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Increased plasma glucose (PG) levels can alter the cerebral distribu-

tion pattern of 18F-FDG uptake and reduce 18F-FDG uptake, espe-
cially in the precuneus. The 18F-FDG distribution pattern in cognitively

normal subjects is described as an Alzheimer disease (AD)–like pat-

tern. The aim of this study was to determine the fasting PG levels that

can reduce 18F-FDG uptake in the precuneus. Methods: Fifty-one
cognitively normal volunteers (mean age ± SD, 69.7 ± 5.9 y) under-

went 18F-FDG PET scanning and were divided into 2 groups accord-

ing to the level of fasting PG at the time of PET scanning: control (n5
31, 80 mg/dL # fasting PG , 100 mg/dL) and impaired fasting glu-
cose (IFG) (n 5 20, 100 mg/dL # fasting PG , 110 mg/dL). 18F-FDG

uptake was compared between the 2 groups using voxelwise ana-

lyses with a global normalization method and volume-of-interest

(VOI)–based analyses. VOIs were placed on the precuneus, posterior
cingulate, and visual cortex, and the ratio of the uptake value on the

precuneus VOI to that on the visual cortex VOI (PreCne/VC ratios) and

to that on the posterior cingulate VOI (PreCne/PostCin ratios) was
calculated. Results: Whole-brain voxelwise analyses showed that
18F-FDG uptake in the precuneus was significantly lower in the IFG

group (P , 0.05, familywise error rate–corrected) than in the control

group. VOI analyses showed significantly lower PreCne/VC ratios
(P 5 0.002) and PreCne/PostCin ratios (P 5 0.004) in the IFG group

than in the control group. Conclusion: The present study confirmed

that increased fasting PG levels decrease 18F-FDG uptake, especially

in the precuneus, as in the AD-like pattern. Furthermore, the study
provided initial evidence that the AD-like pattern can appear even in

an individual with a mildly higher level of fasting PG (100–110 mg/dL).
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As a PET radiotracer to estimate cerebral metabolic rates of
glucose utilization, 18F-FDG provides information on neuronal
density and function. Glucose hypometabolism is associated with re-
duced uptake of 18F-FDG (1), reflecting a loss of neuronal cell num-
ber or activity. Patients with Alzheimer disease (AD) demonstrate

prominently reduced uptake of 18F-FDG in the precuneus and
posterior cingulate regions (2). This characteristic distribution pat-
tern of 18F-FDG uptake is described as an AD pattern and is useful
for the early diagnosis of AD.
Interestingly, in cognitively normal subjects with an increased level

of plasma glucose (PG), reduced uptake of 18F-FDG can be observed,
especially in the precuneus, and its distribution pattern is described as
an AD-like pattern (3,4). In addition, a recent study showed that the
AD-like pattern during a hyperglycemic state is reversible and in-
dependent of amyloid-b (Ab) deposition or apolipoprotein E e4
genotype (5). These studies indicate that an individual with higher
PG levels can be erroneously diagnosed with AD using 18F-FDG and
PET due to reduced uptake of 18F-FDG in the precuneus.
Guidelines for 18F-FDG PET brain imaging usually recommend

rescheduling the scanning if the PG level is greater than approx-
imately 150 mg/dL (6), as increased PG levels reduce cerebral
uptake of 18F-FDG (7–10) because of competition with glucose
for both transport and metabolism and because of an increase in
stochastic noise (11). According to previous studies (3,4), how-
ever, PG levels of less than 130 mg/dL can reduce 18F-FDG uptake
in the precuneus and can alter the cerebral distribution pattern of
18F-FDG from normal to AD-like.
The goal of this study was to determine the fasting PG levels that

can reduce 18F-FDG uptake in the precuneus, to avoid erroneous
diagnosis of AD. For this purpose, we performed 18F-FDG PET
scanning on cognitively normal volunteers with fasting PG levels
of 80–110 mg/dL. We also discuss the link between increased fast-
ing PG levels and the AD-like pattern in the precuneus.

