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Abstract
Objective
To examine whether midlife insulin resistance is an independent risk factor for brain amyloid
accumulation in vivo after 15 years, and whether this risk is modulated by APOE e4 genotype.

Methods
This observational study examined 60 elderly volunteers without dementia (mean age at
baseline 55.4 and at follow-up 70.9 years, 55.5% women) from the Finnish population-based,
nationwide Health2000 study with [11C]Pittsburgh compound B–PET imaging in 2014–2016.
The participants were recruited according to their homeostatic model assessment of insulin
resistance (HOMA-IR) values in the year 2000, and their APOE e4 genotype. The exposure
group (IR+, n = 30) consisted of individuals withHOMA-IR >2.17 at baseline (highest tertile of
the Health2000 study population), and the control group (IR−, n = 30) consisted of individuals
with HOMA-IR <1.25 at baseline (lowest tertile). The groups were enriched for APOE e4
carriers, resulting in 50% (n = 15) APOE e4 carriers in both groups. Analyses were performed
with multivariate logistic and linear regression.

Results
An amyloid-positive PET scan was found in 33.3% of the IR− group and 60.0% of the IR+ group
(odds ratio 3.0, 95% confidence interval 1.1–8.9, p = 0.04). The increased risk was seen in
carriers and noncarriers of APOE e4 genotype. Higher midlife, but not late-life continuous
HOMA-IR was associated with a greater brain amyloid burden at follow-up after multivariate
adjustments for other cognitive and metabolic risk factors (β = 0.11, 95% confidence interval
0.002–0.22, p = 0.04).

Conclusions
These results indicate that midlife insulin resistance is an independent risk factor for brain
amyloid accumulation in elderly individuals without dementia.
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Type 2 diabetes mellitus (T2DM) is a risk factor for
Alzheimer disease (AD).1–3 These diseases share many
common pathogenic features, such as low-grade chronic in-
flammation and insulin resistance (IR).4 In vitro and animal
studies suggest that IR could contribute to the neuropathol-
ogy of AD through multiple different pathways.5,6 There is
epidemiologic evidence that IR increases the risk of AD.7–10

However, the previous PET studies on IR and brain β-amyloid
(Aβ) accumulation have yielded conflicting results.11–13 Thus,
it is not clear whether IR is a risk factor for AD neuropa-
thology in humans.

APOE e4 genotype is an acknowledged risk factor for Aβ
accumulation14 and AD.15 Previous epidemiologic studies
suggest an interaction between IR andAPOE e4 on AD risk.7,9

The neuropathologic Honolulu-Asia study found an in-
teraction between diabetes and APOE e4 on brain Aβ load.16

To date, the possible interactions between IR and APOE e4
on brain amyloid accumulation in vivo have not been exten-
sively studied.

Based on these previous findings, we hypothesized that
midlife IR would increase the risk of brain amyloid accumu-
lation in late-life, and that this risk might be modulated by
APOE e4 genotype. To test these hypotheses, we recruited 60
volunteers based on their homeostatic model assessment of
IR (HOMA-IR)17 values and their APOE genotype, assessed
15 years previously in the Health2000 study, to participate in
a PET study.

Methods
Study population and recruitment criteria
The study volunteers were recruited from the Finnish, na-
tionwide, population-based Health2000 health examination
survey, conducted by the Finnish National Institute for
Health and Welfare in 2000–2001. In the Health2000 study,
8,028 individuals were randomly selected from the Finnish
population register using a 2-stage stratified cluster sampling
procedure. The participation rate was 79% (n = 6,354) for the
health examination proper, which included a thorough
physical examination and venous blood sampling.18

Individuals who, at baseline, had fasted for <4 hours (n =
229), who had insulin treatment or unknown diabetes med-
ication (n = 59), or had missing HOMA-IR values (n = 4)
were excluded, and thus 6,062 individuals were eligible for
recruitment (figure e-1, links.lww.com/WNL/A292).

