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A B S T R A C T   

We studied if midlife insulin resistance (IR) and APOE genotype would predict brain beta-amyloid (Aβ) accu
mulation and Aβ change in late-life in 5-year follow-up [11C]PIB-PET study. 43 dementia-free participants were 
scanned twice with [11C]PIB-PET in their late-life (mean age at follow-up 75.4 years). Participants were recruited 
from the Finnish Health2000 study according to their HOMA-IR values measured in midlife (mean age at midlife 
55.4 years; IR+ group, HOMA-IR > 2.17; IR− group, HOMA-IR <1.25), and their APOEε4 genotype. At late-life 
follow-up, [11C]PIB-PET composite SUVr was significantly higher in IR+ group than IR− group (median 2.3 
(interquartile range 1.7–3.3) vs. 1.7 (1.5–2.4), p = 0.03). There was no difference between IR- and IR+ groups in 
[11C]PIB-PET SUVr 5-year change, but the change was significantly higher in IR+/APOEε4+ group (median 
change 0.8 (0.60–1.0)) than in IR− /APOEε4− (0.28 (0.14–0.47), p = 0.02) and in IR+/APOEε4− group (0.24 
(0.06–0.40), p = 0.046). These results suggest that APOEε4 carriers with midlife IR are at increased risk for late- 
life Aβ accumulation.   

1. Introduction 

Metabolic risk factors, such as insulin resistance (IR) (Ekblad et al., 
2017; Peila et al., 2002), obesity (Kivipelto et al., 2005; Tang et al., 
2021) and type 2 diabetes (Chatterjee et al., 2016) have been shown to 
associate with cognitive decline and dementia. Previous research in
dicates there to be an association between IR and brain amyloid-beta 
(Aβ) accumulation (Ekblad et al., 2018), which is considered to be the 
earliest pathological hallmark of Alzheimer’s disease (AD). While the 
neurobiological mechanisms of this association have not yet been fully 
elucidated (Shieh et al., 2020), the brain has been found to be insulin 
resistant in AD even in the absence of diabetes (Talbot et al., 2012; Kim 
and Arvanitakis, 2023; Leclerc et al., 2022; Molina-Fernández et al., 
2022). Thus, it is reasonable to believe that IR might be associated with 

subsequent amyloid accumulation or dementia. 
There is a paucity of research focusing on the association between 

midlife insulin resistance and brain Aβ accumulation in cognitively 
healthy people. The existing studies are methodologically heterogenous 
and the findings have been mixed: Some prospective studies have linked 
various measures of metabolic risk factors, such as HOMA-IR (Ekblad 
et al., 2018), elevated BMI (Gottesman et al., 2017), dyslipidemia 
(Vemuri and Schöll, 2017) and diabetes (van Arendonk et al., 2023) at 
late-midlife to brain Aβ accumulation. Furthermore, findings from a 
cross-sectional study indicated HOMA-IR status to be associated with 
higher Aβ burden in frontal and temporal brain areas (Willette et al., 
2015). However, there are longitudinal studies that have not found an 
association between midlife insulin resistance and Aβ accumulation in 
late-life, measured with 2 h OGTT and HOMA-IR (Thambisetty et al., 

Abbreviations: [11C]PIB-PET, Pittsburgh compound B PET; Aβ, beta-amyloid; AD, Alzheimer disease; BMI, body mass index; BP, blood pressure; CERAD, Con
sortium to Establish a Registry for Alzheimer’s Disease; HOMA-IR, homeostatic model assessment of insulin resistance; IR, insulin resistance; OGTT, Oral glucose 
tolerance tests; PET, positron emission tomography; ROI, region of interest; SUVr, standardized uptake value ratio. 

* Corresponding author. 
E-mail address: empiet@utu.fi (E. Pietilä).  
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2013), and neither with midlife diabetes (Gottesman et al., 2017; 
Vemuri and Schöll, 2017; van Arendonk et al., 2023) nor obesity 
(Vemuri and Schöll, 2017; van Arendonk et al., 2023). Hence, further 
research with prospective data is clearly needed to explore this 
association. 

We have previously found that midlife IR was independently asso
ciated with brain Aβ accumulation in elderly individuals without de
mentia (Ekblad et al., 2018). In the present study we have extended the 
follow-up by five years and provide repeated measurements of brain Aβ 
burden using [11C]PIB-PET. We hypothesized that IR measured with 
HOMA-IR in midlife would predict higher brain Aβ burden 20 years later 
and a greater increase in brain Aβ accumulation during the 5-year im
aging follow-up from 15 to 20 years after the measurement of midlife 
HOMA-IR. It is well-established that APOEε4 genotype is an important 
risk factor for Aβ accumulation (Jansen et al., 2022). APOEε4 genotype 
is also associated with vascular risk factors (Lumsden et al., 2020) which 
in turn, often associate with insulin resistance and are also associated 
with cognitive decline. Therefore, our secondary hypothesis was that 
APOE genotype might modulate the association between IR and Aβ 
accumulation. To test these hypotheses, we re-examined 43 elderly 
volunteers after approximately 5 years with [11C]PIB-PET and analyzed 
differences between IR groups in Aβ load at the late-life follow-up and 
the change in Aβ accumulation during the 5-year follow-up. Secondary 
analyses were performed in groups stratified according to APOEε4 
genotype. 

2. Methods 

This longitudinal neuroimaging study population included 43 par
ticipants. The participants were originally recruited from the Finnish 
population-based Health 2000 study (Heistaro, 2008) according to their 
homeostatic model assessment of insulin resistance (HOMA-IR) values 
measured in their midlife in 2000, and APOEε4 genotype. [11C]PIB-PET 
imaging was conducted twice with [11C]PIB-PET in their late-life. Here 
we report the results from the late-life 5-year follow-up [11C]PIB-PET 
study. 