MATERIALS AND METHODS

Research Participants

The Ethics Committee of the Tokyo Metropolitan Institute of
Gerontology approved the study protocol, and written informed consent

was obtained from all participants. The participants comprised 51
cognitively normal volunteers (3 men and 48 women; age range, 57–83 y

[mean age 6 SD, 69.7 6 5.9 y]) and 15 patients with AD (5 men and
10 women; age range, 50–83 y [mean age, 67.4 6 9.7 y]) who were

diagnosed on the basis of clinical criteria (12) and positive findings on
Ab PET imaging using 11C-Pittsburgh compound B. Volunteers were

excluded if their Mini-Mental State Examination score was less than
27, if their body mass index was less than 18.5 or more than 25.0, if

they met the criteria for mild cognitive impairment (13), or if they had
a history of diabetes. Volunteers with a neurologic condition or any

other uncontrolled health condition were also excluded. PET data
from 15 patients with AD were from a database for PET studies at

the Tokyo Metropolitan Institute of Gerontology.
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The 51 cognitively normal volunteers were divided into 2 groups

according to their fasting PG levels at the time of 18F-FDG PET
scanning: control (n 5 31, 80 mg/dL # fasting PG , 100 mg/dL)

and impaired fasting glucose (IFG) (n 5 20, 100 mg/dL # fasting
PG , 110 mg/dL). The sample data are summarized in Table 1.

PG Measurement and PET Scanning

After more than 5 h of fasting, each participant underwent 18F-FDG

PET scanning at the Tokyo Metropolitan Institute of Gerontology for
research purposes. Fasting PG levels were measured twice at the time

of PET scanning using a medical device (Caresist; Horiba, Ltd.), and
the 2 values were averaged. The measurement system for PG was

based on the enzyme electrode method, which integrates a hydrogen
peroxide electrode with a glucose oxidase immobilized membrane.

PET scanning was performed on a SET-2400W scanner (Shimadzu,
Ltd.) in 3-dimensional mode. Images from 50 slices were obtained

with a 2.054 · 2.054 · 3.125 mm voxel size and a 128 · 128 matrix
size. Transmission data were acquired using a rotating 68Ga/68Ge rod

source for measured attenuation correction. Static emission data were
acquired for 45–51 min after an intravenous bolus injection of 150

MBq of 18F-FDG. Data were reconstructed after correction for decay,
attenuation, and scatter.

PET Image Processing and Data Analysis

All participants underwent MR scanning. The images were

processed using the FMRIB Software Library, version 5.0.4 (FSL;
Oxford University) and were used for the subsequent PET image

processing. The static 18F-FDG images were coregistered to the cor-
responding structural MR images using FSL FLIRT. The coregistered

images of 18F-FDG were then warped into Montreal Neurological
Institute (MNI) space using MR imaging–guided spatial normalization

(FSL FNIRT). On the warped 18F-FDG images in MNI space, voxelwise
analyses and volume-of-interest (VOI)–based analyses were performed.

Data Analysis and Statistical Analysis

First, whole-brain voxelwise analyses were performed. The warped
18F-FDG images in MNI space were smoothed with a gaussian kernel of
s 8 mm to improve the signal-to-noise ratio and were proportionally

scaled to a global mean value. The normalized images representing
18F-FDG uptake were finally completed. Using Statistical Parametric

Mapping, version 8 (SPM8; Wellcome Trust Center for Neuroscience),
implemented in MATLAB, version R2014a (The MathWorks), a 2-sample

t test was performed to detect the voxels in which 18F-FDG uptake de-
creased, compared with the control group. Statistical t maps of “control

group: 1 and test group: 21” contrast were calculated using a height

threshold of P , 0.05, familywise error rate–corrected, excluding clusters

smaller than 50 voxels. The SPM t maps were then transformed to the
P maps.