The power calculations were based on test–retest analyses of
[11C] Pittsburgh compound B ([11C]PiB)-PET scans, which
indicate that for a 90% power to obtain a statistically signifi-
cant difference between groups, 5 persons per group would be
needed to detect a 15% difference in [11C]PiB accumulation
in the frontal cortex.19

In 2014, a total of 60 volunteers with a birth year from 1934 to
1949 were recruited from the Health2000 study population to
participate in this follow-up study. We recruited 30 individuals
with elevated HOMA-IR values in the year 2000 (IR+ group:
HOMA-IR in the highest tertile of the Health2000 study
population, HOMA-IR >2.17) and 30 with normal midlife
HOMA-IR values (IR− group: HOMA-IR in the lowest tertile
of the Health2000 study population, HOMA-IR <1.25). To
examine the possible modulating effects of APOE e4, the study
population was enriched for APOE e4 carriers, yielding 50%
(n = 15)APOE e4 carriers in both groups.APOE e4 carriership
was defined as having either an e4/e4 or an e4/e3 genotype
(noncarriers e3/e3 or e2/e3). Those with both a risk allele and
a protective allele for AD (e4/e2) were not included.

Exclusion criteria were a contraindication for PET or MRI
scan (such as claustrophobia), history of major stroke, di-
agnosis of dementia, T2DM in 2000, and, for the IR− group,
diagnosis of T2DM after the year 2000.

All individuals who responded to the invitation letter and who
gave permission to be contacted were interviewed via telephone
and given more detailed information on the study procedures.
Those who were willing to participate and eligible based on the
telephone interview were selected to participate based on (1)
how close they lived to the Turku PET Centre (people living in
Turku or the communities nearby were preferred), (2) when
their letter of response had arrived, and (3) the age and sex of
the volunteers (the IR+/IR− groups were age- and sex-
matched). A detailed flowchart of the recruitment process is
provided in figure e-1 (links.lww.com/WNL/A292).

The mean age of the study population at baseline in 2000 was
55.4 years and at the time of PET scans was 70.9 years; 55.5%
were women.

Standard protocol approvals, registrations,
and patient consents
The Health2000 study was approved by the Ethics Com-
mittee for Epidemiology and Public Health in the Hospital
District of Helsinki and Uusimaa, Finland. This follow-up
study was approved by the Ethics Committee of the Hospital

Glossary
Aβ = β-amyloid; AD = Alzheimer disease; ARIC = Atherosclerosis Risk in Communities; BMI = body mass index; CERAD =
Consortium to Establish a Registry for Alzheimer’s Disease; CI = confidence interval; HOMA-IR = homeostatic model
assessment of insulin resistance; IR = insulin resistance; OR = odds ratio; PiB = Pittsburgh compound B; ROI = region of
interest; SUVR = standardized uptake value ratio; T2DM = type 2 diabetes mellitus.
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District of Southwest Finland. All participants gave written
informed consent to participate in the studies.

Laboratory assessments and covariates
The methods of laboratory assessments in 2000 have been
previously described.20,21 At the follow-up in 2014–2016, in-
sulin was determined by ECLIA (electrochemiluminescence
immunoassay) with a Cobas e602 immunochemistry analyzer
(Roche Diagnostics GmbH, Mannheim, Germany), glucose
by enzymatic photometry with a Cobas c702 chemistry ana-
lyzer (Roche Diagnostics GmbH), and hemoglobin A1c with
an immunochemical method with a Cobas c501 analyzer
(Roche Diagnostics GmbH). HOMA-IR was counted by the
following equation: fasting insulin (μU/mL) × fasting glucose
(mmol/L)/22.5.17 APOE e4 genotyping was performed by
using the MassARRAY System (Sequenom, San Diego, CA)
with a modified protocol that has been described in detail
elsewhere.22 Hypertension was defined as systolic RR ≥140 or
diastolic ≥90 mm Hg or use of antihypertensive treatment.

Study protocol
Cognitive testing was performed at follow-up according to the
Finnish version of the Consortium to Establish a Registry for
Alzheimer’s Disease (CERAD) test,23,24 and CERAD total
score was counted as previously described.25 Venous blood
samples were drawn after an overnight fast (minimum
10 hours), and a 2-hour oral glucose tolerance test was per-
formed. To obtain anatomical reference and to exclude
structural abnormalities, a 3-tesla MRI scan of the brain was
performed on a Philips Ingenuity TF PET-MR device (Philips
Healthcare, Amsterdam, the Netherlands). The dynamic
90-minute [11C]PiB-PET scan was performed using a brain-
dedicated, high-resolution PET scanner, the ECAT HRRT
(Siemens Medical Solutions, Knoxville, TN). [11C]PiB was
manufactured in high molar radioactivity (mean 680 MBq/
nmol [SD ± 240] at the time of injection) utilizing in-
target–produced [11C]methane as described previously.26

Radiochemical purity of the [11C]PiB was high and re-
producible through the 60 production runs (mean 99.9%
[SD ± 0.1]). A mean dose of 489 MBq (SD ± 42) [11C]PiB,
which corresponds to a radiotracer mass of mean 0.24 μg (SD
± 0.19), was administered intravenously and flushed with sa-
line. During positioning in the PET scanner, an individually
shaped thermoplastic mask was placed on the face of each
study volunteer to minimize head movement. An external
position detector (Polaris Vicra; Northern Digital, Waterloo,
Canada) was used tomonitor possible movements of the head.

