipital and cerebellar areas. 

These differences were most prominent between the two groups of 

patients with lesion on the head and tail of the hippocampus. Our 

results mirrored the previously reported parallel pathways between 

the human hippocampal formation and the neocortex.3 

 In humans, an fMRI study has shown that the PRC is 

preferentially connected with the anterior hippocampus, whereas 
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the PHC is preferentially connected with the posterior 

hippocampus.3 This anterior-posterior connectivity gradient is 

more robust in the CA1 field, where the DWI lesions have been 

detected in TGA, and in the subiculum than in the CA2/CA3/dentate 

gyrus region. The PRC shows preferential connectivity with an 

anterior temporal and frontal cortical network, and the PHC shows 

preferential connectivity with a posterior medial temporal, parietal, 

and occipital network.3 

 In our patients, both of more left DWI lesions and more right 

DWI lesions were not associated with hypoperfusion of the 

lateralized region, but associated with hypoperfusion of the bilateral 

cortical areas. A previous fMRI study also showed that each 

hemispheric seed of the PRC and PHC was functionally correlated 

not only with the ipsilateral cortical areas, but also with the 

contralateral cortical areas.3  

Evidence for a functional differentiation between the 

anterior and posterior hippocampus has been suggested, but the 

topic is still controversial. It has been shown that the anterior 
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hippocampus was related to episodic memory encoding, whereas 

the posterior hippocampus was associated with episodic memory 

retrieval.46 However, consistent differences in mnemonic processes 

have not been reported.47 Our study with FDG PET (Study 2) did 

not reveal the functional differentiation between the anterior and 

posterior hippocampus, which is contrary to the result of the study 

3. 

 Although most patients with TGA showed regional 

hypoperfusion, in a few patients in whom SPECT was performed 

during or immediately after the episode of TGA, there was transient 

hyperperfusion of the medial temporal or occipito-cerebellar areas. 

This discrepancy between the results of previous SPECT studies 

may be due to different timings of the SPECT scans with respect to 

the chronology of each individual attack. In our study, all patients 

were scanned after their recovery from amnesia and the median 

duration of time of onset to SPECT was 48 hours. Transient 

hyperperfusion, on the other hand, indicates that migraine-related 

mechanisms or epileptic phenomena might be involved in the 

pathogenesis of TGA in some patients.48 
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 Several limitations should be noted regarding the study 3. 

First, detailed neuropsychological assessments were unavailable 

and, therefore, were not included in the analysis. The 

pathophysiologic mechanisms responsible for the phenomenon of 

TGA could be elucidated more clearly by evaluating whether 

neuropsychological profiles are correlated with the location of 

regional hypoperfusion. Second, we could not perform SPM 

comparisons between TGA patients and normal controls because we 

did not have normal SPECT data available for use. The actual extent 

of hypoperfusion caused by TGA could be better evaluated by 

comparisons with normal controls rather than by comparisons 

between groups with hippocampal lesions in different sites. Third, 

there was a time gap between MRI and SPECT scanning in our 

retrospective study. Hippocampal DWI lesions were already 

detectable in the acute phase of the TGA, were most prominent 3 

days after onset and completely diminished 10-14 days after 

onset.2,17 Regional hypoperfusion on SPECT in the acute phase of 

the TGA was gradually resolved during the following days and was 

normalized 15 days after onset.45,49 In our study, a few days after 
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TGA attack the DWI lesions still reflect the initial phase of TGA. In 

contrast, hypoperfusion on SPECT might be slightly diminished 

compared to the amount of hypoperfusion during the attack. Finally, 

the significance levels were not corrected for multiple comparisons 

in SPM due to the small sample size. To reduce the false positive 

identification rate, we combined a two-sample t-test with a cluster 

filter of 100 voxels.  

 Ideally the connection topology could be either completely 

regular or completely random. However, many biological, 

technological and social networks lie somewhere between the 

extremes of order and randomness, what we call small-world 

networks.23 The brain is no exception. A large proportion of intra-

cortical connections are made locally and often share similar 

response properties, whereas another large proportion of 

connections extends over long distances, linking neurons located in 

different cortical regions.14 The results of the study 4 from the 

graph theoretical analysis indicate that TGA impaired the small-

world topology in the brain. Resting-state EEG during the acute 

stage of TGA showed a significant reduction in cluster coefficient 
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with a longer path length. This phenomenon was most prominent in 

the beta1 frequency band with reduced local efficiency at 

temporoparietal nodes. 

