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Abstract
Late-onset Alzheimer’s disease (AD) differs substantially from early-onset AD. In this cross sectional study we investigated 
brain perfusion changes after 18 months of treatment with cholinesterase inhibitors (ChEIs) donepezil or galantamine. 
Twenty-five drug-naïve late-onset AD patients were recruited from outpatient clinics. We examined brain perfusion using 
single photon emission computed tomography (SPECT) and used three-dimensional stereotactic surface projection (3D-
SSP) and the stereotactic extraction estimation method (SEE) level 3 to analyze classified gyrus level segments. We assessed 
cognitive function using the Alzheimer’s Disease Assessment Scale-cognitive subscale (ADAS-cog) grouped into three 
subgroup domains, language, memory, and praxis. In the follow-up data, some regions were further hypoperfused, reflecting 
worsening of the disease, while other regions showed alleviated hypoperfusion, potentially related to the ChEIs treatment. 
Regional cerebral blood flow (rCBF) decreased in the parietal cortex and increased in the frontal and the limbic cortices. 
Increased hypoperfusion significantly correlated with ADAS-cog scores changes were seen in the superior parietal lobule, 
inferior parietal lobule, angular gyrus, and supramarginal gyrus of the parietal cortex. Alleviated hypoperfusion significantly 
related to recovery of ADAS-cog scores were seen in the rectal and paracentral lobule of the frontal cortex, and the anterior 
cingulate of the limbic cortex. These regions showed significant relationships with total ADAS-cog and language, memory 
and praxis subscales scores. The current longitudinal study indicates prominent rCBF changes and their relationships with 
changes in ADAS-cog scores in late-onset AD patients.

Keywords  SPECT · Late-onset · Alzheimer’s disease · ADAS-cog

Introduction

Single-photon emission computed tomography (SPECT) 
studies show perfusion reduction associated with Alzhei-
mer’s disease (AD) in the parieto-temporal association corti-
ces early in the disease process, and in the frontal association 
cortex in the advanced disease state (Kumar et al. 1991; 

Waldemar et al. 1994). Longitudinal SPECT evaluation of 
mild AD showed decreased perfusion in the anterior thala-
mus, anterior cingulate and posterior cingulate gyrus (John-
son et al. 1998). Another SPECT study showed a significant 
regional cerebral blood flow (rCBF) decline in the middle 
frontal gyri, inferior parietal lobe, inferior temporal gyri, 
middle and inferior occipital gyri, and hippocampus in early 
AD (Kogure et al. 2000). Notably, hypoperfusion could be 
associated with neuronal degeneration, and it is well known 
that cholinesterase inhibitors (ChEIs) including donepezil 
and galantamine increased rCBF in the brains of AD patients 
(Nakano et al. 2001; Ushijima et al. 2006; Keller et al. 2011).

Recent studies have shown differences between late and 
early-onset AD. Patients who develop the disease after age 
65 (late-onset) show topographic patterns of brain gray 
matter atrophy in the medial temporal lobe as well as hip-
pocampal atrophy while early-onset AD shows atrophy in 
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the occipital and parietal lobes including precuneus (Ishii 
et al. 2005; Frisoni et al. 2007; Möller et al. 2013; Cavedo 
et al. 2014). Furthermore, early and late-onset AD show 
distinct paterns of memory impairment (Joubert et  al. 
2016). Late-onset AD patients also show selective para-
hippocampal white matter loss relative to ealy-onset AD 
patients (Canu et al. 2012), but the pathogenic mechanism 
of late-onset AD remains unclear.

A SPECT study showed a relationship between late-
onset AD and hypoperfusion in the medial temporal lobe 
and hippocampal regions, while patients with early-onset 
AD exhibited a greater rCBF decrease in the posterior cor-
tical association area (Kemp et al. 2003). Our recent study 
demonstrated a reduction of rCBF in the frontal, temporal 
and limbic lobe relative to that seen in the parietal and 
occipital lobe in late-onset AD patients (Takahashi et al. 
2017). Perturbed rCBF may contribute to the pathogenesis 
of late onset AD.

The well-documented typical AD course begins with 
episodic memory dysfunction followed by additional 
cognitive impairment (Mckhann et al. 1984; Dubois et al. 
2010). Late-onset AD patients show strong cognitive 
deficits in memory, moderate deficits for language, and 
weak deficits in praxis (Grady et al. 1987, Sá et al. 2012). 
Furthermore, late-onset AD patients with greater hypome-
tabolism in inferior fronto-temporal regions have verbal 
memory deficits (Kaiser et al. 2012). Cognitive function 
was examined using the Alzheimer’s Disease Assessment 
Scale cognitive subscale (ADAS-cog) with further sub-
scales grouped into the domains language, memory, and 
praxis. We recently demonstrated that hypoperfusion in 
the cingulate and parahippocampal gyrus of the limbic 
lobe were significantly correlated with ADAS-cog memory 
subscale scores in late-onset AD (Takahashi et al. 2017).

