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Abstract

Background: The left piriform cortex and amygdala (PC&A) tend to be slightly hyperintense relative to the right PC&A on
T2-weighted fluid-attenuated inversion recovery (T2W-FLAIR) images in patients with probable Alzheimer’s disease
(pAD). This likely represents the antecedent and thus advanced degeneration of the left PC&A.

Purpose: To investigate the relationship between left PC&A hyperintensities and cerebral cortical atrophy on magnetic
resonance (MR) voxel-based morphometry in patients with pAD and discuss how this finding could relate to AD progression.

Material and Methods: Patients with pAD (n = 47; age range = 68-93 years, mean = 80.8 £ 6.7 years; 14 men and
33 women) who underwent T2W-FLAIR imaging and MR morphometric study using a voxel-based specific regional analysis
system for AD (VSRAD) were retrospectively examined. To measure signal intensity ratios of the left to right PC&A
(L-PC&A/R-PC&A), regions of interest (ROIs) were set on the transaxial images in which both PC&As were most broadly
depicted; the ROIs were defined as large as possible. Correlations between the L-PC&A/R-PC&A and medial temporal lobe
cortical atrophy (MTLCA) as well as whole cerebral cortical atrophy (WCCA) on VSRAD were determined. Correlation
between the L-PC&A/R-PC&A and age was also determined.

Results: The L-PC&A/R-PC&A correlated with both MTLCA (r = 0.375, p = .010, 95% confidence interval [CI] = 0.095—
0.600) and WCCA (r=0.576, p <.001, 95% Cl = 0.343-0.742). The L-PC&A/R-PC&A did not correlate with age (r =0.013,
p =.932, 95% Cl = —0.282-0.305).

Conclusion: Left-sided dominance of PC&A degeneration appeared to accelerate with the progression of AD stages.
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Introduction

The left piriform cortex (anterior part of the para-
hippocampal cortex including entorhinal cortex) and
amygdala (PC&A; Figure 1) are recognized to exhibit the
earliest degeneration (neuroinflammation and atrophy) in
patients with Alzheimer’s disease (AD)/probable AD (pAD)
in neuropathological and MR morphometric studies.” ® The
left PC&A tend to become slightly hyperintense relative to
the right PC&A on T2-weighted fluid-attenuated inversion
recovery (T2W-FLAIR) magnetic resonance (MR) images
in patients with pAD’; this finding presumably represents a
precursory and thus more advanced neuroinflammation of
this region. The neuroinflammation occurs with interstitial
immune cell infiltration and edema, accompanied by blood—
brain barrier (BBB) disruption, which is considered a trigger
of neural degeneration.® ' Therefore, interstitial edema
associated with BBB disruption might serve as a biomarker
for AD activity.

This study aimed to investigate the relationship between
left PC&A hyperintensities and cerebral cortical atrophy
using voxel-based morphometry and discuss how this
finding could relate to the stage of AD.

Materials and methods

Participants

Data of patients with pAD (n = 47; age range = 68—
93 years [mean = 80.8 + 6.7 years]; 14 men and
33 women) who underwent T2W-FLAIR imaging and
MR morphometric studies using the voxel-based specific
regional analysis system for AD (VSRAD; Advance 2;
Eisai, Tokyo, Japan)''™'* during 2022-2024 were con-
secutively retrieved from the PACS database. T2W-
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FLAIR images with blurred artifacts, and those in pa-
tients receiving chemotherapy and/or with uncontrolled
diabetes (n = 3), which are important causes of cerebral
atrophy, were excluded from the evaluation. The data-
base did not include patients with alcohol abuse or lo-
calized cerebral atrophy caused by previous
cerebrovascular or inflammatory diseases. pAD was
diagnosed by certified neurologists (AS et al.) at our
hospital using the National Institute of Aging/
Alzheimer’s Association criteria'>'® based on neuro-
logical and neuropsychological examination results,
including the Mini-Mental State Examination (n = 40;
score range: 11-27) or Revised Hasegawa’s Dementia
Scale (n = 7; score range: 18-26), brain imaging, and
laboratory test results to exclude other causes of cog-
nitive impairment.