2.1. Health 2000 study 

The Health 2000 survey is a Finnish nationwide, population-based 
study by the Finnish Institute for Health and Welfare with baseline 
data collection in the years 2000–2001. The study population was a 
representative sample of the Finnish adult population. 8028 individuals 
aged 30 years or over were selected randomly from the Finnish popu
lation register. 6354 of them (79% participation rate, mean age 55.4 
years) participated in the health examination proper. A thorough health 
examination was conducted, and venous blood samples were collected 
(Heistaro, 2008). APOE genotype was defined with the MassARRAY 
System (Sequenom, San Diego, CA, USA) with a modified protocol (Jänis 
et al., 2004). The recruitment processes of the Health 2000 survey 
(Heistaro, 2008) have been described in detail previously. 

2.2. Study population and recruitment 

The study recruitment process is represented in Fig. 1. In late-life 
baseline in 2014, 60 dementia-free participants were recruited from 
those who had attended the Health 2000 survey according their HOMA- 
IR in their midlife in the year 2000 and APOEε4 genotype. The size of the 
study was based on power calculations of test–retest analyses of [11C] 
PIB-PET scans, which indicated that for a 90% power to obtain a sta
tistically significant difference between groups, 5 persons per group 
would be needed to detect a 15% difference in Aβ accumulation in the 
frontal cortex (Aalto et al., 2009). Two groups were formed: The insulin 
resistance group (IR+, HOMA-IR > 2.17 in the year 2000, highest tertile 
of the Health 2000 study population) and the control group (IR− , 
HOMA-IR <1.25 in the year 2000, lowest tertile of the Health 2000 

study population). Both groups included 30 participants and 50% 
APOEε4 carriers. Because APOEε4 genotype is a strong risk factor for Aβ 
accumulation, the study was designed to include an equal number of 
APOEε4 carriers in both groups. The recruitment processes of the late- 
life baseline[11C]PIB-PET study have been described in detail previ
ously (Ekblad et al., 2018). The results of the 2014–2016 late-life 
baseline [11C]PIB-PET study have been published previously (Ekblad 
et al., 2018; Toppala et al., 2021; Toppala et al., 2019). 

Late-life follow-up [11C]PIB-PET imaging study was conducted in the 
years 2019–2021. All the 60 participants who had taken part in our 
multimodal imaging study in late-life baseline were invited to partici
pate in the re-examinations after 5 years in late-life follow-up study. 
Participants were invited with a recruitment letter sent via the Finnish 
Institute for Health and Welfare. Altogether 55 individuals responded to 
the letter; two people did not respond; and three people had died during 
the follow-up. For data protection issues the Institute of Health and 
Welfare did not provide data on causes of these deaths. 46 were willing 
to participate; nine refused. Of those willing to participate three in
dividuals were further excluded from PET imaging due to miscellaneous 
reasons (did not want to undergo PET imaging (1); could not undergo 
MRI imaging (1); was diagnosed with AD before PET imaging (1)). 
Consequently, 43 elderly individuals took part in the 5-year late-life 
follow-up and were included in the analyses of the present study. 

Exclusion criteria for the late-life baseline study were type 2 diabetes 
in midlife, history of major stroke, any major neurological disease, 
diagnosis of dementia, and a contraindication for PET or MRI scan and, 
for the IR− group, diagnosis of type 2 diabetes after the year 2000. 
Those with both a risk allele and a protective allele for AD (ε4/ε2) were 
not included. 

2.3. Laboratory assessments 

The methods of laboratory assessment in midlife in the year 2000 
have been previously described (Toppala et al., 2019). HOMA-IR was 
calculated by the following equation: fasting insulin (μU/mL) × fasting 
glucose (mmol/L)/22.5 (Matthews et al., 1985). The methods of labo
ratory assessments in late-life baseline study in 2014–2016 have been 
described in previous publications (Ekblad et al., 2018; Toppala et al., 
2019). At the follow-up in 2019–2021 insulin was determined by ECLIA 
(electrochemiluminescence immunoassay) with a Cobas e801 immu
nochemistry analyzer (Roche Diagnostics GmbH, Mannheim, Germany), 
glucose by enzymatic photometry with a Cobas c702 chemistry analyzer 
(Roche Diagnostics GmbH), and hemoglobin A1c with an immuno
chemical method with a Cobas c501 and c513 analyzers (Roche Di
agnostics GmbH). Venous blood samples were drawn after an overnight 
fast (minimum 10 h). 

2.4. Study protocol 

PET and magnetic resonance imaging (MRI) was conducted at the 
Turku PET Centre. The participants underwent MRI with a 3-T MRI 
scanner (Philips Ingenuity TF PET-MR device, Philips Healthcare, 
Amsterdam, the Netherlands) to obtain anatomic reference and to 
exclude possible structural abnormalities. The same scanner and the 
same scanning protocol was used at both time points. 