Since early onset AD is a progressive neurodegenerative 
disorder, it is likely that late-onset AD is also a progres-
sive disease characterized by increasing cognitive decline. 
However, the time course of hypoperfusion and cognitive 
dysfunction in late onset AD and the effects of ChEIs 
treatment remain unknown. Repeated rCBF measurement 
is supposed to be an objective maker of disease progres-
sion. We hypothesize that increases in rCBF reduction 
z scores are related to increased cognitive dysfunction, 
while decreases in rCBF reduction z scores are associated 
with the improvement of that dysfunction. Here we exam-
ine brain perfusion by SPECT and longitudinal changes in 
cognitive deficits by ADAS-cog from baseline to follow 
up at 18 months with the ChEI treatments donepezil and 
galantamine in late-onset AD patients. We analyzed brain 
perfusion using three dimensional stereotactic surface pro-
jection (3D-SSP) and the stereotactic extraction estimation 
method (SEE) level 3.

Materials and methods

Participants

Twenty-five late-onsest drug-naïve AD patients were 
enrolled from the outpatient clinic of Teikyo University 
Chiba Medical Center (Table  1). AD diagnosis was in 
accordance with the DSM-IV-TR criteria for Alzheimer’s 
type dementia (American Psychiatric Association 1994), 
and all AD patients fulfilled the National Institute of Neu-
rological and Communicative Disorders and Stroke and 
the Alzheimer’s Disease and Related Disorders Associa-
tion (NINCDS-ADRDA) criteria for probable or possible 
AD (McKhann et al. 1984). MMSE scores were required to 
be below 26, and MRI or CT was performed when needed 
(in cases of normal pressure hydrocephalus, for example). 
Hypothyroidism was ruled out by verification of thyroid 
function and vitamin levels. Other types of dementia such 
as vascular dementia, frontotemporal dementia and dementia 
with lewy bodies were excluded. Since ChEIs significantly 
influence rCBF and cognitive function in AD patients (Li 
et al. 2012), patients were not currently receiving treatment 

Table 1   Demographic characteristics

Deta are shown in mean ± SD
Statistical result of comparison between the below 4 and above 5 
groups on the HIS using Student’s t-test
HIS Hachinski ischemic score, ADAS Alzheimer’s Disease Assess-
ment Scale, y years, m months

At baseline Follow up 1.5 year p-value

Age (y) 77.0 ± 6.4
Sex (M/F) 5 / 20
HIS 2.7 ± 2.1
 Below 4 (n) 20
 Above 5 (n) 5

Hypertension (n) 6
Hyperlipidemia (n) 3
Diabetes mellitus (n) 4
MMSE 20.3 ± 3.6
ADAS-cog total 18.38 ± 6.13 19.32 ± 8.39 0.465
ADAS-cog language 2.60 ± 2.10 2.60 ± 2.91 1.000
ADAS-cog memory 12.54 ± 4.43 13.38 ± 4.37 0.261
ADAS-cog Praxis 3.44 ± 2.06 3.24 ± 2.20 0.684
Clinical outcome by ADAS-cog total (n)
 Worsen (plus 3) 6 (24%)
 Recover (minus 3) 7 (28%)
 Maintain 12 (48%)

Drugs (n)
 Donepezil (5 mg/day) 18
 Galantamine (16 mg/

day)
7
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with ChEIs or other psychotropic drugs, and any patients 
who received medical treatment for AD were excluded from 
this study. Other exclusion criteria were a history of cer-
ebral vascular disease diagnosis (“history of stroke” on the 
Hachinski ischemic scale), history of head trauma, seizures 
or other neurological disorders, mental retardation, alcohol 
and substance abuse, schizophrenia, major depressive dis-
order, bipolar disorder, and cardiac, pulmonary, vascular, 
metabolic, hematological conditions, or any other illnesses 
sufficiently severe to adversely affect cognition or function-
ing. This study was approved by the ethics committee of 
Teikyo University Chiba Medical Center (study number 
11–17), and was performed in accordance with the Decla-
ration of Helsinki. All patients and their closest caregivers 
gave written informed consent after a full explanation of all 
study procedures. Participants received SPECT and ADAS-
cog at baseline and 18 months following treatment with the 
ChEIs donepezil or galantamine.

Assessment cognitive function and vascular risk 
factors

The ADAS-cog was used to assess AD and cognitive impair-
ment severity (Rosen et al. 1984). The ADAS-cog is a rat-
ing instrument for assessing cognitive dysfunction in AD, 
consisting of 11 components for measuring cognitive func-
tion including word recall, word recognition, constructional 
praxis, orientation, naming, commands, ideational praxis, 
remembering test instructions, spoken language ability, 
word finding, and comprehension. Total ADAS-cog scores 
range from 0 to 70 and a higher total score indicates a poorer 
cognitive performance. ADAS-cog subscale were grouped 
into three domains, with one minor modification (Verma 
et al. 2015): language (spoken language, comprehension, 
word finding, naming, and remembering test instructions), 
memory (word recall, word recognition, and orientation) 
and praxis (commands, constructional praxis, and ideational 
praxis). Recovery was defined as an improvement of 3 points 
or more in the ADAS-cog total scores. Cognitive deficits 
severity was also assessed by the MMSE (Folstein et al. 
1975), functional impairment severity was evaluated using 
the Functional Assessment Staging scale (FAST) (Reisberg 
et al. 1984), and the Hachinski ischemic scale (HIS) was 
used to evaluate the degree of vascular risk (Hachinski et al. 
1975).

