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INTRODUCTION

DEGENERATION of the ascending cholinergic system is well
known in Alzheimer’s disease (AD). Neurochemical
analysis of postmortem AD brains has repeatedly shown
reduction in cortical acetylcholinesterase (AChE) as well
as choline acetyltransferase (ChAT).1–3 We developed a
radiolabeled lipophilic acetylcholine analogue, N-
[11C]methylpiperidin-4-yl acetate ([11C]MP4A), which
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We have developed a radiolabeled lipophilic acetylcholine analogue, N-[11C]methylpiperidin-4-yl
acetate ([11C]MP4A) to measure brain acetylcholinesterase (AChE) activity by positron emission
tomography (PET) in vivo. Aiming to develop a new SPECT tracer similar to MP4A, we first
proposed a simple method for diagnosing Alzheimer’s disease (AD) using [11C]MP4A PET. We
performed [11C]MP4A PET and N-isopropyl [123I]iodoamphetamine ([123I]IMP) SPECT in 13
patients with AD and in 17 normal controls (NC). We calculated the ratio of radioactivity of the
cortical region of interest (ROI) to that of the cerebellum measured with [11C]MP4A PET (MP4A
ratio) and the ratio of regional cerebral blood flow (rCBF) to that of the cerebellum measured with
[123I]IMP SPECT (IMP ratio). Eleven cortical ROIs were placed in the frontal, sensorimotor,
temporal, parietal, and occipital cortices in both hemispheres and in the posterior cingulate cortex,
and z-score was calculated in each ROI in patients with AD compared with NC. When the z-score
was 2 or more in a ROI, it was defined as a positive ROI. When a patient had 3 or more positive ROIs,
the patient was diagnosed as having AD. The reduction in the MP4A ratio was greater than that in
the IMP ratio in all cortical ROIs except for in the right parietal cortex and cingulate cortex in
patients with AD. MP4A ratio method showed 92% sensitivity and the IMP ratio method 69%
sensitivity for the diagnosis of AD. These results encourage us to develop a new SPECT tracer
similar to MP4A for the diagnosis of AD.
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enables measurement of regional brain AChE activity in
living humans by positron emission tomography (PET)
and three-compartment analysis with non-linear least
squares (NLLS) analysis.4 Furthermore, we have de-
veloped some simplified means of analysis without the
use of an arterial input function, such as shape analysis5

and reference tissue-based linear least squares analysis
(RLLS).6 With these methods, we have shown wide-
spread reduction of AChE activity in the cerebral cortex
in patients with AD. N-[11C]methylpiperidin-4-yl propi-
onate ([11C]MP4P), a sister compound of [11C]MP4A, has
also been used as a PET radiotracer for pathophysio-
logical studies of AD.7,8 The successful use of these tech-
niques for the detection of cholinergic abnormalities in
dementias prompted us to develop similar radiotracers for
single photon emission computed tomography (SPECT),9

because SPECT is more widely available than PET.
Before the development of such SPECT radiotracers,
however, here we compared the diagnostic efficiency of
[11C]MP4A PET and N-isopropyl [123I]iodoamphetamine
([123I]IMP) SPECT. Since SPECT scanners cannot per-
form fast dynamic scans, we performed a simple ratio
analysis, the simple measurement of the ratio of cortical
to cerebellum [11C]MP4A radioactivity at 30 to 40 min
after [11C]MP4A injection, in order to compare the results
with that in the SPECT study.

METHOD

Subjects
We studied 13 patients with AD (age 64.4 ± 7.4, range 52–
80; 6 men and 7 women) who fulfilled the criteria for
probable AD by the National Institute of Neurological and
Communicative Disorders and Stroke-Alzheimer’s Dis-
ease and Related Disorders Association (NINCDS-
ADRDA).10 The mean Mini-Mental State Examination
(MMSE)11 score was 17.5 ± 2.8 in AD patients. Seventeen
age-matched healthy subjects (age 62.6 ± 12.5, range 43–
89; 11 men and 6 women, MMSE score 29.2 ± 1.1)
participated in this study as normal controls (NC).