The study protocol was approved by our Institutional
Review Board. The requirement for informed consent
was waived due to the retrospective nature of this study.

MR imaging procedure

MRI was performed using a 3-T magnet (Ingenia; Philips
Medical Systems, Best, Netherlands) with a phased-array
16-channel head coil. Transaxial images analyzed were 2D-
T2W-FLAIR images (TR/TI/TE = 110000/2800/130 ms;
flip angle = 90°, echo-train length = 39) obtained using the
following imaging parameters: section thickness = 5 mm,
interslice gap = 1 mm, field of view (FOV) =230 x 230 mm,
matrix size = 288 x 234, and number of excitations
(NEX) = 1.

Regarding the VSRAD analysis, sagittal 3D-T1-
weighted turbo field echo images were obtained using the
following parameters: TR/TE =4.7/2.3 ms, flip angle = 10°,

Amygdala

Parahippocampal
Cortex

Figure |. A schematic illustration of the piriform cortex and amygdala (PC&A, area filled in gray) in the left medial temporal lobe,
originally created by referring to a cytoarchitectonic mapping study.'
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section thickness = 1.6 mm, FOV = 240 x 240 mm, matrix
size = 268 x 268, and NEX = 1.

Processing and statistical analysis

The signal intensity ratios of the left to right PC&A
(L-PC&A/R-PC&A) were calculated using a DICOM
viewer interlinked to a PACS (Radiforce RX660-ARBK;
EIZO; Hakusan, Japan; 21 in, 5-MP screen). Regions of
interest (ROIs) were set on the transaxial images in which
both PC&As were most broadly depicted; ROIs were de-
fined as large as possible, ensuring that they did not extend
to the edges, by referencing to the PC&A areas on T1-
weighted (T1W) images, which provided optimal gray/
white matter contrast (Figure 2(a) and (b)). The mean of
the left-right ratio of ROI sizes per individual was
1.04 £ 0.22.

All measurements were performed by a certified diag-
nostic radiologist (HI). Additionally, the L-PC&A/R-PC&A
measurements were independently performed by a radio-
logical technologist (SN) with 13 years of experience. Both
observers measured ROIs without knowing about the
VSRAD results. Intraclass correlation coefficients (ICCs
[1,1]) were used to assess the inter-observer reliabilities of
the measurements.

Subsequently, we calculated the correlations between the
L-PC&A/R-PC&A and following two VSRAD results: (1)
medial temporal lobe (MTL) cortical atrophy (MTLCA):
the mean value of positive Z-scores (based on a database of
age-matched cognitively healthy individuals) in the target
volume-of-interest (VOI: parahippocampal cortex, amyg-
dala, and hippocampus) and (2) whole cerebral cortical
atrophy (WCCA): the percentage of voxels with a Z-score
of >2 in the whole cerebrum. Additionally, the correlations

(a)

between the MTLCA and WCCA, and that between
L-PC&A/R-PC&A and age were calculated.

All statistical analyses were performed using SPSS
version 29 (IBM Corp., Armonk, NY, USA). Statistical
significance was set at p < .05.

Results

The ICC for the inter-observer reliabilities of the L-PC&A/
R-PC&A measurements was 0.925 (p <.001), indicating the
high reliability of the measurements.

The L-PC&A/R-PC&A correlated with both MTLCA
(r=0.375,p=.010,95% CI=0.095-0.600) and WCCA (r=
0.576, p < .001, 95% confidence interval [CI] = 0.343—
0.742) (Figure 3). MTLCA correlated with WCCA (r =
0.596, p < .001, 95% CI = 0.370-0.756). The L-PC&A/
R-PC&A did not correlate with age (r = 0.013, p = .932,
95% CI = —0.282-0.305).