SPECT imaging

SPECT image scanning was performed using a dual-head 
rotating gamma camera (Millennium MG, GE healthcare, 
USA) with a parallel beam collimator, to permit a spatial 
resolution of 10 mm full width, at half maximum. Imaging 
began 20 min following intravenous injection of 222 MBq 

123I-IMP. We captured continuous images in 32 steps (64 
projections), and each collected step counted for 30  s. 
Images were reconstructed by filtered backprojection, using 
attenuation corrected Butterworth and Ramp filters (Chang, 
0.11/cm). Matrix size and slice thickness of SPECT images 
were 64 × 64 mm and 6.78 mm, respectively.

Image analysis

We evaluated the spatial distribution of abnormal rCBF by 
analyzing SPECT data using three dimensional stereotac-
tic surface projection (3D-SSP), programed in Neurologi-
cal Statistical Image Analyze Software (NEUROSTAT) 
(Minoshima et al. 1995). The original data were realigned 
to the bicommissural line (AC-PC line) and transferred into 
the stereotactic standard atlas following rotation and center-
ing (Fig. 1), then maximum cortical activity was projected 
onto the brain surface pixels. All brain activity datasets 
were normalized to mean cortical activity. The pixel val-
ues corresponding to image data from each individual were 
compared to a database consisting of 18 normal subjects 
(age range from 60 to 81 years), followed by calculation of 
pixel-by-pixel z scores, which represents the degree of rCBF 
reduction. Pixel-by-pixel data were also used to divide the 
entire brain into segments at classified gyrus levels using 
the stereotactic extraction estimation method (SEE) level 3 
(Mizumura et al. 2003; Hanyu et al. 2010; Kume et al. 2011).

Statistical analysis

Follow-up chnages in rCBF was calculated by subtracting 
the rCBF value at baseline from the value at 18 months for 
longitudinal analysis about hypoperfusion. Statistical analy-
sis was performed using two-way repeated ANOVA. The 
relationships of 18 months ADAS-cog changes to changes in 
hypoperfusion were examined using the Pearson correlation 
coefficient. P value of less than 0.05 were considered signifi-
cant, and the Bonferroni correction for multiple comparisons 
was used when appropriate (31 brain regions).

Results

Patient demographics at baseline and at 18 month 
follow‑up

Neither ADAS-cog score or subscale (language, memory 
and praxis) scores changed significantly between base-
line and follow up after 18 months of ChEIs treatments 
(Table 1). Seven out of 25 patients showed improvement 
(28%, Table 1).
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Relationship between rCBF changes and time course 
following AD treatment and progression

Two patterns of rCBF, both deterioration in hypoperfusion 
and further reduction in hypoperfusion, showed a statisti-
cally significant difference after 18 months of ChEI treat-
ment and AD progression. Deteriorated hypoperfusion was 
seen in the superior frontal gyrus of the frontal cortex, the 
superior parietal lobule, inferior parietal lobule, angular 
gyrus, postcentral gyrus and supramarginal gyrus of the 
parietal cortex, the transverse temporal gyrus of the tempo-
ral cortex, and the superior occipital and middle occipital 
gyri of the occipital cortex (Table 2, italics). In contrast, 
the inferior frontal gyrus, rectal gyrus, paracentral lobule 
and subcallosal gyrus of the frontal cortex, the thalamus, 
anterior cingulate and uncus of the limbic cortex all recov-
ered hypoperfusion in spite of the progression of the disease, 
potentially due to ChEI treatment (Table 2, bold).

Correlation analysis of ADAS‑cog score and rCBF 
changes from baseline to 18 month follow‑up

We found a significant correlation between ADAS-cog 
changes and hypoperfusion, with significant changes from 
baseline to follow up at 18 months. There are two possible 
explanations for a positive relationship between changes in 
ADAS-cog scores and perfusion at baseline and at follow up: 
(1) both cognitive dysfunction and hypoperfusion worsened 
as the disease progressed, (2) hypoperfusion recovered and 
cognitive deficits improved (Fig. 2).