[11C]PIB-PET imaging was performed to assess Aβ burden in the 
brain. A brain-dedicated high-resolution PET scanner, the ECAT HRRT 
(Siemens Medical Solutions, Knoxville, TN) was used at both time 
points. An individually shaped thermoplastic mask was used to mini
mize head movement. An external position detector (Polaris Vicra; 
Northern Digital, Waterloo, Canada) was used to monitor possible 
movements of the head. [11C]PIB was manufactured as previously re
ported (Snellman et al., 2017). The PET-scanning protocol at baseline in 
2014–2016 has been described previously (Ekblad et al., 2018). In 
2014–2016 [11C]PIB-PET was performed as a dynamic 90-min scan. In 
2019–2021 a shorter study protocol was used for better compliance. A 
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A)

B)

Age (mean)

MIDLIFE LATE-LIFE

Health 2000 Study

HOMA-IR

APOE

Baseline
[11C] PIB-PET

Follow-up
[11C] PIB-PET

55.2 years 70.7 years 75.4 years

20 years

Health 2000 Study

(n=6354)

IR+ group:

HOMA-IR > 2.17

(n=30)

IR- group:

HOMA-IR < 1.25

(n=30)

IR+/APOE�4+
(n=15)

IR+/APOE�4-
(n=15)

IR-/APOE�4+
(n=15)

IR-/APOE�4-
(n=15)

2000-2001
MIDLIFE

55.2 years (mean)

2014-2016
LATE-LIFE
BASELINE
PIB-PET

70.7 years (mean)

2019-2021
LATE-LIFE
FOLLOW-UP
PIB-PET

75.4 years (mean)

Recruitment letter sent to all participants (n=60)

Responded to letter (n=55)

Did not respond (n=2)

Had died during the

follow-up (n=3)

Were willing to participate (n=46)

Refused (n=9)

Could not undergo MRI

imaging (n=1)

Was diagnosed with AD

before PET imaging (n=1)

Did not want to undergo

PET imaging (n=1)

Final Study Sample (n=43)

IR+/APOE�4+
(n=11)

IR-/APOE�4+
(n=11)

IR-/APOE�4-
(n=13)

IR+/APOE�4-
(n=8)

IR+ group

(n=19)

IR- group

(n=24)

• [11C]PIB-PET
• MRI imaging
• Cognitive tests
• Laboratory tests

• HOMA-IR
• APOE genotyping

• [11C]PIB-PET
• MRI imaging
• Cognitive tests
• Laboratory tests

Fig. 1. Time line and flow chart of the study population. 
The participants of the present [11C]PIB-PET imaging study were recruited from the Health 2000 Study population according to the homeostatic model assessment of 
insulin resistance (HOMA-IR) values measured in their midlife and their APOE genotype. The late-life examinations included [11C]PIB-PET imaging at approximately 
15 and 20 years after the midlife measurements. Mean age at each time point is shown for the present study population (n = 43) (A). A flow-chart of the study 
recruitment process and of those who dropped out from the late-life follow-up study (B). 
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mean dose of 491 MBq (SD 24) [11C]PIB was administered intravenously 
outside the PET camera. The participants were instructed to lie down for 
30 min before being positioned inside the scanner. The PET scan was 
started at 40 min from injection and the scan time was 50 min (40 to 90 
min). 

2.5. Brain PET data analysis with Magia toolbox 

All the late-life PET data were analyzed using an in-house Magia 
toolbox pipeline (Karjalainen et al., 2020). The Magia toolbox is a 
standardized and fully automatic analysis pipeline for reproducible 
processing and kinetic modelling of brain PET data, running on MATLAB 
(The MathWorks, Inc., Natick, MA, USA), and including brain image 

preprocessing methods from SPM12-toolbox (Statistical Parametric 
Mapping; Wellcome Trust Centre for Neuroimaging, London, UK) and 
FreeSurfer (version 6.3, http://freesurfer.net/). Since the Magia toolbox 
was not used in our previous work (Ekblad et al., 2018), the PET data 
from the late-life baseline study was re-processed for the present study. 
Using Magia, all PET images were first motion-corrected and then cor
egistrated with the T1 MRI. Next, the pipeline produced voxel-by-voxel 
[11C]PIB standardized uptake value ratio (SUVr) images by utilizing 
imaging data from 60 to 90 min after tracer injection. For the main 
outcome, a composite cortical [11C]PIB score was calculated as a 
volume-weighted average of regions of interest (ROI) by using Free
Surfer anatomical parcellations. ROIs were based on regions where Aβ 
accumulation typically appears first in AD (Grothe et al., 2017) (parietal 

Table 1 
Characteristics of the study population according to A) insulin resistance (IR) groups and B) according to insulin resistance and APOE genotype at 
different phases of the study.  

A) IR- IR+ p value 

Midlife Health 2000 Study in 2000 
N (n/%) 24 (56%) 19 (44%)  
Women (n/%) 14 (58%) 9 (47%) 0.47 
Age (years) 54.5 (52.3–56) 55 (53–57) 0.51 
HOMA-IR 2000 0.9 (0.2) 3.3 (0.9) <0.0001 
APOE ε4 genotype (n/%) 11 (46%) 11 (58%) 0.43 
Education (years) 12.5 (10.3–16.8) 9 (8–15) 0.03  

Late-life baseline PIB-PET scan in 2014–2016 
Age at time PET scan (years) 70.5 (3.7) 71.0 (3.0) 0.56 
HOMA-IR 1.8 (1.0) 5.4 (4.5) <0.0001 
BMI (kg/m2) 24.4 (2.6) 29.5 (4.2) 0.0001 
HbA1c (mmol/mol), mean (SD) 34.4 (3.6) 38.2 (6.9) 0.03 
Serum total cholesterol (mmol/l) 5.3 (1.1) 4.9 (0.8) 0.3 
Medication for T2DM (n(%)) 0 (0%) 5 (26%) 0.008 
CERAD total score 92 (87.5–95) 86 (75–91) 0.014  

Late-life follow-up PIB-PET scan in 2019–2021 
Age at time PET scan (years) 74.1 (72.5–77.0) 74.8 (73.4–77.1) 0.50 
Time between PET scans (years) 4.8 (0.6) 4.5 (0.7) 0.13 
Time from Health 2000 (years) 20.3 (0.7) 20.2 (0.5) 0.67 
HOMA-IR 1.9 (1.1) 4.6 (2.7) <0.0001 
BMI (kg/m2) 25.6 (22.3–27.2) 28.9 (26.0–34.4) 0.002 
HbA1c (mmol/mol) 37.5 (3.4) 41.7 (5.7) 0.008 
Serum total cholesterol (mmol/l) 5.11 (1.0) 4.2 (0.9) 0.004 
Medication for T2DM (n(%)) 0 (0%) 6 (32%) 0.003 
[11C]PIB dose (MBq) 490 (476–503) 501 (489–505) 0.11 
CERAD total score 90 (82.3–93) 78 (71–82) 0.0002   

