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Abstract

Hypothesis and predictions: Here, we claim that amyloid beta (Aβ) accumulation is

a protective mechanism that ultimately fails. We predict that more Aβ accumulates

in regions with higher rates of glucose metabolism, reaching a maximum followed by

progression of pathology.

Background: Aβ accumulation is characteristic of Alzheimer’s disease (AD) but the

accumulation does not correlate with cognitive decline, unlike the rates of glucose

metabolism.

Strategy:We compared averaged and individual estimates of regional binding poten-

tials of [11C]Pittsburgh compound B to regionally averaged and individual values of

metabolism of [18F]fluorodeoxyglucose in brain regions of volunteers with AD.

Significance: The claim explains the cognitive decline in some patients at a signifi-

cantly lower level of Aβ deposition than in other patients, as well as the presence

of cognitively healthy individuals with high Aβ accumulation. With further support of

the hypothesis, the significance of Aβ accumulation in brains of patients with AD may

require revision.

KEYWORDS

[11C]Pittsburgh compoundB, [18F]fluorodeoxyglucose, Alzheimer’s disease, amyloid beta, blood–
brain barrier, cerebral blood flow, cerebral glucosemetabolism, positron emission tomography

1 NARRATIVE

1.1 Contextual background

Among other features, accumulations of hyperphosphorylated tau and

amyloid beta (Aβ) are characteristic of Alzheimer’s disease (AD). As an

extracellular compound, the amyloid is folded in β-sheets that create
the pathognomonic plaques. Accumulation of Aβ plaques accompa-

nies altered glucose metabolism and loss of synapses while cognitive

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and nomodifications or adaptations aremade.

© 2022 The Authors. Alzheimer’s & Dementia published byWiley Periodicals LLC on behalf of Alzheimer’s Association.

functions gradually decline.1 The viability of a neuron depends on a

constant supply of glucose and oxygen. If the supply of either or both is

disrupted, a cascade of insufficient support of energy metabolism may

be initiated that leads to impaired functions,2 and for these reasons,

AD generally is held to qualify as a neurodegenerative disorder. A once

leading theory claimed that the plaque formations damage the synap-

tic connections among nerve cells, resulting in the memory loss that is

characteristic of symptomatic AD.1 The plaqueswere held to lower the

expression of glucose transporters at the blood–brain barrier (BBB),

Alzheimer’s Dement. 2023;19:771–783. wileyonlinelibrary.com/journal/alz 771
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followed by a decline of regional cerebral metabolic rates of glucose

consumption (rCMRglc).
3 The claim is supported by findings of reduced

glucose transporter (GLUT1) capacity at the BBB in humans with AD

pathology.4,5 However, the degree to which Aβ proteins infiltrate brain
regions does not correlate with the progression of AD symptoms,6

while rates of rCMRglc decline in specific areas correlatewith cognitive

decline.4,7

Another theory considers two processes of pathology, with primary

damage to brain microcirculation as the first process, and Aβ accumu-

lation as the second.8 The vascular damage leads to BBB dysfunction

due to pericyte degeneration5 with leakage of neurotoxic molecules,

and regional hypoxia due to less effective capillary flow. The BBB dys-

function then fails to clear 80% of Aβ by transvascular transport,5 and
the regional hypoxia increases Aβ generation, jointly culminating in

Aβ accumulation.8 This “two-hit” theory is supported by findings that

patients withmild AD show reduced P-glycoprotein 1 activity involved

in clearing of Aβ across the BBB,5 while the brief mild hypoperfusion

raises neuronal Aβ levels.8 The reduced or dysregulated levels of cere-
bral blood flow (CBF) were detected without evidence of cognitive

decline, brain atrophy, and Aβ accumulation.8

The Aβ plaques are mapped by [11C]Pittsburgh compound B (PiB),

and impairment of brain energy metabolism is determined with

[18F]fluorodeoxyglucose (FDG), both of which are radioactive tracers

visualizedbypositronemission tomography (PET) imagingof processes

of Aβ accumulation and glucose metabolism, respectively.6 Mild cogni-

tive impairment (MCI) is an early stage of dementia in which patients

undergo a cognitive decline but little impairment of daily function.9

Earlier reports of PiB and FDG uptake in brain of patients with AD or

MCI present two different correlations, compared to healthy control

subjects.

When we compared regionally averaged values among the groups,

the changes of PiB- and FDG-derived signals matched each other pro-

portionally or exponentially for different patient groups and disease

stages, implying that accumulation of Aβ coincides with higher glucose
metabolism when regions at different stages of disease were com-

pared. In contrast, FDG- and PiB-derived signals within each brain

region tended to be inversely proportional, implying higher PiB signals

and lower signals from FDG, and vice versa.10,11 The reverse rela-

tion suggests to us that Aβ accumulation coincides with lower glucose

metabolismwithin a region, contrary to findings fromaverage variables

of separate regions in stages of disease.

Therefore, we raised the question: What information can we derive

from the presence of Aβ? We used regionally averaged and individual

regional values of PiB- and FDG-derived signals from PET images to

compare groups of healthy control subjects and patients at different

stages ofMCI and AD disease.

1.2 Study design

It is unclear how well matched different markers of changes of brain

function and anatomy are in AD. In particular, the use of markers

of Aβ has been questioned because of inconsistent relations to clin-

ical findings.12–14 Here, we tested the hypothesis that correlations

HIGHLIGHTS

∙ Amyloid beta (Aβ) in brains of Alzheimer’s disease (AD)

patients is inconsistent with clinical findings.