Deteriorated regions showing positive correlations with 
ADAS-cog total scores indicate that worsening hypoper-
fuison in these regions contributes to the deterioration of 
ADAS-cog score and include the superior parietal lobule, 
inferior parietal lobule, angular gyrus, and supramarginal 
gyrus of the parietal cortex (Table 3, italics). The superior 
parietal lobule, inferior parietal lobule and supramarginal 

Fig. 1   Brain surface images. a 
lateral, b medial, c superior, d 
inferior, e anterior, f posterior. 
a, Superior frontal gyrus; b, 
Middle frontal gyrus; c, Inferior 
frontal gyrus; d, Precentral 
gyrus; e, Postcental gyrus; 
f, Superior parietal lobule; 
g, Inferior parietal lobule; h, 
Supramarginal gyrus; i, Supe-
rior temporal gyrus; j, Middle 
temporal gyrus; k, Inferior 
temporal gyrus; l, Medial 
frontal gyrus; m, Precuneus; n, 
Anterior cingulate; o, Cingulate 
gyrus; p, Posterior cingulate; 
q, Cuneus; r, Lingual gyrus; 
s, Subcallosal gyrus; t, Medial 
frontal gyrus; u, Orbital gyrus; 
v, Rectal gyrus; w, Fusiform 
gyrus; x, Inferior occipital 
gyrus; y, Uncus; z, Parahip-
pocampal gyrus; +, Thalamus

Brain Imaging and Behavior (2019) 13:75–8678 
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Table 2   Brain regions 
showing significant changes in 
hypoperfusions after 18 months 
treatments

1st 2nd Time Lateral

< Frontal cortex >
 Superior frontal gyrus L 1.048 ± 0.376 1.168 ± 0.503 0.025* 0.376

R 1.119 ± 0.509 1.328 ± 0.655
 Middle frontal gyrus L 1.301 ± 0.677 1.258 ± 0.596 0.473 0.370

R 1.353 ± 0.570 1.509 ± 0.756
 Inferior frontal gyrus L 1.745 ± 1.059 1.547 ± 0.783 0.038* 0.554

R 1.631 ± 0.886 1.390 ± 0.779
 Medial frontal gyrus L 1.434 ± 0.402 1.443 ± 0.728 0.727 0.797

R 1.413 ± 0.496 1.443 ± 0.728
 Orbital gyrus L 2.253 ± 1.320 2.147 ± 1.347 0.047* 0.609

R 2.653 ± 1.121 2.074 ± 1.284
 Rectal gyrus L 2.288 ± 0.920 1.770 ± 1.126 < 0.001*** 0.786

R 2.232 ± 1.121 1.682 ± 1.020
 Paracentral lobule L 0.586 ± 0.408 0.460 ± 0.388 0.036* 0.858

R 0.576 ± 0.426 0.509 ± 0.416
 Precentral gyrus L 0.694 ± 0.557 0.627 ± 0.384 0.754 0.320

R 0.742 ± 0.525 0.854 ± 0.664
 Subcallosal gyrus L 1.950 ± 1.339 1.443 ± 1.329 0.002** 0.823

R 1.818 ± 1.172 1.431 ± 1.069
<Parietal cortex >
 Superior parietal lobule L 0.555 ± 0.455 0.958 ± 0.562 < 0.001*** 0.003**

R 1.168 ± 0.740 1.357 ± 0.797
 Inferior parietal lobule L 0.609 ± 0.597 1.100 ± 0.708 < 0.001*** 0.022*

R 1.189 ± 0.823 1.668 ± 1.397
 Angular gyrus L 0.663 ± 0.614 1.316 ± 0.918 < 0.001*** 0.056 a

R 1.290 ± 1.107 1.846 ± 1.711
 Postcentral gyrus L 0.445 ± 0.372 0.601 ± 0.516 0.018* 0.018*

R 0.757 ± 0.475 0.941 ± 0.707
 Precuneus L 0.676 ± 0.486 0.715 ± 0.487 0.275 0.327

R 0.750 ± 0.502 0.878 ± 0.526
 Supramarginal gyrus L 0.395 ± 0.474 0.940 ± 0.834 < 0.001*** 0.023*

R 0.878 ± 0.815 1.565 ± 1.441
< Temporal cortex>
 Superior temporal gyrus L 1.490 ± 0.492 1.328 ± 0.524 0.846 0.906

R 1.385 ± 0.578 1.400 ± 0.692
 Middle temporal gyrus L 1.106 ± 0.414 1.090 ± 0.519 0.243 0.050 a

R 1.381 ± 0.742 1.598 ± 1.132
 Inferior temporal gyrus L 1.248 ± 0.661 1.209 ± 0.633 0.820 0.015*

R 1.795 ± 0.915 1.877 ± 1.298
 Transverse temporal gyrus L 0.128 ± 0.328 0.462 ± 0.931 0.010* 0.127

R 0.445 ± 0.602 0.754 ± 1.153
< Occipital cortex >
 Superior occipital gyrus L 0.331 ± 0.357 0.914 ± 0.883 0.002** 0.203

R 0.916 ± 1.306 1,018 ± 1.240
 Middle occiptal gyrus L 0.574 ± 0.402 0.778 ± 0.722 0.020* 0.577

R 0.714 ± 0.775 0.854 ± 0.915
 Inferior occipital gyrus L 0.436 ± 0.714 0.389 ± 0.464 0.948 0.908

R 0.412 ± 0.572 0.448 ± 0.622
 Cuneus L 0.414 ± 0.378 0.581 ± 0.456 0.156 0.066

R 0.697 ± 0.469 0.720 ± 0.526
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gyrus of the parietal cortex were significantly related to the 
ADAS-cog language subscale (Table 3), and the angular 
gyrus of the parietal cortex showed a significant relationship 
with the ADAS-cog memory subscale (Table 3).