All studies were given prior approval by the Ethics and
Radiation Safety Committees of the National Institute of
Radiological Sciences, Chiba, Japan. Written informed
consent was obtained from all participants and/or their
close family members prior to the study.

[11C]MP4A PET
PET scans were performed under resting condition with
the patients’ eyes closed and head immobilized by a
resinous plate held between the teeth using a Siemens
EXACT 47 scanner (Siemens/CTI, Knoxville, TN). The
details of the procedure were previously reported.12 After
a 10-min transmission scan, [11C]MP4A (555–740 MBq)
was injected into the right cubital vein. Arterial blood was
withdrawn from a catheter placed in the left radial artery
at the predetermined interval for 15 min. Starting at the

time of injection, 35 sequential frames were acquired
dynamically over a period of 40 min. All emission scans
were reconstructed using a Hanning filter with cut-off
intensity of 0.5 (cycle/projection ray). The spatial resolu-
tion was 9 mm × 9 mm × 6 mm full width at half maximum
after reconstruction. Regions of interest (ROIs) were
manually determined in the bilateral superior frontal,
sensorimotor, temporal, parietal and occipital cortices,
and in the posterior cingulate cortex and the cerebellum
on both hemispheres with reference to the corresponding
MRI. For the quantification of AChE activity, a three-
compartment model was applied. The three compart-
ments consisted of an arterial blood compartment and two
cerebral tissue compartments representing unmetabolized
and metabolized radiotracer. The rate constant K1 repre-
sents the rate of penetration of the tracer into the brain, k2

represents the rate of tracer washout and k3 represents the
rate of hydrolysis of [11C]MP4A by AChE (an index of
AChE activity). These three rate constants were deter-
mined by fitting brain theoretical curves to observed brain
PET data using a weighted non-linear least squares (NLLS)
analysis.4,12 In addition to quantitative analysis of brain
AChE activity, a simple ratio analysis was also performed
to compare the results with that in the SPECT study. The
radioactivity ratio of a target to the cerebellum (mean
value of both hemispheres) 30 to 40 min after injection
was calculated in each cortical ROI (MP4A ratio).

[123I]IMP SPECT
Within 2 weeks of the PET study, all subjects underwent
[123I]IMP SPECT at the Chiba Cancer Center. The rCBF
in the brain was quantified by a microsphere model
analysis.13,14 Subjects were positioned supine on a couch
in a quiet environment with their eyes covered. Each
subject’s head was positioned using positioning lasers
in the head-holder. A cannula was inserted in the right
dorsalis pedis artery for continuous blood sampling. Pa-
tients were injected intravenously with 222 MBq of
[123I]IMP (Nihon Medi-Physics, Nishinomiya, Hyogo)
over 10–15 sec, and continuous sampling of arterial blood
was performed for 5 min after the initiation of the IMP
injection. SPECT images were obtained with a three-head
rotating gamma-camera (GCA 9300A; Toshiba, Tokyo)
with a high resolution fan beam collimator. The first data
acquisition was started 4 min after IMP injection and
continued for 2 min (“super-early” images) with two
returns of pendulous rotation at an angle of 120 degrees,
and the second data acquisition was from 25 to 50 min
after IMP injection (“early” images). ROIs were placed
manually in the same brain regions as those in the previ-
ous PET study by the same investigator (H.N.). Since
the head position of the patients did not change between
the two SPECT scans, the ROIs were determined in the
“early” SPECT images, which had much better image
quality than the “super-early” images, and were then
applied to both the “super-early” and “early” images for
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Fig. 1   Typical [123I]IMP SPECT image (“early” images) in a normal subject (top) and a patient with AD (bottom).
There is a relatively large reduction in the temporoparietal cortices and posterior cingulate cortex in patients with AD.
The abbreviations of region names are as follows: F (superior frontal cortex), SM (sensorimotor cortex), T (temporal
cortex), P (parietal cortex), OC (occipital cortex), CIN (posterior cingulate cortex).