∙ Aβ may be a protection that fails, with decline of brain

glucosemetabolism.

∙ In recent works, Aβ accumulated in regions with greater

glucosemetabolism.

∙ We correlated Pittsburgh compound B- and

fluorodeoxyglucose-derived signals in brain regions

of patients with AD.

∙ We observed direct proportionality of the two markers in

average brain regions.

∙ Extreme plaque development gradually lowers glucose

metabolism and cognition.

RESEARCH INCONTEXT

1. Systematic Review: The authors reviewed the litera-

ture using PubMed and the search terms “Alzheimer,”

or “Alzheimer’s,” or “AD,” and “Cerebral Metabolic Rate

of Glucose,” or regional “Cerebral Metabolic Rate of

Glucose,” or “CMRglc,” or “rCMRglc,” or “FDG,” and

“Pittsburgh Compound B,” or “PIB.” The role of amyloid

beta (Aβ) as a possible protective agent for high glucose

metabolism areas is a current topic, and the relevant

publications have been appropriately cited.

2. Interpretation: Our findings led to a hypothesis of Aβ as
a protective agent of high glucose metabolism areas that

ultimately fails, and that may also explain how neither

Aβ nor tau have direct relations to neurodegeneration.

If further supported, the understanding of AD patho-

physiology in regard to Aβ accumulation may have to be

revised.

3. Future Directions: This study proposes an entirely dif-

ferent role of Aβ in Alzheimer’s disease to be further

examined, to establish the conclusion. Further exami-

nations include: (a) the role of tau in relation to the

protective effects of Aβ, (b) the point atwhichAβ accumu-

lates excessively and leads to pathology, and (c) potential

pharmaceutical targets.

between two positron-emitting tracers, one of pathological accu-

mulation in plaques of Aβ ([11C]PIB), and one of intensity of brain

glucosemetabolism ([18F]FDG), respectively, differ as predicted among

different regions and subjects with AD.

First, we compared the regionally averaged values obtained by two

groups of authors,10,11 according to which changes of PiB- and FDG-

derived values maintained proportionally or exponentially matched
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RISCHEL ET AL. 773

values for separate patient groups anddisease stages, indicating higher

PiB-derived averages for higher FDG-derived metabolic rates. Second,

based on that correlation, we hypothesized that Aβ may function as

an agent of protection that ultimately fails in regions of high glucose

metabolism in the brain. This may happen when the agency reaches

a limit of effectiveness in certain regions of the brain of individuals

who then proceed to undergo neurodegeneration. The limit would ren-

der the average degree of Aβ accumulation in separate brain regions

a function of the magnitude of the average glucose metabolic rate of

that region within the same patient group. In separate regions of the

brain of afflicted individuals, however, theAβ accumulationmayexceed

a threshold, such that the Aβ accumulation subsequently no longer

serves to protect themetabolism of glucose.

We tested the hypothesis by means of novel and previously unre-

ported analyses of PET recordings of brains of patients with AD. We

compared the PiB signal of Aβ accumulation to the FDG measure

of glucose metabolism for each subject within each region, as sug-

gested by consideration of the data from the two previously reported

studies.10,11

1.3 Main results

To establish the hypothesis, we first noted the correlations between

PiB and FDG reported in recent publications. The comparisons

between PiB and FDG in patient groups and brain regions showed

that the magnitudes of change of the two tracers maintained direct

proportions in multiple brain regions of patient groups on average,

whereas the magnitudes within separate brain regions of individual

patients maintained inverse proportionality.10,11 The evidence led to

the formulation of the hypothesis of a protective role of Aβ accumu-

lation, according to which Aβ accumulates more readily in regions with

greater glucosemetabolism,while in separate regions of accumulation,

the accumulation leads to a decline of glucose metabolism that accom-

panies an increase of Aβ labeled by PiB. We subsequently tested the

hypothesis by means of data of the relationship between PiB and FDG

signals in brains of patients with AD.

In these analyses, the presumptive Aβmarker PiB generally on aver-

age had greater accumulation in regions of the brains with greater

average glucose metabolic rate. The correlation for AD subjects with

average values from separate brain regions, excluding cerebellum and

whole cortex, was highly significant (P< 0.0001) direct proportionality

of means (Figure 1). However, in individual regions, PiB accumula-

tion and glucose metabolic rate had inverse proportions, implying an

inverse relation between the accumulation of Aβ and the phosphoryla-
tion of glucose, consistent with the claim that higher Aβ load indicated
lower rates of glucose metabolism in individual subjects. The direct

proportionality between the two markers in different regions within

each patient group strengthened the suggestion that Aβ accumula-

tion may be a supportive mechanism unfolding in regions of higher

metabolic rate of glucose, while in separate regions of individual

patients thismechanismmayundergoultimate failure, due to excessive

progressionof pathology. In these individuals, ineffectiveAβdeposition

continues, resulting in Aβ plaques, leading to further decline in glucose
consumption rate in these regions and thus to the gradual cognitive

decline.

1.4 Study conclusions and perspectives

The current results agree with the hypothesis, but continued research

is required to firmly establish the opposite correlations. When Aβ
accumulation acts as a protective mechanism that ultimately fails, the

observation may explain the inconsistent relation to the neurotoxicity

of accumulations of hyperphosphorylated tau protein.