On the other hands, the paracentaral lobule of the frontal 
cortex (Table 3, in bold) showed a positive correlation with 
total ADAS-cog score, indicating that recovered hypoperfu-
sion in these regions contributed to recovery of ADAS-cog 
scores, potentially due to ChEI treatment. Additionally, both 
the rectal gyrus of the frontal cortex and the anterior cingu-
late of the limbic cortex showed significant relationships 
with the ADAS-cog praxis subscale (Table 3).

Some regions without changes in hypoperfusion, such as 
the precuneus of the parietal cortex, showed a significant 
relationship with total ADAS-cog and the memory subscale 
(Table 3). We also found relahionships between the precen-
tral gyrus of the frontal cortex and the ADAS-cog memory 
subscale, as well as between the superior temporal gyrus 
of the temporal cortex and the ADAS-cog praxis subscale 
(Table 3).

Discussion

Hypoperfusion changes from baseline to follow 
up at 18 months

Twenty-eight percent of patients showed recovery after 
18 months ChEI treatment, while 24% of patients with late-
onset patients showed worsening AD (Table 1). This is com-
parable to a previous data showing 25–50% recovery after 
6 months of ChEI treatment (Giacobini 2000).

Table 2   (continued) 1st 2nd Time Lateral

 Fusiform gyrus L 1.202 ± 0.598 1.116 ± 0.605 0.189 0.019*
R 1.785 ± 0.979 1.600 ± 1.126

 Lingual gyrus L 0.425 ± 0.680 0.350 ± 0.472 0.661 0.335
R 0.587 ± 0.906 0.588 ± 0.981

< Limbic cortex >
 Thalamus L 1.342 ± 0.895 1.009 ± 0.726 0.004** 0.012*

R 0.807 ± 0.506 0.650 ± 0.465
 Cingulate gyrus L 1.218 ± 0.550 1.160 ± 0.404 0.429 0.774

R 1.251 ± 0.569 1.202 ± 0.506
 Parahippocampal gyrus L 1.102 ± 0.904 1.041 ± 0.815 0.191 0.588

R 1.270 ± 0.743 1.106 ± 0.787
 Anterior cingulate L 1.640 ± 0.570 1.414 ± 0.565 < 0.001*** 0.901

R 1.632 ± 0.632 1.383 ± 0.595
 Posterior cingulate L 0.762 ± 0.443 0.811 ± 0.437 0.671 0.326

R 0.904 ± 0.427 0.891 ± 0.428
 Uncus L 1.740 ± 0.784 1.549 ± 0.985 0.015* 0.114

R 1.440 ± 0.840 1.148 ± 0.738

Brain regions in italic was deterioration of hypoperfusion whereas regions in bold was recovery of hypop-
erfusion, compared to the baseline
*p < 0.05, **p < 0.01, ***p < 0.001
ADAS Alzheimer’s Disease Assessment Scale

Fig. 2   Positive correlation between ADAS scores and hypoperfu-
sion indicates either “worsening” or “recovery”. Z scores showed a 
decrease in rCBF for all AD patients. Z scores were calculated by 
3D-SSP, a higher z score represents a more severe reduction of rCBF. 
Increases in ADAS scores indicates “worsening” AD

Brain Imaging and Behavior (2019) 13:75–8680 
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Table 3   Relationships between 
changes in ADAS-cog and 
rCBF during 18 months follow-
ups

ADAS-cog ADAS-cog ADAS-cog ADAS-cog
Total Language Memory Praxis

< Frontal cortex >
 Superior frontal gyrus L 0.162 − 0.001 0.182 0.172

R − 0.123 − 0.219 − 0.180 − 0.079
 Middle frontal gyrus L 0.068 0.052 0.061 0.044

R − 0.034 0.041 − 0.140 − 0.084
 Inferior frontal gyrus L − 0.109 − 0.039 − 0.227 0.070

R − 0.060 − 0.085 − 0.175 0.138
 Medial frontal gyrus L − 0.002 − 0.166 − 0.191 0.300

R 0.064 0.117 − 0.179 0.343
 Orbital gyrus L − 0.008 − 0.039 − 0.099 0.209

R − 0.036 − 0.024 − 0.077 0.197
 Rectal gyrus L 0.055 0.009 − 0.347 0.472*

R − 0.059 0.096 − 0.327 0.369
 Paracentral lobule L 0.313 0.303 0.255 0.157

R 0.407* 0.207 0.270 0.075
 Precentral gyrus L 0.193 − 0.145 0.419* 0.211

R − 0.061 − 0.062 0.002 − 0.176
 Subcallosal gyrus L 0.111 0.049 − 0.088 0.209

R − 0.030 − 0.20 − 0.191 0.248
<Parietal cortex >
 Superior parietal lobule L 0.304 0.229 0.360 0.082