Fig. 2   Typical [11C]MP4A images in a patient with AD and a normal subject. PET brain images of the radioactivity
distribution in brains obtained 20–40 min after injection of [11C]MP4A image (late image) in a normal subject (top)
and a patient with AD (bottom). The accumulation of radioactivity reflects not only regional AChE activity but also
rCBF. The [11C]MP4A image showed a more pronounced and extensive reduction than the [123I]IMP SPECT image
especially in the bilateral temporal and occipital cortices.
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Fig. 3   Relationship between the sensitivity of AD detection and
the number of positive ROIs. Based on the sensitivity to detect
3 positive ROIs, the diagnosis of AD was 69% with the IMP
ratio, and 92% with the MP4A ratio.

Fig. 4   The age effect on IMP ratio, MP4A ratio, k3 values and
rCBF. Correlation coefficients of mean cortical IMP ratio,
MP4A ratio, k3 values and rCBF with age in the normal controls
were 0.24 (n.s.), 0.19 (n.s.), 0.01 (n.s.) and 0.54 (p < 0.05),
respectively. Closed diamonds indicate IMP ratio, closed squares
MP4A ratio, closed triangles k3 values (/min) and closed circles
rCBF (ml/g/min).

Table 1   Values for target/cerebellum ratio of MP4A and IMP and reduction in 13 patients with AD

ROI
NC AD

Mean  SD COV (%) Mean SD Reduction (%)

LF 0.42 0.04 9.3 0.36 0.03 − 14***

RF 0.42 0.04 8.8 0.35 0.04 − 18***

LSM 0.48 0.04 8.7 0.41 0.03 − 14***

RSM 0.46 0.04 8.2 0.38 0.04 − 17***

LT 0.49 0.03 6.3 0.36 0.05 − 25***

RT 0.46 0.04 8.4 0.34 0.03 − 25***

LP 0.41 0.05 13.2 0.32 0.02 − 21***

RP 0.39 0.05 12.2 0.31 0.03 − 22***

LO 0.39 0.03 6.7 0.32 0.03 − 18***

RO 0.38 0.06 15.0 0.32 0.05 − 15**

MP4A ratio CIN 0.49 0.06 12.8 0.41 0.05 − 17***

LF 0.91 0.07 7.9 0.82 0.11 − 10*

RF 0.92 0.08 9.1 0.82 0.12 − 10*

LSM 0.91 0.07 8.1 0.89 0.10 − 2
RSM 0.95 0.08 8.4 0.89 0.14 − 7
LT 0.96 0.06 6.5 0.86 0.12 − 11*

RT 0.96 0.06 6.4 0.89 0.13 − 7
LP 0.91 0.09 10.2 0.76 0.11 − 16***

RP 0.90 0.07 8.3 0.71 0.15 − 21***

LO 0.97 0.10 9.8 0.92 0.10 − 5
RO 0.96 0.09 9.7 0.95 0.08 0

IMP ratio CIN 0.93 0.08 8.6 0.77 0.12 − 18***

F = frontal, SM = sensorimotor, T = temporal, P = parietal, O =  occipital, CIN = posterior cingulate, L = left, R = right
Significant reduction between the normal controls and AD, *: p < 0.05, **: p < 0.01, ***: p < 0.001

quantitative measurement of the radioactivity. The CBF
was quantitatively measured based on the microsphere
model using the super-early SPECT images and the blood

sample taken for 5 min after IMP injection. A fixed value
for the octanol extraction fraction (0.8) was used.13,15,16

The CBF ratio (or radioactivity ratio) of a target cortical
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ROI to the cerebellum (mean value of both hemispheres)
was calculated in each subject (IMP ratio).

Statistical analysis
The percentage reductions of MP4A ratios and IMP ratios
in the AD group were compared to those in the NC group
in each cortical ROI using t-test. The correlation with
MP4A ratio, k3 values and K1 values was also examined.
The reduction of MP4A ratios, IMP ratios, k3 values and
rCBF in all 11 cortical ROIs in each AD patient compared
to the NC group were calculated in z-score. When the
z-score was 2 or more in a ROI, the ROI was defined as
positive. When a subject had 3 or more positive ROIs from
among the 11 ROIs, the subject was diagnosed as having
AD. The reason why we diagnosed a subject as having AD
only when the subject had 3 or more positive ROIs was
that we were afraid that defining only 1 or 2 positive ROIs
as AD might result in the inclusion of false positives.
Then, the diagnostic sensitivities of MP4A ratio and IMP
ratio were compared. We also investigated the effect of
aging on MP4A ratio, IMP ratio, k3 values and rCBF in the
whole cerebral cortex.