The results show that average high glucose metabolism in brain

regions coincides with a larger average Aβ deposition, but the question
remains: Are the processes causally related, or are both the result of a

separatemechanism? A highly active brain region requires greater glu-

cose metabolism in that region, and hence greater flow of blood. The

increase of blood flow would increase the Aβ deposition, as a natural
result of increased delivery that would not serve as a direct mecha-

nism of highly active brain regions, but rather as a simple byproduct of

greater blood flow. The blood flow perspective would also explain how

some patients with AD show stable Aβ accumulation at a certain point

in time, as neurodegeneration leads to lower blood flow that would

lower deposition. According to this theory, some individuals may suf-

fer froma tendency to accumulatemoreAβ thannormal, and theexcess

may interferewith the function of glucose transporters, with lower glu-

cose metabolism and neurodegeneration as a result. The tendency to

accumulatemore Aβ could be the consequence of degeneration of per-
icytes that would cause the BBB to leak Aβ, as described previously, in
which cases the resulting damage would be due to excess Aβ or other
compounds that accumulate simultaneously.

Targets of interest for future researchwould be the incorporation of

a larger cohort, and examination of whether a certain threshold of Aβ
accumulation exists beyondwhich cognitive decline occurs. It would be

necessary to examine whether this threshold is different for different

populations, and whether it is affected by the comorbidity of patients

with AD. The mechanism of Aβ accumulation would also need further

examination, also by inclusion of studies designed to show whether

increased regional CBF accelerates Aβ deposition in target regions, or
whether theAβaccumulation is greater in vital brain regions, in support

of the hypothesis of Aβ as a protective agent.
In separate regions, higher Aβ accumulation coincides with

lower glucose metabolism. It is possible that the decline of glucose

metabolism occurs before the deposition of Aβ, for potentially entirely
different reasons. Lower glucose metabolism may be the result of a

state of regional hypoxia, due to local changes of blood flow and hence

to a vascular dysfunction upstreamof neurodegeneration, as described

previously.8 The dysfunction is suggested also by the “calcium hypoth-

esis,” according to which several neurodegenerative diseases may

have a mechanistic link to the adequacy of cerebral microvasculature.

The calcium hypothesis claims that neurodegenerative diseases occur

because of impaired energy metabolism, as evident also in stroke that

leads to an ischemic cascade involving a prolonged change of calcium
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774 RISCHEL ET AL.

F IGURE 1 Hypothesis testing: Current data: Correlation between cerebral metabolic rates of glucose consumption (CMRglc) and Pittsburgh
compound B (PiB) binding potential (BP) means in separate regions of subjects with Alzheimer’s disease at baseline, excluding cerebellum and
whole cortex.

concentration, and hence of impaired functioning of neurons.2 The

regional hypoglycemia would lead to loss of synapses and, importantly,

to abnormal folding of proteins in Aβ plaques. According to this theory,
Aβ plaques do not lead to neurodegeneration and cognitive decline but
arise as a coincidental result of lower glucose metabolism. This theory

explains the occurrence in some patients of cognitive decline with

significantly lower Aβ deposition than in other patients, as well as the

presence of healthy individualswith highAβ accumulation and absence

of cognitive dysfunction. Future research needed to establish a corre-

lation would focus on the statistics of vascular changes in the regions

with significant correlation between estimates derived from FDG and

PiB. An additional study of interest would be to examine whether

regional hypoglycemia leads to abnormal folding of Aβ in plaques, and
whether a threshold is present, as the evidence possibly would lead

to vasoactive therapeutic targets for AD. If subsequent studies give

the results further support, the understanding of Aβ accumulation in

brains of patients with ADmay require revision.

1.5 Limitations

A limitation for nearly all studies remains the factor of generalizabil-

ity versus specificity of the results. The size of the cohort is not of a

magnitude that allowed us to conclude the correlation decisively. It is

necessary then to examine the correlation further in a larger cohort to

gain confirmation. Nor is the presence of a correlation equal to causal-

ity. In this instance,we cannot exclude a role of an external factor as the

causal explanation both of the Aβ accumulation and of the reduction of

glucose metabolism that may coexist as downstream consequences of

upstream events. Of the subjects, three had lower PiB accumulations

(Figure 2) compared to other subjects, a plausible explanation being

the possibility that the three subjects in fact did not suffer from AD

but from another form of dementia. However, this did not affect the

conclusion of the study.

One common source of erroneous conclusions is the arbitrary

choice of a threshold P-value. A significance threshold of P= 0.05 is an

arbitrary number, albeit commonly used to assess the presumed signif-

icance of quantitative results. This is the threshold used in publications

underlying the present study, aswell as in the evaluation of the present

results as well.

Another sourceof errormaybe the choiceof thevalueof the lumped

constant (LC) used to complete the calculation of CMRglc. The value of

LC may differ among brains and among brain regions for a variety of

reasons, including the resolution of the PET imaging.15 The improved

resolution of PET imaging of FDG with the consequent improved dis-

tinction between gray and white matter in the last 45 years possibly

may explain part of the rise of the value of the LC, from the original

record of a value close to 0.5, to the current choice of values that slowly

approach 0.8. The choice of value of the LC, therefore, includes a mar-

gin of error in the translation of findings from FDG imaging to actual

quantitative results of CMRglc. Furthermore, the value of the LC varies

as a function of actual plasma glucose concentrations of the patients

that could lead to aberrant values of LC for each glucose concentra-

tion. Values of LC can be calculated from rate and transfer constants

of FDG15 but the calculation, albeit possible, is rarely used in practice

andwas not attemptedwith the present published or new data sets.

