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Abstract

Background

The pathophysiology of transient global amnesia (TGA) is not fully understood. Previous

studies using single photon emission computed tomography (SPECT) have reported incon-

clusive results regarding cerebral perfusion. This study was conducted to identify the pat-

terns of regional cerebral blood flow (rCBF) in TGA patients via longitudinal SPECT

analysis. An association between the observed SPECT patterns and a pathophysiological

mechanism was considered.

Methods

Based on the TGA registry database of Seoul National University Bundang Hospital, 22

TGA patients were retrospectively identified. The subjects underwent initial Tc-99m-ethyl

cysteinate dimer (ECD) SPECT within 4 days of an amnestic event and underwent follow-

up scans approximately 6 months later. The difference in ECD uptake between the two

scans was measured via voxel-based whole brain analysis, and the quantified ECD uptake

was tested using a paired t-test.

Results

The TGA patients had significantly decreased cerebral perfusion at the left precuneus

(P<0.001, uncorrected) and at the left superior parietal and inferior temporal gyrus accord-

ing to the voxel-based whole brain analysis (P<0.005, uncorrected). A difference in the

quantified ECD uptake between the 2 scans was also found at the left precuneus among

the 62 cortical volumes of interest (P = 0.018, Cohen’s d = -0.25).
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Conclusion

We identified left hemispheric lateralized hypoperfusion that may be related to posterior

medial network disruption. These findings may be a contributing factor to the pathophysiol-

ogy of TGA.

Introduction
Transient global amnesia (TGA) refers to the sudden onset of anterograde and retrograde
amnesia, which lasts up to 24 hours with no other cognitive impairment. TGA was first
described more than 50 years ago [1], but the exact pathophysiological mechanism remains
unknown. Several etiological factors, such as migraine, epilepsy, cerebral ischemia, venous flow
abnormalities, have been proposed as possible explanations [2–7]. Among them, cerebral
ischemia in terms of thromboembolic etiology or hemodynamics was investigated via several
studies, but a definite association between TGA and arterial ischemia was not identified [8–
14]. Instead of arterial ischemia, recent studies have reported venous congestion or venous
reflux with subsequent ischemia combined with jugular valve insufficiency [4, 15–19]. How-
ever, such findings have also been thought of as ‘innocent bystanders’ due to the higher preva-
lence of jugular valve insufficiency without evidence of jugular venous reflux [16, 20, 21].
Therefore, the question remains as to how cerebral ischemia or hypoperfusion is related to the
occurrence of TGA. Previous studies of cerebral hypoperfusion using single photon emission
computed tomography (SPECT) have shown inconclusive results, as some describe medial
temporal flow change [16, 22–25] and others report decreased or increased flow changes in
various structures [24, 26–28]. This variability may be derived from the differences in the study
designs, including imaging protocol and the latency of scanning. Most of studies have focused
on the acute phase of attack and reported normalization with follow-up SPECT studies based
on a few case observations, but longitudinal follow-up SPECT examinations using voxel-based
whole brain analysis are rare. This study was conducted to identify the patterns of regional
cerebral blood flow (rCBF) in TGA patients via longitudinal SPECT scans. We included TGA
patients who underwent SPECT scans and analyzed the difference between the initial (within 4
days after symptom onset) and follow-up (at approximately 6 months after symptom onset)
stages using voxel-based whole brain analysis and quantitative measurements of rCBF. To
explore the natural evolution of the hemodynamic changes in TGA patients, we performed a
retrospective analysis of the changes in cerebral perfusion measured via 99mTc-ethyl cysteinate
dimer (99mTc-ECD) SPECT, which represented the rCBF. In addition, a possible association
between the observed patterns of SPECT identified in this study and pathophysiological mech-
anisms is discussed.