R 0.506** 0.398* 0.324 0.249
 Inferior parietal lobule L 0.321 0.325 0.185 0.220

R 0.501* 0.521** 0.303 0.167
 Angular gyrus L 0.349 0.310 0.273 0.270

R 0.459* 0.332 0.399* 0.228
 Postcentral gyrus L − 0.136 0.061 − 0.138 − 0.329

R − 0.141 0.117 − 0.173 − 0.331
 Precuneus L 0.427* 0.142 0.538** 0.235

R 0.139 − 0.120 0.261 0.089
 Supramarginal gyrus L 0.423* 0.416* 0.298 0.361

R 0.349 0.305 0.212 0.254
< Temporal cortex>
 Superior temporal gyrus L − 0.073 − 0.096 0.079 − 0.150

R − 0.251 − 0.219 − 0.226 − 0.433*
 Middle temporal gyrus L 0.150 0.340 − 0.134 − 0.018

R − 0.207 − 0.185 − 0.184 − 0.238
 Inferior temporal gyrus L 0.081 0.058 0.146 0.088

R − 0.212 − 0.236 − 0.188 − 0.048
 Transverse temporal gyrus L − 0.029 − 0.021 0.117 − 0.269

R − 0.001 0.044 − 0.013 − 0.177
< Occipital cortex >
 Superior occipital gyrus L 0.073 0.109 − 0.023 0.077

R 0.111 0.142 0.081 0.355
 Middle occiptal gyrus L 0.076 0.086 0.076 0.034

R − 0.279 − 0.341 − 0.332 − 0.117
 Inferior occipital gyrus L 0.196 0.038 0.189 0.259

R − 0.041 − 0.122 − 0.050 − 0.078
 Cuneus L − 0.094 − 0.149 0.018 − 0.040

R 0.043 0.149 − 0.121 0.045
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Here we observed both worsening of rCBF reduction in 
some regions and recovery in others at the 18 month follow 
up of late-onset AD patients. We saw significant increases 
in rCBF reduction z scores in 5 regions of the parietal cor-
tex, 2 regions of the occipital cortex, 1 region of the frontal 
cortex, and 1 region of the temporal cortex, while significant 
decreases in rCBF reduction z scores were seen in 4 regions 
of the frontal cortex and 3 regions of the limbic cortex.

The present study is focused on late-onset AD, and shows 
that rCBF decreased in the parietal cortex but increased in 
the frontal and limbic cortices after 18 months of follow-
up under ChEI treatment (Table 2). We previously showed 
that baseline hypoperfusion was prominent in the frontal, 
temporal and limbic cortices in late-onset AD, with a lesser 
reduction in the parietal cortex (Takahashi et al. 2017), sug-
gesting that baseline hypoperfusion could occur specifically 
in late-onset AD. In contrast, previous studies have shown 
hypoperfuison in the parietal and temporal cortices in the 
early stages of early-onset AD, while reduced perfusion in 
the frontal cortex is seen in advanced stages (Kumar et al. 
1991; Waldemar et al. 1994). SPECT imaging indicates that 
late-onset AD showa a pattern of hypoperfusion distinct 
from early-onset AD at baseline and during progression. 
Therefore, SPECT could be utilized as routine test for late-
onset AD in the clinic.

Previous SPECT studies have also shown rCBF increases, 
primarily in the frontal lobe, in response to ChEI treatment 
(Nakano et al. 2001; Nobili et al. 2002; Ushijima et al. 
2006). PET studies have demonstrated that treatment with 

the ChEI rivastigmine increased glucose metabolism in the 
frontal cortex (Potkin et al. 2001; Stefanova et al. 2006), and 
1 year of ChEI treatment increased rCBF on SPECT mainly 
in the frontal cortex including anterior cingulate in cases of 
late-onset AD (Tateno et al. 2008; Chaudhart et al. 2013; 
Shimizu et al. 2015). Therefore, ChEI treatment increases 
rCBF in the frontal cortex in both early and late-onset AD. 
However, other regions including the posterior cingulate 
or precuneus also showed an increase in rCBF following 
ChEI treatment (Tateno et al. 2008; Chaudhart et al. 2013; 
Shimizu et al. 2015). Additional study is needed to address 
this problem.

Frontal cortex

Siginificant recovery of hypoperfusion was seen in the infe-
rior frontal gyrus, orbital gyrus, rectal gyrus, paracentral 
lobule and subcallosal gyrus of the frontal cortex (Table 2, 
bold), whereas increased hypoperfusion was seen in the 
superior frontal gyrus (Table 2, italics) at follow up. In 
spite of recovery observed in 5 regions, some significant 
relationships between rCBF changes and ADAS-cog score 
may reflect small relationships between ChEI treatment and 
rCBF. Factors other than rCBF could also be involved in the 
effects of ChEI treatment.

The rectal gyrus showed recovery of hypoperfusion after 
18 months ChEI treatment (p < 0.001, Table 2), and rectal 
hypoperfusion changes remained significant after Bonferroni 
correction for multiple comparisons (p < 0.05/ 31 = 0.0016). 