 EEG measures dynamics of electrical brain activity which is a 

hallmark of communication between neurons.50 In EEG studies of 

Alzheimer's disease which is due, at least in part, to functional 

disconnection between distant brain areas, the beta frequency band 

consistently has shown abnormal functional connectivity.27 The beta 

frequency band power was also the first affected component when 

the excitatory circuit begins to lose neurons and synapses in 

neuronal models of Alzheimer's disease.51 Although the alteration of 

EEG spectral power during the acute stage of TGA was identified in 

the theta and alpha frequency bands in a previous study,52 our study 

revealed that functional disconnection was the most prominent in 

the beta1 band.  

 Reduced local efficiency at T2 and T3 might reflect the 

hippocampal injury during the acute stage of TGA. Concomitant 

reduction of local efficiency at P4 suggests subsequent cortical 
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perturbation of the posterior medial (PM) network in the brain. In 

our study, frontotemporal connections of triangular shape between 

Fp1, T3 and T6 were mainly lost during the acute stage of TGA. It 

was reported that frontotemporal network connectivity between 

prefrontal cortex and parahippocampal gyrus was important for 

episodic memory task and the degree of connectivity was related to 

memory performance.53 Beta-amyloid was known to disrupt this 

frontotemporal network connectivity, which might be one of the 

pathophysiological mechanisms of Alzheimer's disease.53 We 

suggests that the disruption of the frontotemporal network also 

might contribute to the impairment of episodic memory in TGA. 

 With regard to the newly developed connections during the 

acute stage of TGA, it might be regarded as a manifestation of 

compensation process. The brain attempts to maximize performance 

in the face of brain damage by using brain structures or networks 

not engaged, which is known as cognitive reserve.42 By contrast, 

there is also a possibility that it might be a false-positive result. 

When we compare the network structure of the acute and resolved 

TGA stage, we hypothesized that the two networks had an equal 
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network size. However, considering that overall functional 

connectivity in the episodic memory network was reported to be 

reduced during the acute TGA stage,54 the size of the entire 

network might be smaller during the acute stage.  

 There are several limitations to the study 4. First, P values 

were not corrected for multiple comparisons. Although it may be 

acceptable not to perform adjustments for multiple comparisons in 

an explorative study,36 the results not corrected for multiple 

comparisons need to be interpreted with caution. Second, detailed 

neuropsychological assessments were unavailable during the acute 

and resolved stages of TGA. The pathophysiologic mechanisms 

responsible for the manifestation of TGA might be more clearly 

elucidated by evaluating whether episodic memory impairment is 

correlated with severity of disruption of the small-world topology. 

Third, we could not compare the nCC, nCPL and SW between TGA 

patients and normal controls, because we did not have normal EEG 

data available.  

 TGA is a natural lesion model of a perturbation of 
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corticohippocampal circuits. We identified the involvement of the 

PM network and the impairment of the small-world topology in 

patients with TGA using EEG, SPECT and FDG PET. 
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요약 (국문 초록) 

 

배경: 피질-해마 회로는 고위 인지 기능을 수행하는데 중요한 뇌 구조

물로 기억과 관련해서는 앞쪽 전두엽 시스템과 뒤쪽 내측 시스템으로 구

분할 수 있다. 본 연구는 선택적으로 피질-해마 회로가 손상되는 일과

성완전기억상실 환자에서 두 시스템 중 어느 시스템이 주로 손상되는지 

평가하고자 한다. 또한 해마 내 확산강조영상 병변의 위치에 따라 손상

되는 피질-해마 회로가 다른지 확인하고 일과성완전기억상실로 인해 뇌 

안의 네트워크 효율성이 저하되는지 알아보고자 한다. 