 15525279, 2023, 3, D
ow

nloaded from
 https://alz-journals.onlinelibrary.w

iley.com
/doi/10.1002/alz.12701 by D

et K
ongelige, W

iley O
nline L

ibrary on [23/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



RISCHEL ET AL. 775

Logarithmic (n = 29):

F IGURE 2 Hypothesis testing: Current data: Correlation between individual cerebral metabolic rates of glucose consumption (CMRglc) and,
respectively, logarithmic and non-logarithmic Pittsburgh compound B (PiB) binding potential (BP) values in separate regions with baseline data.
AD, Alzheimer’s disease; MCI, mild cognitive impairment

2 RESULTS AND STUDY DESIGN

2.1 Hypothesis generation

Values plotted from PET of [11C]PIB and [18F]FDG by Devanand

et al.10 from healthy control subjects, and from patients with PIB-

positive MCI or AD yielded positive correlations between values of

PiB and FDG from the patient groups. PiB and FDG values showed

direct or exponential proportionality of regional averages, as shown

in Figure 3. We culled similar results from the findings of Rodriguez-

Vieitez et al.,11 as shown in Figure 4. When we plotted data of the

different cortices for each of the four stages of disease progression,

the relations expressed direct proportionality, especially for patients

with AD and patients with PiB-positive (PiB+) MCI values (from

Tables S2 and S3 in supporting information). The graphs in Figure 4

show a positive correlation between the FDG- and PiB-based PET
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F IGURE 2 Continued

recordings, with the implication that a region with a high rate of

glucose metabolism has a high degree of Aβ accumulation, and vice

versa. Furthermore, we note that the control subjects had results at

the highest level of the abscissa, consistent with the highest rates of

glucosemetabolism, and that patientswithADor thePiB+ formofMCI

had results furthest along the ordinate, indicative of the highest level

of Aβ.

The graphs in Figure 5 were plotted from PiB-generated values as

function of FDG-generated values from each of the brain regions of

the data of Devanand et al.10 (from Table S1 in supporting informa-

tion). Within each brain region, FDG- and PiB-derived values showed

inverse proportionality, implying that higher values of binding of PiB

are consistent with lower values of glucose metabolism and vice versa.

Similar values from Tables S2 and S3 of the four subject groups of
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RISCHEL ET AL. 777

F IGURE 3 Hypothesis generation. Correlation between Pittsburgh compound B (PiB) and fluorodeoxyglucose (FDG) in patient groups from
data fromDevanand et al.10 AD, Alzheimer’s disease; MCI, mild cognitive impairment

F IGURE 4 Hypothesis generation: Correlation between Pittsburgh compound B (PiB) and fluorodeoxyglucose (FDG) in regions for each
patient group from data fromRodriguez-Vieitez et al.11
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778 RISCHEL ET AL.

F IGURE 5 Hypothesis generation. Correlation between Pittsburgh compound B (PiB) and fluorodeoxyglucose (FDG) in patient groups for
each brain region from data fromRodriguez-Vieitez et al.11 AD, Alzheimer’s disease; CTR, control; MCI, mild cognitive impairment

Rodriguez-Vieitez et al.11 yielded the graphs of Figures 6 and 7, with

cortical regions listed in Figure 6 and subcortical regions listed in

Figure 7. Here, we note the same correlations between FDG- and

PiB-derived values as shown in Figure 5. Furthermore, the same

regions exhibited good correlations across the data, exemplified by

data from parietal and cingulate cortices, while other regions had less

well-correlated data sets, exemplified by the hippocampus.

From the reports ofDevanandet al.10 andRodriguez-Vieitez et al.,11

we formulated thehypothesis that the regionally averaged signals from

PiB directly or exponentially are proportional to the regionally aver-

aged signal from FDG in brains of patients with AD. In contrast, the

individual PiB signal values within any one region separately exhibited

inverse proportionality to the corresponding individual FDG values of

the same region.

2.2 Hypothesis testing

We tested the hypothesis that regionally averaged PiB signals are

directly or exponentially proportional to the regionally averaged FDG

signals in brains of patients with AD. In contrast, individual PiB signal

values within any one region are inversely proportional to the cor-

responding individual FDG values of the same region. We compared

individual values of the two measures in brain regions of patients

with AD of known duration, as shown in Figures 1 and 2, of data

from Tables S4 and S5 in supporting information. Thus, we observed

significant correlations between individual values of rCMRglc and

the individual logarithmic and linear values of the binding poten-

tials (BPND) of PiB in separate regions, in support of the claim

of inverse proportionality, as shown in Figure 2. We noted highly
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RISCHEL ET AL. 779

F IGURE 6 Hypothesis generation: Pittsburgh compound B (PiB) as a function of fluorodeoxyglucose (FDG) for patient groups in cortical
regions from data fromRodriguez-Vieitez et al.11 (excluding PiB-MCI [mild cognitive impairment] from regression)

significant (P < 0.05) P-values for precuneus (P = 0.0053), tempo-

ral (P = 0.0018), occipital (P < 0.0001), and parietal (P = 0.0045)

lobes, and cerebral cortex (P = 0.0068). The relations of frontal

lobe (P = 0.0232) and cingulate cortex (P = 0.0425) had somewhat

lower significances, and the relation of cerebellum had no signifi-

cance (P = 0.2626). When we examined the same correlation for AD

subjects with average values from separate regions, we found highly

significant (P < 0.0001) direct proportionality of means (Table S6 in

supporting information) after exclusionof cerebellumandwhole cortex

(Figure 1).
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780 RISCHEL ET AL.