B) IR-/APOEε4- IR+/APOEε4- IR-/APOEε4+ IR+/APOEε4+ p value 

Late-life follow-up PIB-PET scan in 2019–2021 
N 13 8 11 11  
Women (n/%) 6/46% 4/50% 8/72% 5/45% 0.52 
Age at late-life baseline PET scan (years) 71.0 (4.4) 71.1 (4.3) 69.9 (2.8) 71.0 (1.9) 0.82 
Age at time late-life follow-up PET scan (years) 73.8 (72.6–78.8) 75.1 (72.0–79.4) 74.8 (72.3–77.2) 74.8 (73.8–77.1) 0.84 
Time between PET scans (years) 5.0 (0.7) 4.7 (0.3) 4.7 (0.3) 4.5 (0.8) 0.44 
HOMA-IR 1.9 (1.0) 5.6 (2.7) 1.9 (1.1) 3.8 (2.6) 0.0002 
BMI (kg/m2) 25.9 (22.6–28.2) 34.5 (30.2–36.2) 25.4 (22.1–27.2) 27.0 (24.2–28.9) 0.0013 
HbA1c (mmol/mol) 38.7 (3.3) 44.0 (6.0) 36.1 (2.9) 40.1 (5.1) 0.0034 
Serum total cholesterol (mmol/l) 4.9 (0.9) 4.3 (0.9) 5.4 (1.2) 4.1 (0.9) 0.025 
Medication for T2DM (n/%) 0/0% 5/63% 0/0% 1/9% 0.0002 
Education (years) 13 (10.5–17.5) 9 (8–11) 12 (10–15) 9 (8–18) 0.08 
CERAD total score 2014–2016 92 (90–96) 88 (77–94) 91 (87–95) 83 (72–90) 0.07 
CERAD total score 2019–2021 90 (83–93) 78 (68–84) 89 (82–93) 79 (72–81) 0.0024 

Study population characteristics according to (A) insulin resistance (IR) groups, and (B) IR and APOE genotype groups. IR was defined by Homeostatic 
Model Assessment for Insulin Resistance (HOMA-IR) values in participants’ midlife from the Health 2000 Study. 
Differences between the IR groups were assessed with Two Sample t-test for normally distributed variables; with the Wilcoxon Rank sum test for 
variables with a skewed distribution (CERAD total scores, [11C]PIB dose, education, body mass index (BMI) at follow-up, and age in 2000 and 
2019–2021); and with Pearson’s Chi-Square test for categorical variables. A logarithmic transformation was used for HOMA-IR at all time points, and 
HbA1c (hemoglobin A1c) and age at baseline to achieve normal distribution. Differences between the IR/APOE groups were assessed with one-way 
ANOVA and Kruskal-Wallis test. The results are shown as mean (SD) or median (interquartile range) unless stated otherwise. p-value indicates over
all differences between groups. 
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cortex, prefrontal cortex, anterior cingulum, posterior cingulum, pre
cuneus, lateral temporal cortex). The exact FreeSurfer regions for each 
ROI have been described in our previous article (Toppala et al., 2021). 
Cerebellar cortex was utilized as a reference region (Lopresti et al., 
2005). 

The change in [11C]PIB composite score from late-life baseline to 
follow-up was calculated as [11C]PIB composite score at late-life follow- 
up in 2019–2021 subtracted by [11C]PIB composite score at late-life 
baseline in 2014–2016. Additionally, the [11C]PIB SUVr images were 
spatially normalized and smoothed with 3D Gaussian 8 mm FWHM (Full 
Width at Half Maximum) filter, in order to carry out voxel level analyses. 

2.6. Cognitive tests and demographic variables 

Cognitive testing was performed at follow-up by trained psychology 
students according to the Finnish version of the Consortium to Establish 
a Registry for Alzheimer’s Disease (CERAD) test (Morris et al., 1989) and 
CERAD total score was counted as previously reported (Chandler et al., 
2005). Level of education was defined as years by interview. 

2.7. Standard protocol approvals, registrations, and patient consents 

The Finnish Health 2000 study was approved by the Ethics Com
mittee for Epidemiology and Public Health in the hospital district of 
Helsinki and Uusimaa, Finland. The late-life baseline and follow-up 
[11C]PIB-PET imaging studies were approved by the Ethics Committee 
of the Hospital District of Southwest Finland. All participants gave 
written informed consent before they attended the studies. All study 
procedures were conducted according to Good Clinical Practice guide
lines and the Declaration of Helsinki. 

2.8. Statistical analysis 

To analyze the differences between IR− and IR+ groups in study 
characteristics we used Student’s two-sample t-test for variables with a 
normal distribution, the Wilcoxon rank sum test for variables with a 
skewed distribution, and Pearson’s ChiSquare test for categorical vari
ables (Table 1A.). Differences in characteristics among the IR groups 
further stratified by APOEε4 genotype were analyzed with ANOVA or 
Kruskall-Wallis test, and post-hoc pairwise differences between each IR/ 
APOE group were assessed with Tukey’s honest significant test or with 
the Steel-Dwass method (Table 1B.) A logarithmic transformation was 
used for HOMA-IR at all time points, and HbA1c (hemoglobin A1c) and 
age at baseline to achieve normal distribution. Differences between the 
17 individuals who did not attend the follow-up analyses and those who 
attended were evaluated with Wilcoxon test/ Pearson’s ChiSquare test. 