RESULTS

[123I]IMP SPECT images showed hypoperfusion in the
temporoparietal cortex in most AD patients compared

with NC (Fig. 1). [11C]MP4A PET images at the late phase
showed reduction of radioactivity accumulation in the
diffuse cerebral cortices in all AD patients compared with
NC (Fig. 2). Both the regional MP4A ratios and IMP
ratios were severely reduced in most AD patients com-
pared with NC (Table 1). The percentage reduction of
MP4A ratios was significantly greater than that of IMP
ratios in the bilateral temporal (p = 0.0005 in the left,
0.0001 in the right) and occipital (p = 0.0021 in the left,
0.0038 in the right) cortices, and in the left sensorimotor
cortex (p = 0.0026) in AD patients. The MP4A ratios were
correlated better with k3 values (r = 0.69) than with K1

values (r = 0.33) in all subjects. The diagnostic sensitivity
for AD was 92% for [11C]MP4A ratio and 69% for
[123I]IMP ratio (Fig. 3). Correlation coefficients of IMP
ratios, MP4A ratios, k3 values and rCBF with age in NC
were 0.24 (n.s.), 0.19 (n.s.), 0.01 (n.s.) and 0.54 (p < 0.05),
respectively (Fig. 4).

DISCUSSION

With [11C]MP4A and PET, quantitative estimates of k3

values, i.e., AChE activity, are obtained in the NLLS
analysis using the arterial input function.4,12 However,
this technique requires fast dynamic scans which most
SPECT scanners are not able to perform. Meanwhile,
semi-quantitative analysis such as IMP ratio analysis is

Table 2   Values for k3 (/min) and CBF (ml/g/min) and reduction in 13 patients with AD

ROI
NC AD

Mean  SD COV (%) Mean SD Reduction (%)

LF 0.077 0.010 13.2 0.066 0.008 − 14**

RF 0.080 0.010 12.6 0.067 0.013 − 17*

LSM 0.102 0.011 10.9 0.083 0.008 − 19***

RSM 0.095 0.013 13.7 0.080 0.011 − 15**

LT 0.090 0.010 11.3 0.065 0.011 − 28***

RT 0.084 0.007   8.7 0.062 0.012 − 25***

LP 0.076 0.012 15.5 0.055 0.007 − 27***

RP 0.073 0.008 11.6 0.054 0.013 − 27***

LO 0.068 0.009 13.3 0.056 0.009 − 19***

RO 0.067 0.008 12.2 0.055 0.013 − 17*

k3 CIN 0.093 0.015 15.6 0.069 0.010 − 26**

LF 45.9 7.1 15.4 38.0 10.4 − 17*

RF 46.6 8.0 17.2 37.6 10.5 − 19*

LSM 45.2 6.6 14.7 40.7 9.8 − 10
RSM 47.7 9.1 19.2 40.6 10.3 − 15
LT 48.6 7.7 15.7 39.0 9.0 − 20**

RT 48.8 9.3 19.0 41.1 11.1 − 16
LP 46.1 8.4 18.2 35.0 9.1 − 24**

RP 45.6 7.9 17.3 32.6 8.6 − 29***

LO 48.9 7.5 15.4 42.8 11.9 − 13
RO 48.6 9.1 18.6 45.3 10.6 − 7

CBF CIN 49.4 9.0 18.2 35.0 10.3 − 29 **

The abbreviations of region names are the same as in Table 1.
Significant reduction between the normal controls and AD, *: p < 0.05, **: p < 0.01, ***: p < 0.001
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often used in SPECT studies.17,18 Therefore, we analyzed
the data of [11C]MP4A PET by simple ratio analysis in the
present study.