Materials and Methods
We prospectively collected consecutive patients who visited Seoul National University Bun-
dang Hospital between October 2006 and December 2011 and who presented an acute episode
of TGA. A diagnosis of TGA was made according to existing criteria [29, 30] as follows: (1) the
presence of anterograde amnesia, which was witnessed by an observer, (2) no clouding of con-
sciousness or a loss of personal identity, (3) cognitive impairment limited to amnesia, (4) no
focal neurological or epileptic sign, (5) no recent history of head trauma or seizures, (6) resolu-
tion of symptoms within 24 h, and (7) mild headache, nausea or dizziness, which may be
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present during the acute phase. Through the retrospective analysis using this prospective regis-
try database, we collected TGA patients who had underwent 2 SPECT examinations with an
interval of approximately 6 months, and a total of 22 patients were identified. Although TGA
symptoms last less than 24 hrs, the cerebral hypoperfusion observed in SPECT could persist up
to several months, and therefore, we performed follow-up scans at approximately 6 months,
which was regarded as a sufficient time interval for patients to recover from relatively sustained
hypoperfusion [26, 27, 31–33]. All of the subjects were examined for demographics and clinical
findings from the medical registry database. MRI and SPECT images were read by board-certi-
fied neuroradiologists and nuclear medicine physicians, respectively. This study protocol was
approved by the Seoul National University Bundang Hospital institutional review board, with
an informed consent waiver due to the minimal risk to participants and the study’s retrospec-
tive nature. The record/information of patient was anonymized and de-identified prior to
analysis.

Imaging parameters
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-99m-ethyl-
cysteine dimer (ECD). The data were acquired in a 128x128 matrix with a voxel size of
1.7861.7861.78 mm and then reconstructed via filtered back-projection using a Butterworth fil-
ter (cutoff frequency 0.6 cycle per cm, order 8) to reduce statistical noise. The correction for tis-
sue attenuation was also performed.

MRI was performed within a few hours after arriving at the hospital using either a 1.5-Tesla
unit (Intera; Philips Medical Systems, Best, the Netherlands) or a 3-Tesla unit (intera Achieva;
Philips, Best, the Netherlands) with a sensitivity encoding (SENSE) head coil. The diffusion-
weighted imaging (DWI) that was included in the MRI protocol [34] was performed again at
the 3rd day from onset according to the same protocol. Single-shot spin-echo echo-planar
imaging was used for DWI using following parameters: a matrix 128x128 interpolated to
256x256; field of view, 220 mm; repetition time, 9400 ms for the 1.5 Tesla and 5000 ms for the
3 Tesla; echo time, 66 ms for the 1.5 Tesla and 59 ms for the 3 Tesla; SENSE factor, 2; number
of acquisitions, 4; b value, 2000 s/mm2; and section thickness, 3 mm.

SPM and image data analysis of cerebral perfusion
SPECT images were analyzed using SPM8 (Institute of Neurology, University College London,
London, UK) [20], which was implemented using Matlab 2009a (The MathWorks Inc., Natick,
MA). The mean voxel intensity across all slices of the imaging volume 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 [35, 36]. Each SPECT scan was then spatially nor-
malized to the SPECT template provided by SPM8 using an affine geometric transformation.
These images were smoothed using an isotropic Gaussian kernel of 12 mm full width at half
maximum. Then, a proportional scaling was applied to remove the effect of differences in global
activity. After normalization and smoothing, a paired comparison of the SPECT images from
each patient at the baseline and follow-up studies were performed on a voxel-by-voxel based
paired t statistic. We investigated areas with hypoperfusion at a threshold of P<0.005 (uncor-
rected) and an extent threshold of 100 voxels. To visualize the result, the significant voxels were
projected onto the ch2better template included in MRIcron (http://www.mccauslandcenter.sc.
edu/mricro/mricron/). To evaluate the quantitative analysis, we measured the ECD uptake in
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regional volume of interest (VOI) according to the Automated Anatomical Labelling (AAL)
merged template using Matlab. Among the 71 regions in the AAL-merged atlas, 62 regions
were selected after excluding 9 regions of the posterior fossa. To quantify the regional ECD
uptake, the mean counts in each selected region were normalized with respect to the mean
count in the cerebellum, which is known to be a relatively stable area. Because ECD SPECT
does not estimate absolute quantitative blood flow values but rather provides relative regional
flow differences among various regions, we selected the cerebellum as the reference for normali-
zation [37]. Then, the mean differences were obtained by subtracting the relative ECD uptake
counts between two scans. We calculated the effect size using Cohen’s d values [38]. In addition,
a paired Student’s t test was used to evaluate the differences in the relative mean count of the
regional CBF between baseline and follow-up using SPSS version 18.0 (SPSS Inc., Chicago, IL,
USA). AWilcoxon signed rank test was used to compare the variables that did not meet nor-
mality. Statistical significance was set at p<0.05.