F IGURE 7 Hypothesis generation: Pittsburgh compound B (PiB) as a function of fluorodeoxyglucose (FDG) for patient groups in subcortical
regions from data fromRodriguez-Vieitez et al.11 (excluding PiB-MCI [mild cognitive impairment] from regression)

3 METHODS

3.1 PIB imaging

PET with the labeled tracer 11C-PiB is used as a method of visu-

alization of Aβ accumulation in tissue. Tracer 11C-PiB is the short

name for the biomarker [N-methyl-11C]2-(4’-methylaminophenyl)-6-

hydroxybenzothiazole extracted from thioflavin-T dye.16 Tracer 11C-

PiB binds to Aβ proteins aggregated in the folded β-sheet structure of
Aβ.17 Therefore, PET with 11C-PiB is used to visualize PiB uptake and

retention in different regions of interest (ROI), making it possible to

calculate the BPND and relative accumulation in different areas of the

brain.

In PET studies of AD, ROI with significant Aβ accumulation

expressed as BPND of 11C-PiB primarily were cortical, including the

prefrontal and lateral temporoparietal cortex, the posterior cingulate,

as well as the striatum, whereas cerebellar regions had less expressive

Aβ accumulation. Based on this insight, manymethods used in AD visu-

alization analyzed differences in marker distribution between cortical

and cerebellar ROI.18 In AD tomography, a positive PiB result com-

monly is defined as the relative differences of uptake and retention

between cortical and cerebellar ROI above a definite threshold value,

the threshold ratio often chosen to be 1.5, with superior specificity and

sensitivity, providing fewest false positive and false negative results.19

The retention ratio is expressed as a distribution volume ratio (DVR) or

a standardized uptake value ratio (SUVR) whereDVR is the ratio of the

distribution volumes of tracer 11C-PIB in a chosen ROI versus a region

of reference (ROR), often the cerebellum,20 fromwhich it is possible to

calculate the BPND. The SUVR is a relative activity in the ROI, adjusted

by bodyweight, surface area, and injected dose.9

3.2 FDG imaging

In PET with 18F-FDG, the radioactive glucose analog competes with

glucose for uptake andmetabolism. From theuptake and accumulation,

the glucose uptake and subsequent metabolism by phosphorylation

are computed and expressed as rCMRglc.
21,22 Cell density and synap-

tic activity both correlate with glucose metabolism, explaining how

areas of neurodegeneration characteristically express lower FDG-

6-phosphate accumulation.23 In AD, there is lower brain glucose

metabolism with characteristic bilateral hypometabolism of medial

temporal lobes, precuneus, lateral temporoparietal cortex, and poste-

rior cingulate.23

3.3 Study design and participants

We achieved baseline data from a 26-week, randomized, placebo-

controlled, double-blind intervention with liraglutide or placebo in

patients with AD, recruited from dementia clinics in central Denmark,

with key clinical inclusion and exclusion criteria and administrative
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RISCHEL ET AL. 781

details listed byGejl et al.3 TheADdurationmeasurewas chosen as the

time elapsed from the moment of definite diagnosis. Patients willing

to participate gave written informed consent and were monitored for

safety data independently throughout the study period. The study was

conducted according to the principles of the Declaration of Helsinki.

The Central Denmark Regional Committees on Biomedical Research

Ethics, the Danish Data Protection Agency, and the Danish Medicines

Agency approved the protocol, with trial registration at ClinicalTri-

als.gov: NCT01469351, November 1, 2011. Patients were randomly

assigned to receive either GLP-1 analog liraglutide or placebo, which

we analyzed with the data from 29 patients at baseline of the two

groups in the present study. The patients participated in the final anal-

ysis of [18F]FDG-derived radioactivity, as described by Gejl et al.3

Cognition was evaluated by theWechslerMemory Scale (WMS-IV).

3.4 Positron emission tomography

The subjects underwent PET of [18F]FDG uptake and metabolism, as

described in previous reports of dynamic [18F]FDG studies of brain

metabolism.22,24 The protocol of PET with [11C]PIB followed pre-

viously reported procedures of brain mapping with [11C]PIB,25 the

tracer synthesized as described by Solbach et al.16 Anatomical images

were acquired with the Tim System 3 Tesla MAGNETOM Trio for co-

registration with PET images, and the quality was evaluated by visual

inspection in three planes, as described by Gejl et al.3

3.5 Kinetic analysis

The primary outcomes included Aβ deposition by PET expressed as

BPND of [11C]PIB, and the glucose metabolic rate of brain tissue mea-

sured with [18F]FDG. Binding of [11C]PIB was determined with the

Washout Allometric Reference Method (WARM) of Rodell et al.,26

expressed as the binding potential of the tracer in the brain (BPND),

calculated as described previously.3 We calculated glucosemetabolism

from [18F]FDG uptake by the method described by Gejl et al.,3 accord-

ing to whom CMRglc is the product of the net clearance of the tracer

FDG (K∗) and the arterial steady-state plasma glucose concentration

(Ca), relative to the common LC value of 0.76,3 such that CMRglc = K∗

Ca/LC.