Analysis of PET data
Voxel-by-voxel [11C]PiB standardized uptake values were
calculated using imaging data from 60 to 90 minutes after
tracer injection. Automated region-of-interest (ROI) gener-
ation was conducted using FreeSurfer software (version 5.3.0,
http://freesurfer.net/) and individual T1-weighted MRI data
as input, yielding 6 ROIs (parietal cortex, prefrontal cortex,
anterior cingulum, posterior cingulum, precuneus, and lateral
temporal cortex) and cerebellar cortex. Standardized uptake

value ratios (SUVRs) were then obtained by using the cere-
bellar cortex as a reference region.27 ROI-based analysis was
conducted in the aforementioned ROIs using the regional
average PiB SUVR. A composite PiB score was calculated as
the average PiB SUVR over all 6 ROIs. The [11C]PiB-PET
scan was considered PiB positive (PiB[+]) when the PiB
composite score was >1.5. This cutoff has previously been
validated by other groups in healthy elderly controls.28,29

Statistical analysis
The differences on characteristics and potential risk factors for
cognitive decline at baseline and at follow-up between IR−
and IR+ groups, and between the participants of this study
and the Health2000 study population, were analyzed with the
Student t test for continuous variables and with the Pearson χ2

test for categorical variables. A logarithmic transformation
(loge) was used of the variables with a skewed distribution
(triglycerides, glucose, and hemoglobin A1c at both time
points, HOMA-IR at follow-up, and injected [11C]PiB mass).

Multivariable logistic regression analysis was performed to
evaluate the associations between the baseline IR group and
the PiB(+) PET scan. Adjustments were made for age at
baseline, time from baseline to PET scan, years of formal
education, and sex (model 1). Model 2 further adjusted for
baseline body mass index (BMI) and hypertension, and
model 3 for high-density lipoprotein cholesterol and trigly-
cerides. Because the IR+ and IR− groups contained an equal
number of APOE e4 carriers, APOE genotype was not added
as a covariate in these models.

In APOE e4–stratified analyses, increasing PiB(+) prevalence
according to IR group and APOE e4 status was assessed with
the Pearson χ2 test.

The distributions of PiB SUVRs were onlymoderately skewed
(skewness <1.5 for all ROIs), allowing us to perform linear
regression analysis for continuous PiB uptake. Associations
between IR group and continuous PiB SUVRs in different
ROIs were analyzed first with the Student t test. Then, mul-
tivariate linear regression analyses according to the afore-
mentioned models of adjustment were performed.

To evaluate whether higher levels of IR at baseline would
associate with higher continuous PiB composite SUVR,
analyses where baseline HOMA-IR was treated as a continu-
ous variable were performed with linear regression analysis
and adjusted for the covariates mentioned above, and APOE
genotype in all models.

Additional cross-sectional analyses were performed between
continuous HOMA-IR at follow-up and PiB composite score
in model 1.

Interactions between “IR group × APOE e4” and PiB(+) PET
scan (logistic regression), and continuous PiB composite
score (linear regression) were analyzed in model 1.
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Voxel-by-voxel differences in PiB SUVR between the IR
groups were assessed using statistical parametric mapping
(SPM8; Wellcome Trust Centre for Neuroimaging, London,
UK), with 2-sample Student t test adjusted for model 1; the
test was regarded statistically significant at p < 0.025 (un-
corrected for multiple comparisons). Statistical significance
was set at p < 0.05 for all other analyses. The analyses were
performed with SAS JMP Pro 11.0 (SAS Institute, Cary, NC).

Results
Demographics
Although this was a volunteer-based sample, the study sample
represented the original Health2000 study cohort well
(table e-1, links.lww.com/WNL/A293). According to our
recruitment criteria, the participants of the present study
were older (p < 0.0001) and more often APOE e4 carriers
(p = 0.002) than the participants of the Health2000 study.