Results
The clinical characteristics of the study participants are summarized in Table 1. Based on visual
readings, the initial SPECT hypoperfusion revealed no laterality and was significant in medial
temporal areas in most of the patients. The number of detected bilateral TGA specific DWI
lesions was higher than the number of unilateral lesions, which also revealed no definite lateral-
ity. The mean differences in the relative CBF count between the initial and follow-up scans in
TGA patients were demonstrated by the cortical regions (Fig 1). Among the 62 cortical VOIs,
only the left precuneus exhibited significant a difference between the 2 scans (P = 0.018,
Cohen’s d = -0.25). Compared to the follow-up scan, the ECD uptake was significantly
decreased in the left precuneus (Fig 2). This finding was also observed in the voxel-based whole
brain analysis (Fig 3), which revealed decreased cerebral perfusion in the left precuneus (uncor-
rected p<0.001) and in the left inferior temporal and superior parietal areas (uncorrected
p<0.005). The areas with most pronounced decrease in regional cerebral perfusion between
the initial scans and follow-up scans are listed in Table 2. No cerebral regions exhibited a signif-
icant increase in perfusion between the initial and follow-up scans.

Discussion
In this study, we retrospectively analyzed longitudinal changes in the cerebral perfusion of
TGA patients based on two SPECT scans performed at six-month intervals. Cerebral perfusion
was reduced the greatest in the left precuneus at baseline compared to the follow-up scans for
both the voxel-based whole brain analysis and the regional quantitative ECD uptake. To the
best of our knowledge, this is the first and largest study that compared SPECT changes between
two stages using both voxel-based whole brain analysis and quantitative ECD uptake counts
analyzed using paired t tests.

In regard to reversible hypoperfusion in the left precuneus, we postulated that this finding
may also reflect transient abnormal cerebral perfusion during the acute phase, and it recovered
to a normal state afterwards. One possible explanations is abnormal cerebral venous drainage,
which is the leading hypothesis of the underlying pathophysiologic mechanisms of TGA [39–
42]. Although there remain many unsolved questions, patients with TGA have exhibited more
prevalent venous abnormalities in several studies of retrograde venous flow [15, 21, 39, 40].
One possibility is that precipitating factors, such as Valsalva-like episodes, could induce intra-
cranial venous hypertension and may trigger reactive arterial vasoconstriction to compensate
for the increased cerebral blood volume. In addition, the subsequent relative hypoperfusion
may be responsible for the amnestic event in susceptible individuals [41] because of the
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selective vulnerability of CA1 (cornu ammonis) region to ischemic insult[43]. In addition to
these previous studies, our longitudinal comparison of cerebral perfusion yields additional
information regarding the hypoperfusion of precuneus.