3.6 Regions of interest

In the analysis of [11C]PIB accumulation with PET, eight predefined

areas of interest included the cingulate cortex, precuneus, frontal, pari-

etal, temporal, and occipital lobes, and cerebellum and cerebral cortex.

The same areaswere included in the [18F]FDGuptake analyses for pre-

cise comparison and detection.We used cerebellar cortex as reference

for [11C]PIB retention measure values obtained from parametric PET

imagemaps by standardmodel-based segmentation.3

3.7 Statistical analysis

3.7.1 Hypothesis generation

For the purposes of hypothesis generation, we obtained original values

from the studies reported by Devanand et al.10 and Rodriguez-Vieitez

et al.11 We plotted values obtained from tracer PiB imaging by PET

as the dependent variable (ordinate) of a function of values obtained

fromtracerFDG imagingbyPETas the independent variable (abscissa),

that we then fitted by linear or non-linear regression, by means of the

GraphPad Prism program version 8. We obtained the data of Table

S1 from Devanand et al.,10 and the data of Tables S2 and S3 from

Rodriguez-Vieitez et al.11 The data for the regions within each patient

group were plotted as the respective Figures 3 and 5. Data sets from

within each region for individual patients of all patient groups were

plotted from Devanand et al. as Figure 5 and from Rodriguez-Vieitez

et al. as Figures 6 and 7, excluding patients with the PiB-negative

form of MCI from regression in the relevant graphs of data from

Rodriguez-Vieitez et al.11

3.7.2 Hypothesis testing

For the purposes of testing the hypothesis, we plotted original CMRglc

values as the independent variable (abscissa) and the log BPND val-

ues as the dependent variable (ordinate). We then fitted the data

points by simple linear regression for each brain region of the indi-

vidual AD patient data as shown in Figure 2, with the probability as

given by the GraphPad Prism 8 program. The relationship between

regional means of the patients for each brain region, except for cere-

bellum and whole cortex, were plotted and tested by linear regression

as shown in Figure 1, with probability provided by GraphPad Prism

version 8.

ACKNOWLEDGMENTS

This investigator-initiated and -driven trial was supported by an unre-

stricted research grant from Novo Nordisk Scandinavia and Aarhus

University. Jørgen Rungbywas supported by Jaschafonden, Skibsreder

Per Henriksen R og Hustrus Fond. No individual associated with the

funding source had any role in study design, data collection, data anal-

ysis, data interpretation, or the preparation of this article. The authors

had full access to all data in the study and assumed final responsibility

for the decision to submit for publication.

CONFLICTS OF INTEREST

Elise Brøchner Rischel: None. Michael Gejl: None. B. Brock: Board

Member; Author; Allergan, Inc., Novo Nordisk A/S. Research Sup-

port. Speaker’s Bureau; Pfizer Inc. J. Rungby: Advisory Panel; Merck

& Co., Inc., Novo Nordisk A/S, Eli Lilly and Company, Sanofi U.S.

Employee; Spouse/Partner; Novo Nordisk A/S. Research Support;

Novo Nordisk A/S, Eli Lilly and Company, Amylin Pharmaceuticals,

LLC. Speaker’s Bureau;Merck&Co., Inc., NovoNordisk A/S, Johnson&

 15525279, 2023, 3, D
ow

nloaded from
 https://alz-journals.onlinelibrary.w

iley.com
/doi/10.1002/alz.12701 by D

et K
ongelige, W

iley O
nline L

ibrary on [23/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



782 RISCHEL ET AL.

Johnson, Sanofi U.S., AstraZeneca/Bristol-Myers Squibb. Albert

Gjedde: Advisory panel: Executive Council, European Dana Alliance

for theBrain, EuropeanResearchCouncil. Consultant:National Expert,

Horizon2020 SC1 PC Health, European Commission. Novo-Nordisk

A/S. Research support: Danish Council of Independent Research,

National Institutes of Health BRAIN Initiative. Speaker’s bureau:

MINDexult. Stocks/shareholder: Danske Bank.

AUTHOR CONTRIBUTIONS

Elise Brøchner Rischel and Albert Gjedde conceived the study. Bir-

gitte Brock, Albert Gjedde, and Jørgen Rungby designed the study.

Michael Gejl, Albert Gjedde, and Elise Brøchner Rischel did imaging

data preprocessing and statistical analysis. Birgitte Brock and Jørgen

Rungby did patient assessments. Michael Gejl, Albert Gjedde, and

Elise Brøchner Rischel did the statistical analysis for the report. Elise

Brøchner Rischel,MichaelGejl, andAlbertGjeddewrote the report. All

authors contributed to the subsequent drafts and approved the final

version.

ORCID

EliseBrøchnerRischel https://orcid.org/0000-0002-1079-7629

REFERENCES

1. Selkoe DJ, Hardy J. The amyloid hypothesis of Alzheimer’s disease at

25 years. EMBO Mol Med. 2016;8:595-608. https://doi.org/10.15252/
emmm.201606210

2. Hachinski V, Einhäupl K, Ganten D, et al. Preventing dementia

by preventing stroke: the Berlin Manifesto. Alzheimer’s Dement.
2019;15:961-84.