Characteristics at baseline and at follow-up according to IR−
and IR+ groups are shown in table 1. There were no differences
between the groups at baseline on age, sex, smoking, or total
cholesterol. Individuals with IR at baseline were less educated,
more often had hypertension, and, as expected, had a higher
BMI, higher triglycerides, and lower high-density lipoprotein
cholesterol. Five individuals (16.7%) in the IR+ group had been
diagnosed with T2DM during the follow-up. The study groups
did not differ in CERAD total score at follow-up. HOMA-IR at
baseline correlated relatively well with HOMA-IR at time of
PET scans (R = 0.56, p < 0.0001; data not shown).

Amyloid-positive PET scan according to IR at
baseline and APOE genotype
Figure 1 shows the percentage of individuals with PiB(+) PET
scan according to IR group and APOE e4 genotype. Of the

Table 1 Characteristics of the study population at
baseline in 2000 and at follow-up in 2014–2016 in
participants with normal (IR−) and elevated (IR+)
levels of IR in 2000 (n = 60)

IR2 IR+ p Value

Baseline in 2000

No. 30 30

Women, n/% 17/56.7 16/53.3 0.80

Age, y 55.6 ± 3.8 55.2 ± 2.8 0.65

HOMA-IR 0.91 ± 0.23 3.03 ± 0.83 <0.0001

Glucose, mmol/L 5.2 ± 0.3 5.7 ± 0.5 <0.0001

Insulin, μU/mL 4.0 ± 0.93 12.1 ± 3.18 <0.0001

APOE «4 genotype, n/% 15/50.0 15/50.0 1.0

«4/«4, n 2 2

«4/«3, n 13 13

«3/«3, n 11 13

«3/«2, n 4 2

Years of formal
education

13.4 ± 4.1 10.7 ± 3.7 0.008

BMI, kg/m2 25.1 ± 2.9 29.9 ± 3.4 <0.0001

Hypertension, n/% 10/33.3 21/70.0 0.005

Medication for elevated
serum lipids, n/%

1/3.8 0/0.0 0.30

Serum total cholesterol,
mmol/L

6.2 ± 1.0 6.2 ± 0.9 0.80

HDL cholesterol, mmol/L 1.55 ± 0.43 1.23 ± 0.27 0.001

Triglycerides, mmol/L 1.24 ± 0.46 1.74 ± 0.95 0.002

HbA1c, % 5.1 ± 0.3 5.3 ± 0.3 0.02

Current smoking, n/% 5/16.7 4/13.3 0.72

Follow-up in 2014–2016

Age at time of PET
scan, y

71.1 ± 3.7 70.8 ± 2.8 0.72

Time from baseline
measurements, y

15.5 ± 0.8 15.5 ± 0.7 0.62

[11C]PiB dose, MBq 488 ± 49 489 ± 35 0.94

Molar radioactivity,
MBq/nmol

640 ± 260 720 ± 220 0.23

Injected mass, μg 0.27 ± 0.24 0.20 ± 0.10 0.19

HOMA-IR 1.9 ± 1.2 4.4 ± 3.8 <0.0001

Fasting glucose, mmol/L 5.5 ± 0.6 6.1 ± 0.8 <0.0001

Fasting insulin, μU/mL 7.9 ± 4.5 15.3 ± 10.3 <0.0001

2-h OGTT glucose,
mmol/mol

7.1 ± 2.1 8.7 ± 2.9 0.02

BMI, kg/m2 25.0 ± 2.8 29.3 ± 4.2 <0.0001

HbA1c, % 5.3 ± 0.3 5.5 ± 0.5 0.04

Table 1 Characteristics of the study population at baseline
in 2000 and at follow-up in 2014–2016 in
participants with normal (IR−) and elevated (IR+)
levels of IR in 2000 (n = 60) (continued)