When we assume that the precuneus region belongs to the posterior medial network [44]
for the conformation of episodic memory, these findings are compatible with our previous
study based on an electroencephalographic (EEG) spectral analysis, which also implicated the
posterior medial network disruption during acute phase of TGA [45]. It was recently reported
that if the posterior medial network connecting the posterior cortical areas and the hippocam-
pus is disrupted, episodic memory is impaired [46]. Therefore, we speculated that hypoperfu-
sion of the precuneus as a representative of altered posterior medial network during initial
stage of TGA may be related to the amnesia of TGA patients. This idea of ‘two cortical systems’
for memory was recently proposed as the anterior temporal system made up of the perirhinal
cortex and posterior medial system, which includes the parahippocampal cortex, the retrosple-
nial cortex and the default network (composed of the posterior cingulate, the precuneus, the

Table 1. Baseline Characteristics of the study population (n = 22).

Age in years, mean (SD) 60.55 (6.36)

Males, n (%) 6 (27.3)

Duration of TGA in hours, mean (SD) 5.81 (3.92)

Hypertension, n (%) 8 (36.4)

Diabetes, n (%) 3 (13.7)

Hyperlipidemia, n (%) 11 (50)

Precipitating factor, n (%)

Physical stress 9 (40.9)

Emotional stress 8 (36.4)

Water contact 2 (9.1)

Valsalva 2 (9.1)

Associated symptom, n (%)

Headache 5 (22.7)

Nausea 3 (13.6)

Days from symptom onset to SPECT study

Initial SPECT, mean (SD) 1.49 (1.37)

Follow up SPECT, mean (SD) 166.48 (89.08)

Relative laterality of initial SPECT abnormality, n (%)

Left 9 (40.9)

Right 9 (40.9)

Bilateral 4 (18.2)

Location of initial SPECT abnormality, n (%)

Medial temporal 21 (95.5)

Neocortex 4 (18.2)

Sub-cortex 1 (4.5)

Laterality of DWI lesion, n (%)

Left 3 (13.6)

Right 4 (18.2)

Bilateral 9 (40.9)

negative 7 (31.8)

Abbreviations: SPECT, Single-photon emission computed tomography; DWI, diffusion-weighted imaging;

SD, standard deviation.

doi:10.1371/journal.pone.0145658.t001
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lateral parietal cortex and the medial prefrontal cortex) [47, 48]. This framework of two inter-
acting systems extends the connection of the hippocampus beyond the medial temporal lobes.
In addition, it explains the differences in the functional and anatomical connectivity of the
medial temporal lobe with a distinct contribution to memory. Evidence has consistently sug-
gested that the posterior medial network is involved in episodic memory [49–51]. Therefore,
hypoperfusion at the precuneus, which is the primary component of the posterior medial sys-
tem, may have implications in the interactions regarding hippocampal formation. Although
the disruptions in the structural connectivity of the limbic system were not identified[52], the
approach based on the functional network has also been investigated via resting-state func-
tional MRI, which revealed a significant reduction in the functional connection of the episodic
memory network during the ictal phase of TGA [53].

Fig 1. Themean difference in the regional cerebral perfusion between the initial and follow-up stages of TGA.Only the left precuneus exhibited a
significant difference between the 2 scans among the 62 volumes of interest (VOIs) (P = 0.018, Cohen’s d = -0.25). The VOI of the central structures, the
insula and the cingulate gyrus, which showed no significant differences between the 2 scans, are not presented here. The mean difference was obtained by
subtracting the ECD uptake of the follow-up scan from the initial scans and demonstrated by the VOIs according to the cortical lobes. The vertical line in the
center of the each horizontal line represents the mean difference, and the whiskers indicate the 95% confidence interval. Abbreviation: 1,left; 2,right; PRE,
precentral gyrus; RO, roalandic operculum; SMA, supplementary motor area; OC, olfactory cortex; SFG, superior frontal gyrus; MFG, middle frontal gyrus;
GR, gyrus rectus; PCL, paracentral lobule; HIP, hippocampus; AMYG, amygdala; FUSI, fusiform gyrus; HES, Heschl gyrus; T, temporal gyrus; POST,
postcentral gyrus; SMG, supramarginal gyrus; AG, angular gyrus; PQ, precuneus; P, superior and inferior parietal lobule; V, calcarine fissure and
surrounding cortex; Q, cuneus; LING, lingual gyrus; O, lateral remainder of occipital lobe.