VOI-based analyses were then performed to assess the changes in the
distribution pattern of 18F-FDG and to corroborate the results of voxel-

wise analyses. VOIs were placed on the precuneus and posterior cingu-
late regions for which voxelwise analyses found statistical significance

and on the visual (intracalcarine) cortex as a reference region because
18F-FDG uptake in the visual cortex is relatively preserved even in

advanced stages of AD (14). A visual cortex VOI was selected from
the Harvard–Oxford atlas (included in FSL). Precuneus and posterior

cingulate VOIs were drawn in MNI space and were located within the
precuneus and posterior cingulate regions, respectively, which are spa-

tially defined in the Harvard–Oxford atlas. The VOIs were moved onto
the warped 18F-FDG images in MNI space, and the uptake values on the

VOIs were extracted. Then, the ratio of the uptake value on the precu-
neus VOI to that on the visual cortex VOI (PreCne/VC ratios) and to

that on the posterior cingulate VOI (PreCne/PostCin ratios) was calcu-
lated. PreCne/VC ratios represent normalized 18F-FDG uptake, as the

visual cortex was set as a reference region. PreCne/PostCin ratios in-

dicate the change in the distribution pattern of 18F-FDG in the precu-
neus and posterior cingulate regions. The differences in the ratios

between the 2 groups were tested using the independent t test. Sta-
tistical significance was set at a P value of less than 0.05 (2-tailed).

RESULTS

Whole-Brain Voxelwise Analyses

Figure 1B highlights the precuneus and posterior cingulate
regions in which prominently reduced uptake of 18F-FDG was
observed in the AD group, compared with the control group, as
in the typical AD pattern. For the cognitively normal volunteers,
whole-brain SPM analyses revealed one cluster located mainly in
the precuneus region at P , 0.05, familywise error rate–corrected
(Fig. 1A). MNI coordinates of the peak-level voxel in Figures 1A
and 1B were located in the precuneus.

VOI-Based Analyses

Figure 2A shows significantly lower PreCne/VC ratios in the
IFG group than in the control group (P 5 0.002) and prominently
lower PreCne/VC ratios in the AD group than in the IFG group
(P , 0.001). Figure 2B shows significantly lower PreCne/PostCin
ratios in the IFG group than in the control group (P 5 0.004);
however, the ratios were not statistically significant between the
IFG and AD groups (P 5 0.96).
The 18F-FDG images normalized using the uptake values from

the visual cortex VOI and from the posterior cingulate VOI were
averaged in MNI space and are displayed in Figures 3C–3E (mid-
dle row) and Figures 3F–3H (bottom row), respectively. The visual
inspection of Figures 3C–3E and Figures 3F–3H was consistent
with that of Figures 2A and 2B, respectively. When normalized to
the value from the visual cortex VOI (visual cortex5 1), 18F-FDG
uptake in the precuneus visibly decreased in the IFG group (Fig.
3D) and was depleted in the AD group (Fig. 3E), compared with
the control group (Fig. 3C). When normalized to the value from
the posterior cingulate VOI (posterior cingulate 5 1), it was pos-
sible to distinguish 18F-FDG uptake in the precuneus between the
control and IFG groups (Figs. 3F and 3G).

DISCUSSION

Increased PG levels in both fasting and glucose-loading
conditions reduce 18F-FDG uptake, especially in the precuneus,

TABLE 1
Participant Characteristics

Group
Control
(n 5 31)

IFG
(n 5 20)

AD
(n 5 15)