Differences in [11C]PIB composite SUVr at follow-up between the IR 
groups was compared with Wilcoxon rank sum test and among the 
further stratified IR/APOEε4 groups with Kruskall-Wallis test, followed 
by pair-wise comparisons with the Steel-Dwass method. Differences in 
the change in [11C]PIB composite SUVr during the 5-year follow-up 
were analyzed similarly. 

The interaction of ‘IR group × APOEε4 genotype’ on the association 
with [11C]PIB composite SUVr at follow-up and the change in [11C]PIB 
composite SUVr during the 5-year follow-up was evaluated with linear 
models where IR group, APOEε4 genotype and the interaction term were 
entered as predictors. 

To evaluate if APOE genotype, age, sex or education would impact 
the results considering IR group differences in [11C]PIB composite SUVr 
at follow-up or the change in [11C]PIB composite SUVr during the 5-year 
follow-up we also ran linear models adjusted for APOE genotype, and 
APOE genotype, age, sex and education. In addition, analyses for dif
ferences in the change in [11C]PIB composite SUVr during the 5-year 
follow-up were further adjusted for time from baseline to follow-up. 
The normality assumption of these linear models was inspected from 
the residuals. 

Spearman’s correlation was utilized to assess the association be
tween continuous HOMA-IR and Aβ accumulation. 

Voxel-wise analyses for the differences in the change in [11C]PIB 
composite SUVr during the 5-year follow-up between the “highest risk” 
i.e. IR+/ APOEε4+ and the “lowest risk”, IR− / APOEε4− groups 
without pre-defined ROIs were carried out in SPM12 for demonstrative 
purposes. First, normalized and smoothed delta SUVr maps were ob
tained by calculating the difference of normalized and smoothed follow- 
up and baseline [11C]PIB SUVr images. Then, differences in these delta 
SUVr images between the IR+/ APOEε4+ and IR− / APOEε4− groups 
were evaluated with two-sample t-test, combining p-value <0.0001 with 
cluster-level false discovery rate (FDR) correction (p < 0.05) for multiple 
comparisons. 

Statistical significance was set at p < 0.05 (two-sided) for all ana
lyses. The analyses were performed with SAS JMP Pro 16.1 (SAS Insti
tute, Cary, NC). 

3. Results 

3.1. Demographics 

The mean age of the study population at midlife in the year 2000 was 
55.2 (range 50 to 65) years; 70.7 (range 66 to 80) years at the time of the 
late-life baseline [11C]PIB-PET scans in 2014–2016; and 75.4 (range 70 
to 86) years at the time of the late-life follow-up [11C]PIB-PET scans in 
2019–2021 (Table 1A). The mean follow-up time between the PET scans 
was 4.7 (SD 0.6) years. The IR+ group (n = 19) included 11 (57 %) 
APOEε4 carriers and the IR− group (n = 24) included 11 (46 %) APOEε4 
carriers. There were no differences between IR− and IR+ groups on age, 
sex, APOEε4 carriership status, time from midlife measurements to 20- 
year follow-up [11C]PIB-PET scans or time between [11C]PIB-PET 
scans (Table 1A). The IR+ group had higher HbA1c, serum total 
cholesterol, more often medication for type 2 diabetes and a lower level 
of education than IR− group (Table 1A). 

The characteristics of the stratified IR/APOE groups are shown in 
Table 1B. The IR/APOE groups did not differ among age, sex, education, 
[11C]PIB dose or CERAD total score at baseline in 2014–2016 (Table 1B). 
All 6 participants diagnosed with diabetes were receiving metformin 
medication and one of them was using combination of liraglutide and 
metformin in the IR+/ APOEε4− group. 

The group of individuals who participated in the baseline [11C]PIB- 
PET study 2014–2016, but not in the follow-up in 2019–2021 (n = 17) 
did not differ from those who participated in both neuroimaging studies 
(n = 43) in terms of age (p = 0.28), CERAD total score (p = 0.31), or 
[11C]PIB composite score at baseline in 2014–2016 (p = 0.86). In 
addition, the group in which the participant belonged to (IR/APOE) was 
not associated with taking part in the follow-up studies (p = 0.24). The 
persons who did not participate in the late-life follow-up study did not 
differ from those who participated in the 5-year follow-up in medication 
for type 2 diabetes (p = 0.14) or hypertension (p = 0.96) or other car
diovascular disease than hypertension (p = 0.72) at baseline. 

3.2. Midlife IR and APOE genotype predicted higher [11C]PIB composite 
SUVr after 20 years 

[11C]PIB composite SUVr at the late-life follow-up, 20 years after the 
measurement of midlife IR, was significantly higher in the IR+ group 
than in the IR− group ([11C]PIB composite SUVr median 2.3 (inter
quartile range, IQR 1.7–3.3) vs. 1.7 (IQR 1.5–2.4), p = 0.03) (Fig. 2A, 
Table 2). APOE genotype was a strong predictor of [11C]PIB composite 
SUVr at follow-up (p < 0.0001). IR group predicted [11C]PIB composite 
SUVr at follow-up also after adjusting for APOE genotype (p = 0.03). The 
association between IR status and [11C]PIB composite SUVr was 
borderline significant after further adjustments for age and sex (p =
0.06). IR group predicted [11C]PIB composite SUVr at follow-up after 
adjusting for age, sex and education (p = 0.01). (Table 2). 
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There was a difference among the IR/APOE groups in [11C]PIB SUVr 
at the late-life follow-up (p = 0.0002). Pair-wise analyses showed that 
[11C]PIB SUVr at follow-up was higher in the IR+/APOEε4+ group than 
in either the IR− /APOEε4− (p < 0.001) or IR+/APOEε4− groups (p =
0.002) (Fig. 2B). No significant differences were found among the other 
IR/APOEε4 groups (Fig. 2B). Adjusting for age and sex did not change 
these results (p < 0.0001 for overall differences among groups). 
(Table 2) 

3.3. Difference in 5-year change from baseline to follow-up [11C]PIB 
composite SUVr according to midlife insulin resistance group and APOEε4 
genotype 

There was no difference between IR+ and IR− groups in the 5-year 
change in [11C]PIB composite SUVr (p = 0.29) (Fig. 3). Adjusting for 
age and sex, or age, sex and time between scans or age, sex and edu
cation did not change these results. (Table 3). 