3. Gejl M, Gjedde A, Egefjord L, et al. In Alzheimer’s disease, 6-month

treatment with GLP-1 analog prevents decline of brain glucose

metabolism: randomized, placebo-controlled, double-blind clinical

trial. Front Aging Neurosci. 2016;8:1-10. https://doi.org/10.3389/fnagi.
2016.00108

4. Gejl M, Brock B, Egefjord L, Vang K, Rungby J, Gjedde A. Blood-

brain glucose transfer in Alzheimer’s disease: effect of GLP-1 Ana-

log Treatment. Sci Rep. 2017;7:1-10. https://doi.org/10.1038/s41598-
017-17718-y

5. SweeneyMD, SagareAP, Zlokovic BV. Blood-brain barrier breakdown

in Alzheimer disease and other neurodegenerative disorders. Nat Rev
Neurol. 2018;14:133-50. https://doi.org/10.1038/nrneurol.2017.188

6. Murphy MP, Levine H. Alzheimer’s disease and the beta-amyloid pep-

tide. J Alzheimer’s Dis. 2010;19:1-17. https://doi.org/10.3233/JAD-
2010-1221

7. Ottoy J, Niemantsverdriet E, Verhaeghe J, et al. Association of short-

term cognitive decline and MCI-to-AD dementia conversion with

CSF, MRI, amyloid- and 18 F-FDG-PET imaging. NeuroImage Clin.
2019;22:101771. https://doi.org/10.1016/j.nicl.2019.101771

8. Zlokovic B V. Neurovascular pathways to neurodegeneration

in Alzheimer’s disease and other disorders. Nat Rev Neurosci.
2011;12:723-38. https://doi.org/10.1038/nrn3114

9. Zhang S, Smailagic N, Hyde C, et al. 11C-PIB-PET for the early diagno-

sis of Alzheimers disease dementia andother dementias in peoplewith

mild cognitive impairment (MCI).CochraneDatabase Syst Rev. 2014:80.
https://doi.org/10.1002/14651858.CD010386

10. Devanand DP, Mikhno A, Pelton GH, et al. Pittsburgh compound B

(11C-PIB) and fluorodeoxyglucose (18F- FDG) PET in patients with

Alzheimer’s disease, mild cognitive impairment, and healthy controls.

J Geriatr Psychiatry Neurol. 2010;23:185-98. https://doi.org/10.1177/
0891988710363715

11. Rodriguez-Vieitez E, Saint-Aubert L, Carter SF, et al. Diverging longi-

tudinal changes in astrocytosis and amyloid PET in autosomal domi-

nant Alzheimer’s disease. Brain. 2016;139:922-36. https://doi.org/10.
1093/brain/awv404

12. Alavi A, Barrio JR, Werner TJ, Khosravi M, Newberg A, Høilund-

Carlsen PF. Suboptimal validity of amyloid imaging-based diagnosis

andmanagement of Alzheimer’s disease: why it is time to abandon the

approach.Eur JNuclMedMol Imaging. 2020;47:225-30. https://doi.org/
10.1007/s00259-019-04564-5

13. Høilund-Carlsen PF, Barrio JR, Gjedde A, Werner TJ, Alavi A. Circu-

lar inference in dementia diagnostics. J Alzheimers Dis. 2018;63:69-73.
https://doi.org/10.3233/JAD-180050

14. Kepe V, Moghbel MC, Långströmd B, et al. Amyloid-β positron emis-

sion tomography imaging probes: a critical review. J Alzheimer’s Dis.
2013;36:613-31. https://doi.org/10.3233/JAD-130485

15. Kuwabara H, Evans AC, Gjedde A. Michaelis-Menten constraints

improved cerebral glucose metabolism and regional lumped constant

measurements with [18F] fluorodeoxyglucose. J Cereb Blood Flow
Metab. 1990;10:180-9. https://doi.org/10.1038/jcbfm.1990.33

16. Solbach C, Uebele M, Reischl G, MacHulla HJ. Efficient radiosynthe-

sis of carbon-11 labelled uncharged Thioflavin T derivatives using

[11C]methyl triflate for β-amyloid imaging in Alzheimer’s Disease

with PET. Appl Radiat Isot. 2005;62:591-5. https://doi.org/10.1016/j.
apradiso.2004.09.003

17. Cohen AD, Ikonomovic MD. Using Pittsburgh compound B for in vivo

PET imaging of fibrillar amyloid-beta. Adv Pharmacol. 2012;64:27-81.
18. JackCR, LoweVJ, SenjemML, et al. 11CPiBand structuralMRIprovide

complementary information in imaging of ADand amnesticMCI.Brain.
2008;131:665-80. https://doi.org/10.1093/brain/awm336.11

19. Ismail R, Parbo P, Hansen K V., et al. Abnormal amyloid load

in mild cognitive impairment: the effect of reducing the PiB-PET

threshold. J Neuroimaging. 2019;29:499-505. https://doi.org/10.1111/
jon.12629

20. Rodell AB, O’Keefe G, Rowe CC, Villemagne VL, Gjedde A. Cerebral

blood flow and Aβ-amyloid estimates by WARM analysis of [11C]PiB

uptake distinguish among and between neurodegenerative disorders

and aging. Front Aging Neurosci. 2017;8:1-11. https://doi.org/10.3389/
fnagi.2016.00321

21. Cohen AD, Klunk WE. Early detection of Alzheimer’s disease using

PiB and FDG PET.Neurobiol Dis. 2014;23:17. https://doi.org/10.1161/
CIRCULATIONAHA.110.956839