Age

Range 57–83 63–82 50–83

Mean 68.1 72.2 67.4

SD 6.2 4.6 9.7

Fasting glucose level

Minimum 80.0 101.0 82.5

Maximum 98.5 108.5 99.5

Mean 89.0 103.9 92.5

SD 5.60 2.21 5.09
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and can alter the cerebral distribution pattern of 18F-FDG uptake
from a normal pattern to the AD-like pattern in cognitively normal
subjects (3,4). In an 18F-FDG PET study of 9 healthy older sub-
jects, glucose loading yielded a reduction of 18F-FDG uptake in
AD-related cortical regions (3). In a cross-sectional study of 124
cognitively normal older subjects, higher fasting PG levels were
significantly correlated with the magnitude of reduced uptake of
18F-FDG in AD-related cortical regions (4). We recently reported
a case of a 70-y-old patient with mild cognitive impairment and
showed that reduced uptake of 18F-FDG in the precuneus during
the glucose-loading condition was reversible and independent of
Ab deposition and apolipoprotein E e4 genotype (5). The current
study confirmed those previous findings and additionally provided
initial evidence that 18F-FDG uptake in the precuneus decreases
even at mildly higher levels of fasting PG (100 mg/dL # fasting
PG , 110 mg/dL).
Figure 1A may imply that the significant cluster does not in-

clude the lower part of the precuneus and posterior cingulate,
which are the center of the AD pattern as shown in Figure 1B.

When, however, the height threshold of P value was set at a more
liberal level, the cluster shown in Figure 1A extended to these
areas and overlapped with the significant cluster shown in Figure
1B. Additionally, VOI-based analyses showed that both PreCne/
VC and PreCne/PosCin ratios in the IFG group decreased toward
the levels in the AD group (Fig. 2). These voxelwise and VOI-
based analyses indicate that the change in the distribution pattern
of 18F-FDG, especially in the precuneus, leads to the appearance
of the AD-like pattern, and this pattern can appear in an individual
with a fasting PG of 100 mg/dL or more. Thus, statistical voxel-
wise analyses may detect an individual with a fasting PG level of
100 mg/dL or more as AD if the control group is composed of
subjects with a fasting PG level of less than 100 mg/dL. By visual
inspection, the difference in the distribution pattern of 18F-FDG is
small between the control and IFG groups (Fig. 3). However, when
the levels of fasting PG increase, the difference can be large and
easily detected by visual inspection (5). Therefore, to avoid erro-
neous diagnosis of AD, it is essential to understand the distribution
pattern of 18F-FDG in the context of an individual’s fasting PG
levels. When statistical analyses are performed to assess 18F-FDG
uptake, fasting PG levels should be matched between groups.
Increased insulin levels are usually observed with increased

fasting PG levels (15,16) and play an important role in modulating
neuronal activity since insulin affects glucose utilization in the
central nervous system (17,18). Increased fasting PG and insulin
levels are associated with greater insulin resistance (19). In cog-
nitively normal patients with prediabetes or early type 2 diabetes,
greater insulin resistance decreases uptake of 18F-FDG in the pre-
cuneus region (20,21). Therefore, a set of increased fasting PG and
insulin levels is considered to cause reduced uptake of 18F-FDG
(i.e., glucose hypometabolism) in the precuneus. The default mode
network (DMN) may be an important key to understanding the
link between increased fasting PG and insulin levels and glucose
hypometabolism in the precuneus. The DMN is characterized by
high activity when the mind is not engaged in specific behavioral
tasks and low activity during focused attention on the external
environment, and the precuneus is its posterior component (22).
The precuneus comprises the functional core of the DMN and
plays an important role in regulating complex cognition and be-
havior (23–25). The functional connectivity in the DMN, includ-
ing the precuneus, decreases in cognitively normal patients with
type 2 diabetes, and the magnitude of the reduced connectivity is
associated with insulin resistance (26). These lines of evidence,
combined with our current observations, support an explanation
that increased fasting PG and insulin levels (i.e., greater insulin

resistance) causes a reduction of functional
connectivity in the DMN, leading to re-
duced uptake of 18F-FDG (i.e., glucose
hypometabolism), especially in the precu-
neus. Furthermore, prolonged stress can af-
fect the pattern of activity in the DMN (27).
As an alternative explanation, increased
fasting PG levels may act as a stress test
to unmask a very early neurodegenerative
disorder that affects the DMN.
The precuneus is also pivotal for the

pathophysiology of AD. Glucose hypome-
tabolism in the precuneus is a hallmark of
the diagnosis of early AD (2,28), and this
region is vulnerable to Ab deposition (29).
Functional connectivity in the DMN is also