Change in [11C]PIB SUVr from baseline to follow-up was greater in 
the IR+/APOEε4+ group than in the IR− /APOEε4− (median change 
(IQR) 0.8 (0.60–1.0) vs. 0.28 (0.14–0.47), p = 0.02) or IR+/APOEε4−
groups (median change (IQR) SUVr 0.8 (0.60–1.0) vs. 0.24 (0.06–0.40), 
p = 0.046). There was no difference between the IR+/APOE ε4+ and 
IR− /APOE ε4+ groups (p = 0.86). (Fig. 3) Adjusting for age and sex, or 
age, sex and time between scans did not change these results (Table 3). 

3.4. Interactions between IR group and APOEε4 genotype 

There was an interaction for ‘IR group × APOEε4 genotype’ on the 
association with [11C]PIB composite SUVr at follow-up (p = 0.03). The 
‘IR group × APOEε4 genotype’ interaction for the change in [11C]PIB 
composite SUVr during the 5-year follow-up was not significant (p =
0.29). However, according to our hypothesis, analyses stratified for 
APOE genotype were performed also for the change in [11C]PIB com
posite SUVr during the 5-year follow-up. 

3.5. Continuous midlife HOMA-IR and late-life baseline HOMA-IR 
correlated with [11C]PIB composite score at late-life follow-up 

To evaluate whether midlife or late-life IR would be associated with 
brain Aβ accumulation we explored the non-parametric correlations 
between continuous midlife (measured in the year 2000), late-life 
baseline (measured in 2014–2016) and late-life follow-up (measured 
in 2019–2021) HOMA-IR and late-life follow-up [11C]PIB composite 
SUVr (Fig. 4). Midlife HOMA-IR (Spearman’s correlation coefficient (rS) 
= 0.39, p = 0.01) and HOMA-IR in late-life baseline (rS = 0.34, p = 0.03) 
and the average of midlife HOMA-IR and late-life baseline HOMA-IR (rS 
= 0.40, p = 0.009) correlated with [11C]PIB composite SUVr at follow- 
up in 2019–2021. There was no cross-sectional association between 
HOMA-IR and [11C]PIB composite SUVr at the late-life follow-up (rS =

Fig. 2. [11C]PIB composite SUVr at late-life follow-up according to (A) midlife insulin resistance (IR) group and (B) IR/APOE group. 
The box plots show median [11C]PIB composite standardized uptake value ratio (SUVr) values with interquartile ranges. Group differences are assessed with non- 
parametric tests. Pairwise comparisons among the insulin resistance and APOE genotype (IR/APOE) groups were evaluated with the Steel-Dwass method. p-values: * 
< 0.05; *** < 0.001; **** < 0.0001. 

Table 2 
Adjusted associations between insulin resistance (IR) group (IR− vs. IR+) and 
IR/APOE groups and [11C]PIB composite standardized uptake value ratio (SUVr) 
at late-life follow-up.   

[11C]PIB composite SUVr at late-life follow-up 

β (SE) 95% confidence interval p value 

IR group − 0.24 (0.11) 1.98 to 2.4 0.03     

IR group − 0.19 (0.08) − 0.36 to − 0.02 0.03 
APOE genotype − 0.42 (0.08) − 0.59 to − 0.26 <0.0001     

IR group − 0.17 (0.08) − 0.34 to 0.004 0.06 
APOE genotype − 0.45 (0.08) − 0.62 to − 0.28 <0.0001 

Age 0.03 (0.02) − 0.02 to 0.08 0.22 
Sex 0.11 (0.09) − 0.06 to 0.28 0.20     

IR group − 0.29 (0.11) − 0.52 to − 0.06 0.01 
Age 0.02 (0.03) − 0.05 to 0.08 0.6 
Sex − 0.007 (0.11) − 0.23 to 0.22 0.96 
Education 0.05 (0.03) − 0.01 to 0.10 0.12     

IR/APOE group   <0.0001a 

Age 0.03 (0.02) − 0.02 to 0.07 0.30 
Sex 0.08 (0.08) − 0.09 to 0.25 0.33 

The results are derived from linear models and shown as estimates (β) with 
standard error (SE) and 95% confidence intervals for each variable in each 
model. First, the analyses were adjusted for APOE genotype and then further for 
age, sex and education. The analyses for IR/APOE genotype were adjusted for 
age and sex. a = The p-value is defined for overall group differences between the 
four IR/APOE groups (IR− /APOEε4− ; IR+/APOEε4− ; IR− /APOEε4+; IR+/ 
APOEε4+). 
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0.24, p = 0.13). 

3.6. Statistical parametric mapping (SPM) showing differences in the 
change of 5-year [11C]PIB SUVr between the IR+/APOEε4+ and IR− / 
APOEε4- groups 

The results of voxel-by-voxel differences (Fig. 5) showed that the 
change in [11C]PIB SUVr from baseline to follow-up was greater in the 
IR+/ APOEε4+ group when compared to the IR− / APOEε4- group in the 
right temporal cortex, and also in the frontal and parietal cortices as 
shown in Fig. 4. 