IR2 IR+ p Value

Medication for
T2DM, n/%

0/0.0 5/16.7 0.03

CERAD total score 88.8 ± 8.7 84.4 ± 9.3 0.06

Abbreviations: BMI = body mass index; CERAD = Consortium to Establish
a Registry for Alzheimer’s Disease; HbA1c = hemoglobin A1c; HDL = high-
density lipoprotein; HOMA-IR = homeostatic model assessment of insulin
resistance; IR = insulin resistance; OGTT = oral glucose tolerance test; PiB =
Pittsburgh compound B; T2DM = type 2 diabetes mellitus.
The characteristics are presented as mean ± SD, unless otherwise stated.
IR−: HOMA-IR in the lowest tertile of the Health2000 study population
(HOMA-IR <1.25); IR+: HOMA-IR in the highest tertile of the Health2000 study
population (HOMA-IR >2.17). The p values for differences between individ-
uals belonging to the different groups of insulin resistance in 2000 were
assessedwith the Student t test for continuous variables andwith the χ2 test
for categorical variables. A logarithmic transformation (loge) was used of
triglycerides, glucose, and HbA1c at both time points, HOMA-IR at follow-up,
and injected mass in the analyses.
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IR− group, 33.3% (10/30), and of the IR+ group, 60.0% (18/
30) were PiB(+) (unadjusted odds ratio [OR] 3.0, 95%
confidence interval [CI] 1.1–8.9, p = 0.04; model 1: OR 4.4,
CI 1.3–17.1, p = 0.02; model 2: OR 12.2, CI 2.2–95.0, p =
0.003; model 3: OR 11.1, CI 1.9–91.5, p = 0.007). When
stratified for APOE e4 genotype, the percentage of PiB(+)
individuals was 6.7% (1/15) in the IR−/APOE e4− group,
26.7% (4/15) in the IR+/APOE e4− group; 60% (9/15) in
the IR−/APOE e4+ group, and 93.3% (14/15) in the IR+/
APOE e4+ group (ptrend < 0.0001). There was no interaction
for IR group × APOE e4, on being PiB(+) (p = 0.78) or PiB
composite score (p = 0.30) and, thus, no further APOE
e4–stratified results are presented.

Comparison of PiB composite score and PiB
SUVR in different ROIs according to IR groups
There were differences between the IR− and IR+ groups in
[11C]PiB SUVRs in all the ROIs examined (table 2).

Baseline IR+ group predicted a higher PiB composite score
at follow-up (β = 0.36, 95% CI 0.05–0.66, p = 0.02) in the
fully adjusted model 3. Adjusting additionally for diagnosis
of T2DM during follow-up did not change these results
(p = 0.02).

Associations between continuous HOMA-IR
and PiB composite score
Higher baseline continuous HOMA-IR was associated with
higher PiB composite score at follow-up after multivariate
adjustments (model 3: β = 0.11, 95% CI 0.002–0.22, p =
0.04). Of the other covariates in the model, only APOE e4
genotype predicted a higher PiB composite score (model 3:
β = 0.45, 95% CI 0.26–0.64, p < 0.001) (table 3). Cross-
sectional analyses showed no association between HOMA-IR
at time of PET scan and PiB composite score (unadjusted
analyses β = 0.12, 95% CI −0.03 to 0.26, p = 0.11; model 1:
β = 0.10, 95% CI −0.03 to 0.23, p = 0.14).

Figure 1 Percentage of participants with PiB(+) PET scan according to IR group and APOE e4 genotype

PiB positive is defined as PiB composite
standardized uptake value ratio score
>1.5. OR for PiB(+) PET scan in the IR+
group, compared to the IR− group,
assessed with unadjusted logistic re-
gression analysis. The ptrend for in-
creasing prevalence of PiB(+) PET scan
according to IR group and APOE geno-
type, assessed with Pearson χ2 test. (A)
n = 30 in each group; (B) n = 15 in each
group. IR = insulin resistance; OR = odds
ratio; PiB = Pittsburgh compound B.

Table 2 PiB SUVRs in ROIs typical for amyloid accumulation in Alzheimer disease, according to the participants’HOMA-IR
values at baseline in 2000