FIGURE 1. Results of whole-brain voxelwise analyses. Significant

clusters by 2-sample t test, using “control group (n 5 31): 1 and test

group: −1” contrast, are displayed on MNI standard brain with MNI

coordinates of peak-level voxel in sagittal, coronal, and axial sections.

For IFG group (A), height threshold was set at P , 0.05, familywise error

rate–corrected (T value . 4.45). For AD group (B), it was set at P ,
0.0001, familywise error rate–corrected (T value . 6.54), to illustrate

prominent hypoglycemic regions as typical AD pattern. MNI coordinates

(x, y, z mm) for A and B were (4, −74, 36) and (4, −56, 26), respectively,
and were located in precuneus. Yellow–red scales represent magnitude

of P values. FWE 5 familywise error rate.

FIGURE 2. Precuneus/visual cortex and precuneus/posterior cingulate ratios. Ratios of precuneus/

visual cortex (A) and precuneus/posterior cingulate (B) were compared between HC, IFG, and AD

groups. Vertical bars represent mean ± SD. HC 5 healthy control; NS 5 not significant.
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impaired in patients with AD and asymptomatic older individuals
with Ab accumulation (30). A recent cross-sectional study of 207
cognitively normal older adults found that decreased cerebrospinal
fluid Ab was associated with a reduction of functional connectiv-
ity in the DMN (31). Furthermore, it suggested that Ab pathology
affects the DMN integrity before clinical onset of AD and that
impairment of the DMN is associated with current and future
cognitive decline (31). On the other hand, type 2 diabetes is a risk
factor for AD (32–34), although the pathophysiologic mechanism
between diabetes and AD is unknown. However, as an extension
of this study, impairment of the DMN may represent a link between
type 2 diabetes and AD.
According to the criteria for diabetes (35), fasting PG levels of

,100 mg/dL, $100 and ,126 mg/dL, and $126 mg/dL are de-
fined as normal, IFG, and diabetes, respectively (35). This classi-
fication is based largely on the following evidence: the risk of
having or developing retinopathy increases at fasting PG levels
above 126 mg/dL, the risk of diabetes increases markedly at fast-
ing PG levels above approximately 100 mg/dL, and setting the
cutoff level of fasting PG at approximately 100 mg/dL optimizes
the sensitivity and specificity for predicting future diabetes (36–38).
On the other hand, higher fasting PG levels are known to be asso-
ciated with cognitive decline as measured by a battery of neuro-
psychological tests (39,40), indicating the existence of some threshold
level of fasting PG for cognitive decline. On the basis of the clas-
sification of fasting PG levels by these criteria (35) and our findings,
the threshold levels of fasting PG for the onset of cognitive decline
may be about 100 mg/dL, although further studies are necessary to
elucidate this issue.

One of the limitations of the present study is the absence of Ab
PET imaging in the cognitively normal volunteers. As increasing
PG level is a risk factor for AD (34), some of the subjects in the
IFG group may already be at a stage of preclinical AD. Future
studies investigating this issue are needed to confirm the results of
the present study.

CONCLUSION

The present study confirms that increased fasting PG levels
decrease 18F-FDG uptake, especially in the precuneus, and its
distribution pattern is similar to the AD pattern. The study also
provides initial evidence that the AD-like pattern can appear even
in an individual with mildly higher levels of fasting PG (100–110
mg/dL). To avoid an erroneous diagnosis of AD, it is essential to
understand the distribution pattern of 18F-FDG corresponding to
the fasting PG levels.
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