Table 3   (continued) ADAS-cog ADAS-cog ADAS-cog ADAS-cog
Total Language Memory Praxis

 Fusiform gyrus L − 0.210 − 0.053 − 0.235 0.033
R − 0.240 − 0.245 − 0.169 − 0.080

 Lingual gyrus L − 0.058 − 0.148 − 0.013 0.207
R 0.149 − 0.042 0.068 − 0.277

< Limbic cortex >
 Thalamus L 0.065 − 0.078 0.123 0.104

R 0.033 0.018 0.037 − 0.217
 Cingulate gyrus L 0.269 0.125 0.163 0.034

R 0.339 0.316 0.118 0.037
 Parahippocampal gyrus L 0.275 0.073 0.230 0.274

R − 0.043 − 0.147 − 0.059 − 0.130
 Anterior cingulate L 0.233 0.160 − 0.173 0.536**

R 0.176 0.156 − 0.147 0.418*
 Posterior cingulate L 0.332 0.520** 0.148 0.068

R 0.021 0.077 − 0.048 0.085
 Uncus L 0.085 0.124 0.157 0.085

R − 0.387 − 0.658*** − 0.233 − 0.436*

ADAS Alzheimer’s Disease Assessment Scale
*p < 0.05, **p < 0.01, ***p < 0.001
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We also found a positive correlation between changes in 
hypoperfusion over 18 months and ADAS-cog subscale 
praxis scores in the rectal gyrus (Table 3). Since the rectal 
gyrus showed prominent hypoperfusion, it could be a useful 
clinical landmark in late-onset AD patients.

Hypoperfusions in the inferior frontal, orbital, and sub-
callosal gyri were reduced at folow up following ChEI treat-
ment (Table 2), indicating that ChEI seemed to work in thses 
regions. However, hypoperfusion changes in these regions 
were unrelated to ADAS-cog score changes (Table  3). 
Hypoperfusion in the inferior frontal gyrus, but not in the 
orbital or subcallosal gyrus, showed significant correlations 
with total ADAS-cog scores at baseline, although prominent 
hypoperfusion was also observed (Takahashi et al. 2017). 
Another SPECT study showed that AD patients with depres-
sion showed inferior frontal region hypoperfusion (Honda 
et al. 2014). Lower pretreatment rCBF levels in the orbito-
frontal cortex also predicted more improvement in ADAS-
cog score following 6 months of donepezil therapy in AD 
patients (Hongo et al. 2008). From a clinical perspective, 
it is likely that these regions are involved in late-onset AD 
pathology.

A small but significant recovery in hypoperfusion were 
seen in the paracentral lobule (Table 2), and was signifi-
cantly related to changes in total ADAS-cog scores (Table 3). 
Hypoperfusion in the paracentral lobule at baseline also had 
a small but significant relationship to ADAS-cog memory 
subscale (Takahashi et al. 2017). This region may be vul-
nerable to the progression of late-onset AD as well as ChEI 
treatment. Future studies are needed to understand the role 
of this region in late stage AD.

The superior frontal gyrus showed increased hypoperfu-
sion, indicating disease progression as reflected by ADAS-
cog scores (Table 2). A recent PET study of depressive AD 
patients showed rCBF decreases in the superior frontal gyrus 
(Lee et al. 2006). Another PET study showed negative cor-
relations between episodic memory deficits and the supe-
rior frontal gyrus in AD patients (Desgranges et al. 2002). 
However, we did not see significant relationships between 
changes in hypoperfusion and ADAS-cog score after 
18 months (Table 3), or between hypoperfuion and baseline 
ADAS-cog scale (Takahashi et al. 2017). Additional study 
of the role of the superior frontal gyrus is needed.

Parietal cortex

The superior parietal lobule, inferior parietal lobule, angu-
lar gyrus, postcentral gyrus and supramarginal gyrus of 
the parietal cortex (Table 2, italics) showed significant 
changes in hypoperfusion between baseline and follow-up. 
All regions except the postcentral gyrus remained signifi-
cant after Bonferroni correction for multiple comparisons 
(p < 0.05/ 31 = 0.0016). This is consistent with another 

recent study showing rCBF reductions in the superior 
parietal lobule, inferior parietal lobule, angular gyrus and 
supramarginal gyrus of the parietal cortex in rapidly pro-
gressing late-onset AD patients (Hanyu et al. 2010).

The superior parietal lobule, inferior parietal lob-
ule, angular gyrus, postcentral gyrus and supramarginal 
gyrus, but not the postcentral gyrus, were related to total 
ADAS-cog scores (Table 3). The superior parietal lobule, 
inferior parietal lobule, and supramarginal gyrus showed 
significant relationships with the ADAS-cog language 
subscale, while the angular gyrus had a significant rela-
tionship to the ADAS-cog memory subscale (Table 3). 
At baseline, hypoperfusion in the inferior parietal lobule, 
angular gyrus, and supramarginal gyrus of the parietal 
cortex were significantly related to total ADAS-cog and 
subscale scores (Takahashi et al. 2017), indicating that 
these regions could be involved in the clinical process of 
late onset AD. Interestingly, lesions in the inferior parietal 
lobule, and angular and supramarginal gyri of the parietal 
cortex produce lexical and phonological agraphia (Roelt-
gen and Heilman 1984), suggesting that these sites might 
play a role in retrieval during writing in late-onset AD.