ROI IR2 IR+ p Valuea p Valueb p Valuec p Valued

PiB composite score 1.51 ± 0.37 1.73 ± 0.48 0.050 0.04 0.009 0.02

Parietal cortex 1.55 ± 0.39 1.78 ± 0.49 0.046 0.05 0.02 0.04

Prefrontal cortex 1.53 ± 0.39 1.75 ± 0.50 0.056 0.03 0.008 0.02

Lateral temporal cortex 1.34 ± 0.27 1.48 ± 0.41 0.10 0.10 0.02 0.04

Cingulum anterior 1.69 ± 0.38 1.97 ± 0.50 0.02 0.01 0.007 0.02

Cingulum posterior 1.76 ± 0.46 2.02 ± 0.52 0.04 0.04 0.008 0.02

Precuneus 1.73 ± 0.50 2.06 ± 0.65 0.03 0.04 0.005 0.01

Abbreviations: HOMA-IR = homeostatic model assessment of insulin resistance; PiB = Pittsburgh compound B; ROI = region of interest; SUVR = standardized
uptake value ratio.
The results are shown as unadjusted mean SUVR ± SD. The adjusted analyses were performed with multivariate linear regression analysis. A logarithmic
transformation (loge) of triglycerides was used in the analyses.
a The p values for unadjusted differences between individuals with and without insulin resistance at baseline in 2000, assessed with Student t test.
b Analyses adjusted for age, time from baseline to PiB scan, sex, and years of formal education.
c Further adjusted for hypertension and body mass index.
d Adjusted in addition for high-density lipoprotein cholesterol and triglycerides.
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Voxel-by-voxel analysis
The voxel-by-voxel SPM analyses showed that [11C]PiB up-
take was greater in the IR+ group compared to the IR− group
in regions where amyloid accumulation is also seen in early
AD,30 i.e., the frontal and the parietal cortices, posterior
cingulum/precuneus, and in the lateral temporal cortex
(figure 2). The differences in [11C]PiB uptake between the IR
groups were visualized with BrainNet Viewer.31

Discussion
This observational study indicates that midlife, but not late-
life, IR associates with greater brain amyloid accumulation in
elderly individuals without dementia, in both carriers and
noncarriers of APOE e4 genotype. Voxel-by-voxel compar-
isons showed that, in individuals with midlife IR, [11C]PiB
uptake was evident in the regions also affected in early AD.
These findings provide in vivo biomarker evidence for the
epidemiologic studies linking IR with cognitive decline21,32–34

and AD.7–10 We recruited the study volunteers based on their
IR status in midlife, which allowed us to assess “real-life”
exposure to IR over time.

A recent meta-analysis explored the prevalence of brain am-
yloid accumulation in individuals without dementia, accord-
ing to age and APOE e4 genotype. The estimated prevalence
of an amyloid-positive PET scan at age 70 was 17.1% in APOE
e4–negative and 47.9% in APOE e4–positive individuals with
normal cognition.14 Compared to these numbers, the preva-
lence of amyloid positivity was remarkably high in the present
study in individuals with IR (IR+/APOE e4 noncarrier 26.7%,
and IR+/APOE e4 carrier 93.3%), indicating that midlife IR is
an additive risk factor for amyloid positivity.

Our results expand the previous cross-sectional findings that
showed an association between higher HOMA-IR and [11C]
PiB uptake in late middle-aged individuals.12 In line with our
findings considering late-life IR and [11C]PiB, a recent cross-
sectional study found no association between late-life
HOMA-IR and brain amyloid burden.13

In contrast to our results, the only previous longitudinal
study on HOMA-IR and amyloid PET reported no associa-
tion between repeated measures of IR during 20 years and
[11C]PiB uptake at a mean age of 79 years, or with post-
mortem neuropathologic assessment of Aβ.11 A possible
explanation for the negative results could be the older age of
the study population at the time of the PET scan, when
compared to the present study. It is probable that at age 79,
other age-related risk factors contribute to amyloid accu-
mulation, which is why an association between IR and [11C]
PiB uptake might no longer be evident. In addition, the
APOE e4 genotype of the participants was not reported, or

Table 3 Multivariate baseline predictors of brain amyloid
accumulation (PiB composite standardized
uptake value ratio score) 15 years later