22. Gjedde A, Wienhard K, Heiss WD, et al. Comparative regional analy-

sis of 2-fluorodeoxyglucose and methylglucose uptake in brain of four

stroke patients. With special reference to the regional estimation of

the lumpedconstant. JCerebBlood FlowMetab. 1985;5:163-78. https://
doi.org/10.1038/jcbfm.1985.23

23. Nasrallah IM, Wolk DA. Multimodality imaging of Alzheimer disease

and other neurodegenerative dementias. J Nucl Med. 2014;55:22.
https://doi.org/10.1016/j.physbeh.2017.03.040

24. Lerche S, Brock B, Rungby J, et al. Glucagon-like peptide-1 inhibits

blood-brain glucose transfer in humans. Diabetes. 2008;57:325-31.
https://doi.org/10.2337/db07-1162

25. Leinonen V, Alafuzoff I, Aalto S, Suotunen T, Savolainen S, Någren K,

et al. Assessment of β-amyloid in a frontal cortical brain biopsy spec-

imen and by positron emission tomography with carbon 11–labeled

Pittsburgh compound B. Arch Neurol. 2008;65:1304-9. https://doi.org/
10.1001/archneur.65.10.noc80013

26. Rodell A, Aanerud J, Braendgaard H, Gjedde A. Washout allomet-

ric reference method (WARM) for parametric analysis of [11C]PIB in

human brains. Front Aging Neurosci. 2013;5:1-14. https://doi.org/10.
3389/fnagi.2013.00045

 15525279, 2023, 3, D
ow

nloaded from
 https://alz-journals.onlinelibrary.w

iley.com
/doi/10.1002/alz.12701 by D

et K
ongelige, W

iley O
nline L

ibrary on [23/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-1079-7629
https://orcid.org/0000-0002-1079-7629
https://doi.org/10.15252/emmm.201606210
https://doi.org/10.15252/emmm.201606210
https://doi.org/10.3389/fnagi.2016.00108
https://doi.org/10.3389/fnagi.2016.00108
https://doi.org/10.1038/s41598-017-17718-y
https://doi.org/10.1038/s41598-017-17718-y
https://doi.org/10.1038/nrneurol.2017.188
https://doi.org/10.3233/JAD-2010-1221
https://doi.org/10.3233/JAD-2010-1221
https://doi.org/10.1016/j.nicl.2019.101771
https://doi.org/10.1038/nrn3114
https://doi.org/10.1002/14651858.CD010386
https://doi.org/10.1177/0891988710363715
https://doi.org/10.1177/0891988710363715
https://doi.org/10.1093/brain/awv404
https://doi.org/10.1093/brain/awv404
https://doi.org/10.1007/s00259-019-04564-5
https://doi.org/10.1007/s00259-019-04564-5
https://doi.org/10.3233/JAD-180050
https://doi.org/10.3233/JAD-130485
https://doi.org/10.1038/jcbfm.1990.33
https://doi.org/10.1016/j.apradiso.2004.09.003
https://doi.org/10.1016/j.apradiso.2004.09.003
https://doi.org/10.1093/brain/awm336.11
https://doi.org/10.1111/jon.12629
https://doi.org/10.1111/jon.12629
https://doi.org/10.3389/fnagi.2016.00321
https://doi.org/10.3389/fnagi.2016.00321
https://doi.org/10.1161/CIRCULATIONAHA.110.956839
https://doi.org/10.1161/CIRCULATIONAHA.110.956839
https://doi.org/10.1038/jcbfm.1985.23
https://doi.org/10.1038/jcbfm.1985.23
https://doi.org/10.1016/j.physbeh.2017.03.040
https://doi.org/10.2337/db07-1162
https://doi.org/10.1001/archneur.65.10.noc80013
https://doi.org/10.1001/archneur.65.10.noc80013
https://doi.org/10.3389/fnagi.2013.00045
https://doi.org/10.3389/fnagi.2013.00045


RISCHEL ET AL. 783

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Rischel EB, Gejl M, Brock B, Rungby J,

Gjedde A. In Alzheimer’s disease, amyloid beta accumulation is

a protectivemechanism that ultimately fails. Alzheimer’s

Dement. 2023;19:771–783. https://doi.org/10.1002/alz.12701

 15525279, 2023, 3, D
ow

nloaded from
 https://alz-journals.onlinelibrary.w

iley.com
/doi/10.1002/alz.12701 by D

et K
ongelige, W

iley O
nline L

ibrary on [23/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/alz.12701

	In Alzheimer’s disease, amyloid beta accumulation is a protective mechanism that ultimately fails
	Abstract
	1 | NARRATIVE
	1.1 | Contextual background
	1.2 | Study design
	1.3 | Main results
	1.4 | Study conclusions and perspectives
	1.5 | Limitations

	2 | RESULTS AND STUDY DESIGN
	2.1 | Hypothesis generation
	2.2 | Hypothesis testing

	3 | METHODS
	3.1 | PIB imaging
	3.2 | FDG imaging
	3.3 | Study design and participants
	3.4 | Positron emission tomography
	3.5 | Kinetic analysis
	3.6 | Regions of interest
	3.7 | Statistical analysis
	3.7.1 | Hypothesis generation
	3.7.2 | Hypothesis testing


	ACKNOWLEDGMENTS
	CONFLICTS OF INTEREST
	AUTHOR CONTRIBUTIONS
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