방법: 연구 1은 발병 1일 이내의 급성기와 발병 2개월 이후 회복기에 

뇌파를 촬영한 20명의 일과성완전기억상실 환자를 대상으로 하였다. 푸

리에 변환을 통해 뇌파를 델타, 세타, 알파, 베타1, 베타2, 감마 대역으

로 나눈 뒤 급성기와 회복기의 스펙트럼 파워가 어느 뇌 부위에서 다른

지 대응표본 T 검정을 이용하여 비교하여 앞쪽 전두엽 시스템과 뒤쪽 

내측 시스템 중 어느 시스템이 손상되는지 분석하였다. 연구 2는 발병 

3일 이내의 급성기에 양전자방출단층촬영을 검사 받은 12명의 일과성완

전기억상실 환자를 대상으로 하였다. 25명의 정상대조군과 비교하여 뇌

의 어느 부위에서 대사가 증가되고 감소되는지 SPM을 이용하여 분석하
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였고, 해마 내 확산강조영상 병변의 위치에 따라 대사 변화가 차이가 있

는지도 확인하였다. 연구 3은 발병 7일 이내의 급성기에 단일광자단층

촬영을 검사 받은 37명의 일과성완전기억상실 환자를 대상으로 하였다. 

해마 내 확산강조영상 병변 위치에 따라 혈류 저하가 차이가 있는지 

SPM을 이용하여 분석하였다. 연구 4는 발병 1일 이내의 급성기와 발병 

2개월 이후 회복기에 뇌파를 촬영한 21명의 일과성완전기억상실 환자를 

대상으로 하였다. 그래프 이론을 이용하여 각 주파수 대역에서 급성기와 

회복기의 작은 세상 속성 값과 정규 클러스터링 계수 및 정규 특징 경로 

길이를 윌콕슨 순위 검정을 이용하여 비교하였다. 

결과: 연구 1에서는 회복기에 비해 급성기의 세타 파워가 좌측 두정-후

두엽에서 증가하였고, 알파 파워가 우측 두정-후두엽에서 감소하였다. 

연구 2에서는 일과성완전기억상실 급성기에 좌측 측두엽과 양측 두정-

후두부의 대사가 감소하고, 양측 하부 전두엽의 대사가 증가하였다. 확

산강조영상 병변 위치에 따라 대사 차이는 없었다. 연구 3에서는 확산강

조영상 병변이 해마의 앞쪽에 있을수록 앞쪽 측두엽과 전두엽의 혈류가 

감소하였고, 병변이 해마의 뒤쪽에 있을수록 뒤쪽 측두엽과 두정엽 및 

후두엽의 혈류가 감소하였다. 연구 4에서는 네트워크 차수가 13.5인 베

타1 대역에서 회복기에 비해 급성기의 작은 세상 속성 값이 감소하고 

정규 클러스터링 계수가 감소하며 정규 특징 경로 길이가 증가하였다. 
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결론: 뇌파 스펙트럼 및 양전자방출단층촬영 분석을 통해 일과성완전기

억상실 급성기에는 피질-해마 회로 중 주로 뒤쪽 내측 시스템이 손상되

는 것을 확인하였다. 단일광자단층촬영 분석에서는 해마 내 확산강조영

상 병변 위치가 앞쪽이면 앞쪽 전두엽 시스템 부위의 손상이 좀더 나타

나고, 병변 위치가 뒤쪽이면 뒤쪽 내측 시스템 부위의 손상이 좀더 나타

나는 것을 확인하였으나 양전자방출단층촬영 분석에서는 그러한 경향이 

나타나지 않았다. 일과성완전기억상실 급성기에는 작은 세상 속성 값이 

감소된 것을 통해 네트워크 효율성이 저하된 것을 확인하였다. 

 

주요어: 일과성완전기억상실, 해마, 피질, 단일광자단층촬영, 양전자방출

단층촬영, 뇌파, 네트워크, 기억 

학번: 2012-30550 

 


	Introduction
	Methods
	Results
	Discussion
	References
	Abstract (국문초록)


<startpage>2
Introduction 13
Methods 19
Results 39
Discussion 77
References 93
Abstract (±¹¹®ÃÊ·Ï) 104
</body>