Hypoperfusion chnages in the precuneus was sig-
nificantly related to total ADAS-cog and memory sub-
scale changes between baseline and follow up (Table 3), 
although hypoperfusion did not show a significant change 
at 18 months (Table 2). We note that longitudinal studies 
showed a reduction in brain hypoperfusion in the precu-
neus of the parietal cortex in mild cognitive impairment 
patients who converted to AD (Hirano et al. 2005) as well 
as mild AD patients (Kogure et al. 2000). Additionally, 
a PET study showed a significant correlation between 
episodic memory scores and activation of the precuneus 
(Fletcher et al. 1995). Future studies are needed to under-
stand the clinical role of this region in memory processes.

In early and late-onset AD, hypoperfusion changes in 
the parietal region were significantly correlated with the 
progression of cognitive dysfunction (Kemp et al. 2003; 
Nagahama et al. 2003; Hanyu et al. 2010; Kimura et al. 
2012), and overlap with the present results. The parietal 
cortex may be the core region involved in the progression 
of cognitive deficits and this issue should be addressed in 
future studies.

Occipital cortex

Significantly incerasesd hypoperfusion was seen in the 
superior occipital gyrus and middle occipital gyrus at 
18 month follow up (Table 2), but that hypoperfusion 
were unrelated to total and subscale ADAS-cog scores 
(Table 3).
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Limbic cortex

The thalamus, antierior cingulate, and uncus of the limbic 
cortex (Table 2, bold) showed recovery of hypoperfusion, 
but these changes did not show any relationship to changes 
in total ADAS-cog scores (Table 3).

The anterior cingulate showed hypoperfusion recovery at 
18 months of ChEI treatment (Table 2), which remained sig-
nificant after Bonferroni correction for multiple comparisons 
(p < 0.05/ 31 = 0.0016). We also found a positive relationship 
between hypoperfusion changes in the anterior cingulate and 
ADAS-cog praxis subscale (Table 3). Hypoperfusion in the 
anterior cingulate was related to baseline performance on 
language subscales in late-onset AD (Takahashi et al. 2017). 
The anterior cingulate plays a part in language subscale per-
formance at early stages and praxis subscale performance at 
advanced stages of late-onset Alzheimer’s disease. Previous 
SPECT studies also showed that chronic ChEI treatments 
for 4 to 12 months increase rCBF in the anterior cingulate 
of the limbic cortex in AD patients (Nakano et al. 2001; 
Ceravolo et al. 2004). It is likely that the anterior cingulate 
is a site of ChEI action. A recent study also demonstrated 
that the anterior cingulate engages motivational incentives 
(Rushworth et al. 2007; Kouneiher et al. 2009). Motivation 
could be involved in the praxis deficits observed in late-
onset AD. It could also be that ChEIs recover praxis deficits 
by restoring hypoperfusion in the anterior cingulate in late-
onset AD patients.

Thalamic hypoperfusion was reduced (Table 2), poten-
tially due to ChEI treatment. However, we did not see any 
relationship between hypoperfusion changes and changes in 
ADAS-cog scores (Table 3). Our recent study also failed to 
see a significant relationship between pretreatment hypop-
erfusion and total or subscale ADAS-cog scores (Takahashi 
et al. 2017). Future studies are needed to understand the role 
of the thalamus in late-onset AD.

Hypoperfusion changes in the posterior cingulate showed 
a significant relationship with changes in ADAS-cog lan-
guage subscale between baseline and follow up (Table 3). 
However, hypoperfusion in the posterior cingulate gyrus did 
not change significantly (Table 2). Hypoperfusion in the pos-
terior cingulate showed significant correlations with total 
ADAS-cog and as well as language and memory subsca-
lae scores at baseline (Takahashi et al. 2017). In a previous 
longitudinal study, brain hypoperfusion was reduced in the 
posterior cingulate gyrus in mild cognitive impairment sub-
jects who converted to AD (Hirano et al. 2005). Additional 
sutdy is needed to address the role of the posterior cingulate 
in the pathology of late-onset AD.

The uncus showed recovery of hypoperfusion at 18 month 
follow up (Table 2). These change in hypoperfusion were 
negatively related to changes in ADAS-cog language and 
memory subscales between baseline and follow up (Table 3). 

However, the meaning of a negative relationship is unknown. 
We speculate that it could be a compensatory phenomenon.

Conclusion

After 18 months of ChEI treatment, some regions were 
further hypoperfused, reflecting disease worsening while 
other regions showed alleviated hypoperfusion, potentially 
because of ChEI treatment. Prominent rCBF decreases were 
in the superior parietal lobule, inferior parietal lobule, angu-
lar gyrus, and supramarginal gyrus of the parietal cortex, 
and the superior occipital of the occipital cortex. Prominent 
rCBF increases were in the rectal and subcallosal gyri of 
the frontal cortex, and the thalamus and anterior cingulate 
of the limbic cortex. These regions showed significant rela-
tionships with total ADAS-cog and language, memory and 
praxis subscales scores.
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