Discussion

The neuropathological stages of AD correlate with the
distribution of neurofibrillary tangles (NFTs) containing
aggregated tau proteins within the neuron, which is asso-
ciated with microglia-mediated neuroinflammation, neu-
ronal death, and cortical atrophy.®'”"'® NFTs are primarily
confined to the MTL of the limbic cortex; this stage cor-
responds to the pre-clinical phase of AD. NFTs then spread
widely to other limbic cortices, manifesting as mild cog-
nitive impairment, followed by extensive involvement in
the neocortex and clinically overt dementia.’

In the present study, we found significant correlation
between left PC&A hyperintensities on T2W-FLAIR im-
ages and both MTLCA and WCCA, which suggests that left

Figure 2. (a) T2W-FLAIR image of a patient with probable Alzheimer’s disease (pAD). The left piriform cortex and amygdala (PC&A)
appear visually hyperintense compared with the right PC&A. ROls are defined as the bilateral PC&A to measure signal intensities, and
signal intensity ratio of the left to right PC&A (L-PC&A/R-PC&A) is 1.08 (b) TIW-SE image at the same level as (a).
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Figure 3. (a) Relationship between signal intensity ratios of the left to right PC&A (L-PC&A/R-PC&A) and medial temporal lobe cortical
atrophy (MTLCA). (b) Relationship between signal intensity ratios of the left to right PC&A (L-PC&A/R-PC&A) and whole cerebral

cortical atrophy (WCCA).

PC&A hyperintensities (neuroinflammation) continue to
progress with the advancing stage of AD. This probably
means that the left PC&A neuroinflammation appears to
progress more rapidly than does the right PC&A with ad-
vancing stage of AD.

The correlation of left PC&A hyperintensities with
MTLCA is relatively weak compared with that with
WCCA, despite finding of moderate correlation between
MTLCA and WCCA. Prominent interstitial edema ac-
companied by neuroinflammation in the PC&A region
might counteract atrophy as a cause of this phenomenon.

Although we previously demonstrated that the left
PC&A tend to be slightly hyperintense due to normal aging
as well,” no correlation was found between left PC&A
hyperintensity and aging in the patient with pAD in the
present study.

The present study did not include participants who were
diagnosed with early-onset AD, which is known to have a
different pattern of progression from that observed in late-
onset AD; early-onset AD has been reported to show
widespread neocortical atrophy from the initial stage, fol-
lowed by limbic cortical atrophy.'”

This study has the following limitations: 1) Relatively
small number of cases. (2) As previously indicated, the
degree of atrophy on VSRAD is identified without dis-
tinguishing between left and right cerebral hemispheres.
Separate evaluation on each side would be ideal. (3) The
study used 2D- rather than 3D-T2W-FLAIR images for
evaluation. Future studies using thinner slices, such as 3D
high-resolution imaging, would be beneficial for more
accurate delineation of the PC&A and SI analyses.

In conclusion, left-sided dominance of PC&A degeneration
appeared to accelerate with the progression of AD stages.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with re-
spect to the research, authorship, and/or publication of this article.

Funding

The author(s) received no financial support for the research, au-
thorship, and/or publication of this article.

ORCID iD

Hiroshi Ishizaka @ https://orcid.org/0009-0001-2461-7764

References

1. Amunts K, Kedo O, Kindler M, et al. Cytoarchitectonic
mapping of the human amygdala, hippocampal region and
entorhinal cortex: intersubject variability and probability
maps. Anat Embryol 2005; 210: 343-352.

2. Donix M, Burggren AC, Scharf M, et al. APOE associated
hemispheric asymmetry of entorhinal cortical thickness in
aging and Alzheimer’s disease. Psychiatry Res 2013; 214:
212-220.

3. Murphy C, Jernigan TL, Fennema-Notestine C. Left hippo-
campal volume loss in Alzheimer’s disease is reflected in
performance on odor identification: a structural MRI study.
J Int Neuropsychol Soc 2003; 9: 459-471.

4. Roe JM, Vidal-Pifieiro D, Serensen @, et al. Asymmetric thinning
of the cerebral cortex across the adult lifespan is accelerated in
Alzheimer’s disease. Nat Commun 2021; 12: 721.