doi:10.1371/journal.pone.0145658.g001
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In addition, the voxel-based whole brain analysis also revealed cerebral hypoperfusion in
the left inferior temporal and superior parietal cortex and in the left precuneus. This finding of
left lateralization is in line with other studies that reported some left dominance of functional
abnormalities confirmed via EEG, perfusion MRI or SPECT abnormalities [27, 28, 54, 55].
Considering that visual reading of SPECT images and DWI lesions are not related to left

Fig 2. Changes in ECD uptake counts across the 6-month-interval of the TGA patients at the left
precuneus. The ECD count of each patient was plotted to demonstrate the change between the two scans
using a paired Student’s t test.

doi:10.1371/journal.pone.0145658.g002
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Fig 3. Statistical parametric mapping projections of areas with significantly reduced cerebral perfusion when comparing the follow-up SPECT
scans with the initial scans (Uncorrected p<0.005). The warm color represents the relative hypoperfusion of the initial scans compared to the follow-up
scans.

doi:10.1371/journal.pone.0145658.g003

Table 2. Location and peaks of significant decreases in regional cerebral perfusion from the baseline to follow-up scans (Uncorrected p<0.005).

Structure Talairach coordinates p value (uncorrected) Z-score

x y z

Left precuneus -12 -56 22 <0.001 4.57

Left superior parietal -18 -60 52 <0.001 3.70

Left inferior temporal -38 2 -36 0.002 2.86

doi:10.1371/journal.pone.0145658.t002
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Table 3. Previous SPECT studies investigated cerebral perfusion of TGA patient.

Author (year) Patient
(No)

SPECT protocol Study design Results

Stillhard (1990)
[57]

1 99m-Tc-HMPAO Case report Reversible bitemporal hypoperfusion

Visual reading Longitudinal f/u

Gondenberg
(1991)[31]

1 99m-Tc-HMPAO Case report Reversible bilateral thalamic (left>right) hypoperfusion

Quantitative analysis Longitudinal f/u Persistent left frontal hypoperfusion

Evans (1993)[22] 1 99m-Tc-HMPAO Case report Reversible bilateral postero-medial hypoperfusion

Visual reading Longitudinal f/u

Lin (1993)[58] 1 99m-Tc-HMPAO Case report Reversible multiple perfusion defects in both occipital lobes, the
medial left temporal lobe, and the left thalamus

Visual reading Longitudinal f/u

Jung (1996)[26] 1 99m-Tc-ECD Case report Reversible hyperperfusion in the posterior caudal region of the right
medial temporal lobe

Visual reading Longitudinal f/u

Quantitative analysis (ROI)

Jovin (2000)[24] 1 99m-Tc-bicisate Case report Reversible bilateral medial temporal hypoperfusion

Visual reading Longitudinal f/u

Laloux (1992) [27] 5 99m-Tc-HMPAO Case series

Visual reading Cross-sectional Left temporal, parietotemporal hypoperfusion

Longitudinal f/u Persistent left temporal hypoperfusion

Matsuda (1993)
[28]

1 99m-Tc-HMPAO Case report Reversible left medial temporal hyperperfusion

Visual reading Longitudinal f/u

Sakashita (1997)
[59]

6 99m-Tc-HMPAO Case series Reversible occipital and cerebellar hyperperfusion

Visual reading Longitudinal f/u Reversible thalamic, cerebellar or putamenal hypoperfusion

Takeuch (1998)
[60]

1 99m-Tc-ECD with
acetazolamide (ACZ)

Case report Reversible left medial temporal and thalamic poor vasodilatory
reactivity to ACZ and hypoperfusion

Visual reading Longitudinal f/u

Nardone (2004)
[61]

13 99m-Tc-HMPAO Case series Reversible or persistent thalamic, striatal or temporal hypoperfusion

