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ABSTRACT
Aims: Few longitudinal studies have explored Oral Glucose Tolerance Test markers (OGTT) and both cognitive and brain
changes. We investigated OGTT and other glycaemia and insulin resistance markers, and cognitive and neuroimaging changes
in the Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disability (FINGER).
Materials andMethods: At‐risk individuals aged 60–77 years without dementia (N = 1259) were randomly enrolled in a 2‐year
multidomain lifestyle intervention or regular health advice program. 1025 participants without previously diagnosed diabetes
underwent OGTT. Brain MRI scans were available for 132 participants and amyloid (PiB)‐PET and FDG‐PET scans for 47.
Cognition was assessed using the modified Neuropsychological Test Battery (mNTB).
Results: Higher baseline dysglycaemia measures, particularly those from the OGTT, were connected to less favourable changes
in multiple cognitive measures and hippocampal volume. Higher baseline triglyceride‐glucose (TyG) index was associated with
higher amyloid accumulation and decline in brain glucose metabolism. Higher baseline glycated haemoglobin (HbA1c) was
related to favourable changes in processing speed and cortical thickness. There were no significant intervention‐control dif-
ferences in the change in glycaemia markers. Baseline dysglycaemia and glycaemia‐related markers did not modify the pre-
viously reported intervention benefits on cognition.
Conclusions: Higher baseline dysglycaemia measures are linked to more deleterious changes in cognition. Specifically, OGTT
measures may be the most sensitive for detecting subtle glycaemic abnormalities associated with both unfavourable cognitive
and neuroimaging changes. However, HbA1c shows mixed associations with cognition and neuroimaging in people at risk of
dementia without previously diagnosed diabetes. This study emphasises the importance of more accurate glucose‐related
markers when investigating early stages of glucose metabolism abnormalities and their relationship to subtle cognitive
impairment and its structural brain correlates.
Trial Registration: ID NCT01041989 https://clinicaltrials.gov

1 | Introduction

Cognitive decline and dementia are a major public health con-
cerns leading to late‐life disability and dependence. Previous
literature [1, 2] has highlighted dysglycaemia, including dia-
betes and prediabetes, as risk factors for dementia. Both con-
ditions have been linked to poorer cognitive performance [2, 3],
brain atrophy, and cerebrovascular pathology [2, 4]. A key un-
resolved question concerns which glucose‐related markers are
best related to both cognitive decline and structural brain
changes, especially in people without diabetes. A substantial
between‐study variability in dysglycaemia markers and their
definition exists. Among the existing dysglycaemia markers, the
oral glucose tolerance test (OGTT) is the most sensitive diag-
nostic test to detect prediabetes and asymptomatic diabetes.
However, the most commonly and consistently used single
markers in dementia‐related studies are fasting plasma glucose
(FPG) and glycated haemoglobin (HbA1c), with higher glycae-
mia levels linked to an increased dementia risk, even in in-
dividuals without diabetes [5, 6]. However, using only these
markers may miss up to 50% of individuals with asymptomatic
diabetes and prediabetes [7, 8].

Few studies have reported both cognitive and neuroimaging
outcomes in association with glucose‐related measures within
the same cohort over time. None of the longitudinal studies
have identified significant associations between OGTT‐based
glucose measures and changes in both brain function and im-
aging. There has also been variability in whether comprehensive
and sensitive cognitive measures are used, and the choice of
imaging methods and measures. Thus, based on earlier findings,
it is difficult to systematically assess how the impact of dysgly-
caemia on cognition is underpinned by an impact on brain

structure. Most studies examining the interplay of dysglycaemia
with both cognition and neuroimaging have so far been cross‐
sectional, with only three longitudinal studies [9–11]. Results
have been inconsistent, depending on several study design
characteristics.

Studies that were cross‐sectional or included people with dia-
betes were more likely to report significant associations with
unfavourable cognitive and/or neuroimaging measures, for
example grey matter (GM) and white matter (WM) atrophy or
reduced cerebral blood perfusion [10, 12–15]. Dysglycaemia has
also been longitudinally associated with GM volume decline
[10]. In some cross‐sectional studies excluding diabetes or
impaired glucose tolerance, higher levels of dysglycaemia
markers (e.g. HbA1c, FPG, one‐hour or two‐hour post‐load
glucose (1 h‐PG or 2 h‐PG)) were associated with poorer
cognition, particularly memory, lower brain volumes, or WM
damage [16, 17].

An interesting observation from previous studies exclud-
ing people with diabetes is that associations with cognition
and/or brain glucose metabolism as measures by 18F‐fluor-
odeoxyglucose (FDG) ‐ positron emission tomography (PET)
scans, or with lower brain microstructure integrity, may be age‐
dependent, that is, present among middle‐aged adults but less
strong or absent at older ages [9, 18]. In addition, prediabetes,
but not diabetes, was cross‐sectionally linked to Alzheimer's
disease (AD) PET biomarker (higher brain amyloid accumula-
tion on Pittsburgh Compound B (PiB)‐PET scans) in late middle
age, but not at older ages [12]. The impact of glucose meta-
bolism on cognition and the brain has also been suggested to
differ between normal ageing and neurodegenerative diseases,
although the results are conflicting [11, 19, 20].
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The present study investigates associations of dysglycaemia and
multiple continuous glycaemia‐related markers with (i) overall
cognition, memory, processing speed and executive functioning;
and (ii) neuroimaging measures including structural MRI (hip-
pocampal and total GM volumes, cortical thickness, WMH vol-
ume), brain amyloid accumulation on PiB‐PET scans, and brain
glucose uptake on FDG‐PET, a general marker of brain health
highly related with cognition, in the Finnish Geriatric Inter-
vention Study to Prevent Cognitive Impairment and Disability
(FINGER) cohort. The FINGER study evaluated the effects of a
2‐year multidomain lifestyle intervention compared with regular
health advice on cognition in an older general population at risk
of dementia. Findings indicated that the intervention could
enhance or preserve cognitive functioning, while also positively
impacting health‐related lifestyle factors [21].