We selected the cerebellum as the reference region
because it is typically chosen as the reference area in
SPECT studies. Although the change of AChE activity in
AD postmortem cerebellum is not well known, the cer-
ebellum is not affected pathologically and the CBF in the
cerebellum is relatively preserved in AD.7,19,20

The radioactivity of a target ROI is described as fol-
lows:

Target =
K1 target × k3 Cp(t)dt

k2 + k3

where Cp(t) represents the time-radioactivity curve of
plasma [11C]MP4A.

In the cerebellum, hydrolysis is extremely rapid,2,21 i.e.
k3 ≫≫≫≫≫  k2, which implies, k2 + k3 ≅ k3,
and thus the radioactivity of the cerebellum is given as:

Cerebellum ≅ K1 cerebellum       Cp(t)dt

K1 cerebellum = CBFcerebellum × EFcerebellum

K1 target = CBFtarget × EFtarget

where EF represents extraction fraction. EF is likely to be
similar throughout the brain.

Then the MP4A ratio is derived as follows:

Ratio =
CBFtarget ×

     k3

CBFcerebellum k2 + k3

Hence, MP4A ratio depends on not only local AChE
activity but also rCBF.

This simple MP4A ratio analysis requires neither arte-
rial blood sampling nor fast dynamic scans, and is thus,
non-invasive and applicable to SPECT. In spite of this
simplicity, the sensitivity for detecting abnormal change
in AD should theoretically be higher than that of quanti-
tative k3 estimates in MP4A PET, because, as described
above, the MP4A ratio in the cerebral cortex is determined
by local AChE activity and rCBF, both of which are
reduced in the cerebral cortex in patients with AD. The
correlation between the MP4A ratios and k3 values (0.69)
was better than that between the MP4A ratios and K1

values (0.33), suggesting that the MP4A ratio represents
mainly AChE activity and only partly rCBF. The coeffi-
cient of variance (COV) of the MP4A ratio was relatively
small compared with k3 values (Table 1, Table 2).

Numerous studies have reported the sensitivity of CBF
SPECT for the diagnosis of AD, although the sensitivity
differed considerably in each study (41 to 96%).22,23

Hanyu et al. reported that [123I]IMP SPECT has a sen-
sitivity of 82% for detecting unilateral temporoparietal
hypoperfusion and 63% for detecting bilateral temporo-
parital hypoperfusion in AD.24 In the present study, the
sensitivity for detecting 3 positive ROIs in IMP ratio as
the diagnosis of AD was 69% and that for detecting

2 positive ROIs was 92%. Our results of IMP SPECT
were compatible with those of previous studies.22–24

As for the MP4A ratio analysis, the sensitivity of detec-
tion of 3 positive ROIs as the diagnosis of AD was 92%
(Fig. 3). Thus, the sensitivity of the simple MP4A ratio
analysis in MP4A PET was higher than that of IMP ratio
analysis in IMP SPECT in detecting abnormal regions
of AD in the present study. This result may be partly
attributable to the fact that MP4A ratio depends on not
only local AChE activity but also rCBF.

Previous [11C]MP4A and [11C]MP4P PET studies have
reported that AChE activity in the cerebral cortices does
not change significantly with age, whereas CBF in the
cerebral cortices decreases significantly.7,25,26 In the present
study, we found that the MP4A ratio and k3 values in the
cerebral cortices did not change significantly with age at
all, while the IMP ratio and rCBF in the cerebral cortices
did tend to change significantly (Fig. 4). Thus, the effect
of age is not a major concern when this MP4A ratio
analysis is used for the diagnosis of AD patients, which
may be another advantage of the MP4A ratio analysis
over the IMP ratio analysis.

Clinical trials in patients with AD have shown that
AChE inhibitors such as donepezil hydrochloride im-
prove cognitive dysfunction and behavioral psychiatric
symptoms of AD. Previous [11C]MP4A and [11C]MP4P
PET studies have shown the usefulness for detecting the
effect of AChE inhibitors in AD patients in vivo. The
MP4A ratio analysis should also be useful for detecting
and monitoring the effects of AChE inhibitors,27 since the
MP4A ratio mainly reflects local AChE activity.

PET technique is still expensive and requires a number
of highly trained technical staff. Therefore, the develop-
ment of SPECT tracers similar to MP4A for the routine
examination of dementia is a critical necessity.
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