Predictors
Model 1 Model 2 Model 3
β ± SE β ± SE β ± SE

HOMA-IR 0.08 ± 0.04a 0.13 ± 0.05a 0.11 ± 0.05a

Age 0.02 ± 0.01 0.03 ± 0.02 0.03 ± 0.02

Time from
baseline to
[11C]PiB scan

0.09 ± 0.07 0.09 ± 0.07 0.06 ± 0.07

Years of
education

0.004 ± 0.01 −0.0003 ± 0.01 0.000003 ± 0.01

Sex −0.008 ± 0.10 −0.04 ± 0.10 0.03 ± 0.11

APOE «4 0.46 ± 0.09b 0.44 ± 0.09b 0.45 ± 0.10b

Hypertension −0.02 ± 0.10 −0.03 ± 0.11

BMI −0.02 ± 0.02 −0.03 ± 0.02

HDL cholesterol −0.07 ± 0.17

Triglycerides −0.27 ± 0.18

R2, % 34.9 35.2 35.6

Abbreviations: BMI = bodymass index; HDL = high-density lipoprotein; PiB =
Pittsburgh compound B.
The results are shown as estimate (β) ± SE. Model 1: adjusted for age, time
from baseline to PiB scan, sex, years of formal education, and APOE e4
genotype; model 2: further adjusted for hypertension and BMI; model 3:
adjusted in addition for HDL cholesterol and triglycerides. HOMA-IR, age,
time from baseline to [11C]PiB scan, BMI, HDL cholesterol and triglycerides
were analyzed as continuous variables. A logarithmic transformation (loge)
of triglycerides was used. The analyses were performed with multivariate
linear regression. R2 shows the adjusted explanatory value of eachmodel of
adjustment.
a p < 0.05.
b p < 0.001.

Figure 2 Visualization of the results of SPM

Voxel-by-voxel SPM analysis of [11C]PiB uptake showing regions where
individuals with insulin resistance 15 years before the PET scans had higher
[11C]PiB uptake than the control group. The color scale starts from the
height threshold (T) 2.0, derived from SPM analysis adjusted for age, time
from baseline to PiB scan, sex, and years of education, and indicating the
difference between IR− and IR+ groups for all regions shown in color in the
image; yellow is themost significant (p < 0.025 when T = 2.0, uncorrected for
multiple comparisons). n = 60. IR = insulin resistance; PiB = Pittsburgh
compound B; SPM = statistical parametric mapping.
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controlled for, in the previous study, which could have
interfered with the results.11

The findings presented here are also in accord with the Ath-
erosclerosis Risk in Communities (ARIC) study, which
showed that midlife, but not late-life, vascular risk factors
increase the risk of an amyloid-positive PET scan.35 Of the 5
risk factors measured in the ARIC study (obesity, smoking,
hypertension, high cholesterol, and diabetes), only obesity
independently predicted an amyloid-positive PET scan. In
our study, higher IR was associated with higher [11C]PiB
uptake even after adjusting for BMI levels. Because obesity is
strongly associated with IR,36 it seems plausible that IR could
be the driver of the association between midlife obesity and
late-life amyloid accumulation also found in the ARIC study.
Similar to our findings, the ARIC study found no interaction
between APOE e4 genotype and vascular risk factors on Aβ
accumulation.35

The results of the present study are supported by in vitro and
animal studies suggesting that IR contributes to the neuro-
pathology of AD through multiple different pathways.5,6 For
example, insulin and Aβ both are degraded by the same en-
zyme in the brain. In IR, this enzyme is downregulated, which
could lead to increased accumulation of Aβ.6 Reduced
responses in insulin signaling pathways after insulin in-
cubation were shown in postmortem brain tissues of patients
with AD regardless of diabetes status,37 indicating that IR at
the cellular level is present in the AD brain. Thus, it seems that
peripheral IR is accompanied by CNS IR, which could, over
time, increase the risk of AD neuropathology.

The limitations of this study are the relatively small study
population, and that the gold standard for measuring IR, the
euglycemic hyperinsulinemic clamp, was not used to de-
termine IR. Because this was a volunteer-based sample, and
enrollment was also based on matters of convenience (how
close the participants lived to the imaging center), the results
might be biased and possibly not generalizable. Also, the
variation in fasting times at baseline might have influenced the
HOMA-IR values of the participants. However, baseline
HOMA-IR values correlated relatively well with HOMA-IR
values at follow-up, and also HOMA-IR values at follow-up
were higher in the IR+ group than in the IR− group, allowing
us to assume that the IR− and IR+ groups actually were dif-
ferent in terms of IR throughout the follow-up time. The
strengths of this follow-up study are the 15-year follow-up
between baseline measurements of HOMA-IR and [11C]PiB-
PET scan; the enrichment of APOE e4 genotype in the study;
and the possibility to adjust for other midlife metabolic risk
factors in the analyses.

Herein, we show that midlife IR associates with a greater brain
amyloid burden after a follow-up of 15 years. This finding has
important clinical and public health implications, because our
results suggest that early treatment and prevention of IR could
reduce the risk of brain amyloid accumulation in late-life.

Because brain amyloid accumulation has been shown to
increase the risk of AD,38 these results suggest that midlife IR
increases the risk of AD. To confirm these findings, larger
follow-up studies on midlife IR and AD biomarkers should be
conducted.
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