4. Discussion 

In community-dwelling, dementia-free elderly individuals, midlife 
IR did not predict a greater increase in Aβ accumulation during the five- 
year [11C]PIB-PET imaging follow-up (from 15 to 20 years after midlife) 
in regions typical for Aβ accumulation in AD in the whole study group. 
Most importantly, individuals with both midlife IR and APOEε4 allele 
had a greater increase in brain Aβ load during the 5-year follow-up when 
compared to APOEε4 non-carriers with either normal midlife insulin 
sensitivity or midlife IR. This finding suggests that the presence of 
APOEε4 might accelerate the rate of late-life brain Aβ accumulation 
individuals with midlife IR. In line with our previous findings, midlife IR 
predicted higher brain Aβ load 20 years later in late-life. We also found 
that both mid- and late-life HOMA-IR measured 20 and 5 years before 
the [11C]PIB-PET scans was associated with Aβ accumulation. However, 
there was no cross-sectional association between HOMA-IR and Aβ load 
in late-life. 

Our results are in line with previous studies suggesting that specif
ically midlife would be a crucial time phase for examining metabolic risk 
factors when evaluating their effect on cerebral Aβ accumulation 
(Ekblad et al., 2018; Gottesman et al., 2017; Willette et al., 2015; 
Hoscheidt et al., 2016). In contrast, late-life IR has not been associated 
with Aβ levels measured with PET (Pekkala et al., 2020; Laws et al., 
2017) or from CSF (Laws et al., 2017; Ennis et al., 2021). In the present 
study continuous HOMA-IR was associated with cortical Aβ load when 
HOMA-IR was measured 20 or 5 years before the scans, but not cross- 

Fig. 3. 5-year change from baseline to follow-up in [11C]PIB composite SUVr according to (A) midlife insulin resistance (IR) group and (B) IR/APOE group. 
The box plots show median [11C]PIB composite SUVr values with interquartile ranges at late-life baseline and follow-up. Group differences are assessed with non- 
parametric Kruskall-Wallis test. Pairwise comparisons in the change from baseline to follow-up in [11C]PIB composite SUVr among the IR/APOE groups were 
evaluated with the Steel-Dwass method. For Fig. 3B, only pairwise differences with p-values <0.05 are shown with star symbols. p-values: * < 0.05; ** < 0.01. Ns =
non-significant. 

Table 3 
Adjusted associations between insulin resistance (IR) (IR− vs IR+) and IR/APOE 
groups and 5-year change in [11C]PIB composite standardized uptake value ratio 
(SUVr).   

5-year change in [11C]PIB composite SUVr 

β (SE) 95% confidence interval p value 

IR group − 0.05 (0.06) − 0.18 to 0.08 0.42 
Age 0.007 (0.02) − 0.03 to 0.04 0.71 
Sex 0.01 (0.06) − 0.12 to 0.14 0.86     

IR group − 0.05 (0.07) − 0.18 to 0.08 0.44 
Age 0.007 (0.02) − 0.03 to 0.05 0.72 
Sex 0.01 (0.07) − 0.12 to 0.14 0.88 
Time between scans − 0.003 (0.11) − 0.22 to 0.22 0.98     

IR group − 0.08 (0.06) − 0.22 to 0.05 0.20 
Age 0.01 (0.02) − 0.03 to 0.05 0.59 
Sex − 0.02 (0.06) − 0.15 to 0.11 0.79 
Education 0.03 (0.02) − 0.006 to 0.06 0.10     

IR/APOE group   0.003 a 

Age 0.01 (0.02) − 0.02 to 0.05 0.45 
Sex 0.03 (0.06) − 0.08 to 0.14 0.56     

IR/APOE group   0.003a 

Age 0.01 (0.02) − 0.02 to 0.05 0.43 
Sex 0.05 (0.06) − 0.07 to 0.17 0.40 
Time between scans 0.09 (0.10) − 0.11 to 0.28 0.37 

The results are derived from linear models and shown as estimate (β) with 
standard error (SE) and 95% confidence intervals for each variable in each 
model. First, the analyses were adjusted for age and sex and then further for time 
between scans and education. The analyses for IR/APOE genotype were adjusted 
for age and sex, and then further for time between the [11C]PIB-PET scans. a =

The p-value is defined for overall group differences among the four IR/APOE 
groups (IR− /APOEε4− ; IR+/APOEε4− ; IR− /APOEε4+; IR+/APOEε4+). 
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sectionally. Since Aβ accumulation is a slow process that begins 
approximately 20 years before the onset of cognitive decline, it is logical 
that risk factors for Aβ accumulation might be more important at the 
early phases of Aβ accumulation. Moreover, as an extension to previous 
findings, we found participants presenting with both APOEε4 and IR to 

be at greatest risk for subsequent amyloid accumulation. Focusing on 
this interaction is clinically important, as individuals with metabolic risk 
factors and APOEε4 have been found to benefit from multimodal inter
vetions, as indicated by FINGER study (Solomon et al., 2018). To date, 
there is some literature exploring this interaction. In the ARIC study the 
association between midlife obesity and late-life Aβ accumulation was 
found in APOEε4 carriers, but not in non-carriers, although there was no 
statistically significant interaction for IR and APOE genotype (Gottes
man et al., 2017). 

Previous studies evaluating the association between IR and in vivo 
biomarkers of AD that would include repeated measurements are scarce. 
In a study with repeated CSF sampling from late midlife, IR was not 
related to the change in CSF biomarkers of AD in non-demented adults 
(Ennis et al., 2021). Secondary analyses indicated an interaction for 
APOEε4 genotype, suggesting that higher IR predicted a higher CSF 
phospho-tau181/Aβ42 ratio in APOEε4 carriers only (Ennis et al., 2021). 
The Baltimore Longitudinal Study of Aging study indicated that meta
bolic syndrome assessed at late-life was associated with a greater in
crease in Aβ accumulation in individuals who were Aβ positive at 
baseline (Gomez et al., 2018). Our findings extend the previous studies 
by providing measurements of HOMA-IR already in midlife; by enrich
ing the study population for APOEε4 carriers; by measuring brain Aβ 
accumulation in two late-life time points; and by extending the follow- 
up to 20 years from midlife. 