Visual reading Longitudinal f/u

Chung (2009)[36] 7 99m-Tc-ECD Case-control
study

Reversible bilateral inferior, middle frontal hypoperfusion

Voxel-based whole brain
analysis

Longitudinal f/u Reversible superior temporal, precentral and postcentral
hypoperfusion (left>right)

Reversible middle, superior temporal, inferior frontal, cerebellar and
thalamic hyperperfusion (right>left)

Yamane (2008)
[33]

1 123I-IMP Case report Reversible diffuse cerebral hypoperfusion

Visual reading Longitudinal f/u

Current study 22 99m-Tc-ECD Longitudinal f/u Hypoperfusion in the left precuneus, inferior temporal and superior
parietal area.

Voxel-based whole brain
analysis

Quantitative analysis (VOI)

SPECT, Single-photon emission computed tomography; 99m-Tc-HMPAO, hexamethylpropyleneamineoxim; 99m-Tc-ECD, ethyl cysteinate dimer; ROI,

region of interest; VOI, volume of interest;
123I-IMP, Iodine-123-labeled N-isopropyl-4-iodoamphetamine.

doi:10.1371/journal.pone.0145658.t003
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dominance (Table 1), there may be some discrepancies from the findings of the voxel-based
whole brain analysis or the quantitative ECD uptake. One possible explanation is that the effect
of left cerebral hypoperfusion contributing to amnestic events in TGA patients could be greater
or persist longer than that of the right side, although bilateral cerebral hypoperfusion may
occur at the initial stage of TGA. We speculated that this finding regarding left laterality could
be closely linked to a previous study reported by our team, which revealed significant left pre-
dominance of EEG abnormalities [54].

Previous reported findings using SPECT imaging of TGA patients were inconsistent, and
most performed region-of-interest analyses based on visual readings of a few cases (Table 3).
However, most of the studies revealed bilateral or left cerebral hypoperfusion, although the
right side was related to hyperperfusion in some studies [26, 36]. A study using SPM was previ-
ously conducted, although it differs from this study [36]. The design of the previous study was
based on a case-control comparison of seven TGA patients and age-matched controls, whereas
this study focused on observations of longitudinal changes in ECD uptake in TGA patients at
6-month intervals. This intra-individual change in ECD uptake adds another aspect of hemo-
dynamic changes in TGA patients, as described above. In addition, the results of the SPM anal-
ysis were compared with the quantitative analysis of ECD uptake, revealing results that were
consistent with hypoperfusion of the left precuneus. Therefore, the findings in our study may
be applicable, as our data were confirmed by two separate methods and utilized a larger patient
group. Although group analysis showed increased ECD uptake count of left precuneus at
resolved stage, decreased uptake was also found in some patients that was different from other
patients (Fig 2). These findings might be attributable to variability of patient characteristics
such as degree of ischemia during initial scan, timing of SPECT acquisition and underlying
degenerative pathology that could cause hypoperfusion.

There are several limitations in this study. First, we could not compare the ECD uptake
between TGA patients and normal controls because normal SPECT images were not available.
Second, a detailed neuropsychological test was unavailable during the two stages of TGA, and
therefore, we could not confirm the relationship between amnestic syndrome and the findings
of our SPECT study. Third, initial SPECT images were not obtained during the ictal stage of
TGA, and an interval of 6 months for the follow-up scan may not be sufficient time for patients
to recover fully from the initial hypoperfusion state; therefore, it is possible that real perfusion
changes could be more extensive than our findings if we expand the interval of the 2 scans.
Fourth, the significance level was not corrected for multiple comparisons in the SPM analysis
due to the small sample size. Thus, we utilized a cluster filter of 100 voxels to reduce the false
positive identification rate [56].

In conclusion, we identified left hemispheric lateralized hypoperfusion at the initial stage of
TGA using longitudinal SPECT scans, which may be related to posterior medial network dis-
ruption with left dominancy, in connection with recent studies [45, 54].
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