5. Long X, Zhang L, Liao W, et al. Distinct laterality alterations
distinguish mild cognitive impairment and Alzheimer’s dis-
ease from healthy aging: statistical parametric mapping with
high resolution MRI. Hum Brain Mapp 2013; 34: 3400-3410.

6. Whitwell JL. Progression of atrophy in Alzheimer’s disease
and related disorders. Neurotox Res 2010; 18: 339-346.

7. Ishizaka H, Sekine A, Naka M, et al. Slight hyperintensity of
the left piriform cortex and amygdala on T2-weighted FLAIR
images in older adults and patients with probable Alzheimer’s
disease (Under revision in Acta Radiologica).

8. Sharma C, Woo H, Kim SR. Addressing blood—brain barrier
impairment in alzheimer’s disease. Biomedicines 2022; 10:
742.


https://orcid.org/0009-0001-2461-7764
https://orcid.org/0009-0001-2461-7764

Ishizaka et al.

10.

I1.

12.

13.

van de Haar HJ, Burgmans S, Jansen JF, et al. Blood—brain
barrier leakage in patients with early alzheimer disease.
Radiology 2016; 281: 527-535.

Alkhalifa AE, Al-Ghraiybah NF, Odum J, et al. Blood—brain
barrier breakdown in alzheimer’s disease: mechanisms and
targeted strategies. Int J Mol Sci 2023; 24: 16288.
Matsuda H. Voxel-based morphometry of brain MRI in
normal aging and alzheimer’s disease. Aging Dis 2013; 4:
29-37.

Matsuda H, Mizumura S, Nemoto K, et al. Automatic
voxel-based morphometry of structural MRI by
SPMS8 plus diffeomorphic anatomic registration through
exponentiated lie algebra improves the diagnosis of
probable Alzheimer Disease. AJNR Am J Neuroradiol
2012; 33: 1109-1114.

Li F, Takechi H, Saito R, et al. A comparative study: visual
rating scores and the voxel-based specific regional analysis
system for Alzheimer’s disease on magnetic resonance im-
aging among subjects with Alzheimer’s disease, mild cog-
nitive impairment, and normal cognition. Psychogeriatrics
2019; 19: 95-104.

14.

15.

16.

17.

18.

19.

Oshikubo G, Akahane A, Unno A, et al. Utility of VSRAD for
diagnosing Alzheimer’s disease in patients screened for de-
mentia. J Int Med Res 2020; 48: 300060520917270.

Albert MS, DeKosky ST, Dickson D, et al. The diagnosis of mild
cognitive impairment due to Alzheimer’s disease: recommen-
dations from the National Institute on Aging-Alzheimer’s As-
sociation workgroups on diagnostic guidelines for Alzheimer’s
disease. Alzheimers Dement 2011; 7: 270-279.

McKhann GM, Knopman DS, Chertkow H, et al. The di-
agnosis of dementia due to Alzheimer’s disease: recom-
mendations from the National Institute on Aging-Alzheimer’s
Association workgroups on diagnostic guidelines for Alz-
heimer’s disease. Alzheimers Dement 2011; 7: 263-269.
AmeliMojarad M, AmeliMojarad M. The neuroinflammatory
role of microglia in Alzheimer’s disease and their associated
therapeutic targets. CNS Neurosci Ther 2024; 30: ¢14856.
Trejo-Lopez JA, Yachnis AT, Prokop S. Neuropathology of
Alzheimer’s disease. Neurotherapeutics 2022; 19: 173—185.
Migliaccio R, Agosta F, Possin KL, et al. Mapping the
progression of atrophy in early- and late-onset Alzheimer’s
disease. J Alzheimers Dis 2015; 46: 351-364.



	Hyperintensity of the left piriform cortex and amygdala on T2 ...
	Introduction
	Materials and methods
	Participants
	MR imaging procedure
	Processing and statistical analysis

	Results
	Discussion
	Declaration of conflicting interests
	Funding
	ORCID iD
	References