Our finding in this longitudinal [11C]PIB-PET imaging 5-year follow- 
up study revealed that midlife IR was not associated with the increased 
change in Aβ accumulation in late-life during ages from 70.7 to 75.4 
years (mean), although the total Aβ burden was significantly greater in 
the IR group. However, in subgroup analyses, Aβ burden change in late- 
life was significantly higher in the group with IR and APOEε4 genotype 
than in groups with normal insulin sensitivity and APOEε4 non-carriers 
as well as in group with IR and APOEε4 non-carriers. It is well known 
that Aβ accumulation begins at least 20 years before the onset of 
cognitive decline in the AD continuum (Rowe et al., 2010). Older age 
and especially APOEε4 carrier status are associated with accelerated 
amyloid abnormality prevalence, and in late-life this curve is sharp 
(Jansen et al., 2022). Our results suggest that in addition to these pre
viously established risk factors for Aβ accumulation, IR could also play 
an important role in the late-life Aβ accumulation rate in APOEε4 
carriers. 

The mechanisms underlying the association between IR and Aβ has 
been widely studied in rodents and in in vitro models. It has been 

Fig. 4. Correlation between midlife HOMA-IR (A), late-life baseline HOMA-IR (B) and late-life follow-up HOMA-IR (C) and [11C]PIB composite score at late-life 
follow-up. 
The scatterplot matrixes with regression lines and 95% confidence intervals of the continuous association between HOMA-IR at different phases of the study and 
[11C]PIB composite score at late-life follow-up. 

Fig. 5. Voxel-wise analyses for differences between IR+/APOEε4+ and IR− / 
APOEε4− groups in the change in [11C]PIB composite SUVr during the 5-year 
follow-up. 
Voxel-by-voxel analysis of the difference between the IR+/APOE ε4+ and IR− / 
APOE ε4− groups in the change of [11C]PIB uptake during the 5-year follow-up, 
assessed with statistical parametric mapping (SPM). Change in [11C]PIB uptake 
during the 5-year follow-up in the IR+/APOE ε4+ and IR− /APOE ε4− groups 
was first obtained by calculating the difference of normalized and smoothed 
follow-up and baseline [11C]PIB SUVr images. Cortical regions where the dif
ference between the groups was significant are shown in color in the image, 
yellow being most significant. Multiple comparisons were corrected using false 
discovery rate (FDR) by using a cluster-defining threshold of p < 0.001 and 
where the p < 0.05 FDR-corrected critical cluster size was 862 voxels. Right (R) 
and left (L) sides of the cortex are marked in the figure. 
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demonstrated that insulin protects against Aβ synaptotoxicity and 
modulates its clearance from the brain (Zhao et al., 2009). Insulin and 
Aβ share a common degrading enzyme in the brain, and in IR this 
enzyme seems to be down-regulated which can result in increased Aβ 
accumulation (Pandini et al., 2013). Moreover, it has been shown that in 
human apoE-targeted replacement mice aged apoE4, but not apoE3 mice 
developed cerebral IR which was further exacerbated by a high- 
saturated fat diet and peripheral IR (Zhao et al., 2017).Recently, it 
was demonstrated that Aβ40 monomers can bind to and activate insulin 
receptors, but that Aβ40 oligomers can block insulin receptors, resulting 
in impaired insulin function (Molina-Fernández et al., 2022). Together, 
these preclinical studies imply that there could be a mechanistic link 
between IR and Aβ. 

The strengths of our study are the long follow-up with repeated 
measurements of both IR and Aβ PET; the well-characterized study 
population; the measurement of midlife IR; and enriching the study 
population for APOEε4 carriers. Amyloid accumulation was also deter
mined with automatized Magia toolbox pipeline resulting a quantitative 
continuous scale of SUVr without cutoff points. However, there are also 
limitations: We did not measure tau pathology which has also been 
associated with IR, and which is known to correlate better with the 
clinical symptoms of AD, i.e. cognitive decline, than brain Aβ accumu
lation. However, our study population was still relatively well-preserved 
cognitively at follow-up and therefore we would not have expected our 
participants to have wide-spread tau pathology. Our study was relatively 
small which might limit firm conclusions that can be drawn from these 
data. According to previous test-re-test analyses and the power calcu
lations of the present study, the study groups were large enough to 
detect a 15% difference in cortical Aβ. There were a few dropouts since 
the late-life baseline study. These individuals were mostly from the IR+/ 
APOEε4− group which might have diluted our results considering dif
ferences between the IR groups. We found no significant differences 
between the dropouts and the follow-up study population among 
medication for type 2 diabetes, hypertension, or other cardiovascular 
diseases than hypertension nor among strokes at the baseline. The in
dividuals with midlife IR were more likely to be on diabetic medications 
than those who were insulin sensitive in midlife. Since diabetes medi
cations often target insulin resistance, this difference would have diluted 
our results, rather than resulted in false positive association between IR 
and Aβ. 

To conclude, we demonstrate that midlife IR predicts brain Aβ after a 
follow-up of 20 years, and that especially APOEε4 carriers with midlife 
IR are at an increased risk for late-life Aβ accumulation and increased 
change in Aβ burden in late-life. These results together with the previous 
literature suggest that interventions targeted at reducing dementia risk 
might be most useful in APOEε4 carriers with midlife insulin resistance. 
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