We hypothesise that OGTT‐related measures may be more
sensitive to deleterious cognitive and brain changes associated
with altered glucose metabolism. For this aim, we include the
OGTT 2 h‐PG and the PG‐AUC, which has been suggested to be
more sensitive by capturing the whole glucose response trajec-
tory, but has been rarely investigated in association with
cognition and neuroimaging. For comparison, we also included
FPG, HbA1c, insulin, and several indices of insulin resistance:
homoeostatic model assessment for insulin resistance (HOMA‐
IR), a HOMA2‐IR version accounting for variations in hepatic
and peripheral glucose resistance, and the triglyceride glucose
(TyG) index as a measure of broader metabolic status beyond
glucose metabolism.

2 | Materials and Methods

2.1 | Study Design

The FINGER trial is a 2‐year multidomain RCT comprising 1259
participants from the general population from 6 different sites in
Finland. The study and main findings have been previously
described in detail [21] (Supporting Information S1). The
FINGER was approved by the coordinating ethics committee of
the Hospital District of Helsinki and Uusimaa.

2.2 | Participants

The target population was aged 60–77 years and had a Cardio-
vascular Risk Factors, Ageing andDementia (CAIDE) risk score 6
points or higher. Participants had cognitive performance scores
on the Consortium to Establish a Registry for Alzheimer's Disease
(CERAD) neuropsychological battery equal or slightly lower than
expected for their age, according to Finnish population norms.
Exclusion criteria were dementia or substantial cognitive
impairment, and health conditions preventing safe engagement
in the intervention. Participants gave written informed consent.

2.3 | Randomisation and Masking

Participants were randomised in a 1:1 ratio to either a multi-
domain lifestyle intervention or a control group. Computer‐

generated allocation was done in blocks of four (two in-
dividuals randomly allocated to each group) at each site after
baseline by the study nurse. A total of 631 participants were
included in the intervention group, and 628 in the control
group. Outcome assessors were blinded to group allocation.

2.4 | Procedures

The 2‐year multidomain intervention combined nutrition
advice, exercise, cognitive training and social activities, and
monitoring of vascular/metabolic risk factors as previously
described [21]. The control group received regular health advice.

2.5 | Outcomes

Participants underwent an extensive neuropsychological
assessment at baseline, 12 and 24 months. The primary cogni-
tive outcome was a composite Z score based on the modified
Neuropsychological Test Battery (mNTB, 14 tests), standardised
to the baseline mean and standard deviation (SD). Secondary
cognitive outcomes included mNTB domain scores for memory
(6 tests), executive functioning (5 tests), and processing speed (3
tests), as previously described [21]. An abbreviated memory
score was additionally calculated based on four of the six
memory tests with higher complexity.

The FINGER neuroimaging sub‐study was exploratory and
included scans conducted at three out of six trial sites. The study
design and protocol were previously described in detail (Sup-
porting Information S1). Participants were the most recently
recruited individuals at the time when neuroimaging resources
became available at each site, and with no contraindications for
MRI/PET. Different MR systems were used (1.5 T Avanto
Siemens at 2 sites, and 3T Ingenuity Philips at one site). Each site
used the same scanner and imaging parameters for both baseline
and 2‐year scans. MRI scans were available for 132 participants
at baseline, and 112 had repeated 24‐month scans. PiB‐ and
FDG‐PET scans were conducted at a single site at baseline (48
participants) and 24 months (39 participants). To measure total
GM volume, hippocampal volume, and cortical thickness, Fr-
eesurfer (version 5.3: http://surfer.nmr.mgh.harvard.edu/) was
used. AD signature regions were selected for computing a
cortical thickness measure calculated as the mean of the bilateral
entorhinal, inferior temporal, middle temporal, and fusiform
areas. WMH volumes were calculated from FLAIR images using
a previously described method for WMH segmentation. PiB‐PET
and FDG‐PET composite scores were calculated by averaging
across bilateral prefrontal, parietal, lateral temporal, anterior
cingulate, posterior cingulate and praecuneus areas, as previ-
ously described (Supporting Information S1).

Fasting venous blood samples were collected at baseline, 12 and
24‐month visits. Protocols for sample collection, management
and glucose‐related measurements were previously described
(Supporting Information S1). FPG was measured in all partici-
pants, and a 2‐h 75 g‐OGTT with PG measurements at 30 min
(30 min‐PG) and 2 h (2 h‐PG) was carried out in participants
without diagnosed diabetes. FPG and 2 h‐PG were secondary
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outcomes as previously published [21]. PG‐AUC was computed
using the trapezoidal rule. HbA1c was measured in all partici-
pants using immunoturbidimetric method. Serum fasting insu-
lin was measured in a sub‐population of the first 812
participants with fasting blood samples available at both base-
line and 24‐month visits, using the multiplex suspension array
system Bio‐Plex Luminex 200 instrument (Bio‐Rad Laboratories,
Hercules, CA, USA), as part of the Bio‐Plex Pro Human Dia-
betes 10‐plex panel. HOMA‐IR was calculated from insulin
in mU/L and FPG by the previously described formula:
[(FPG x insulin)/22.5]. For the calculation of HOMA2‐IR and
beta cell function index (HOMA2‐β), we used the HOMA2
Calculator (version 2.2: https://homa‐calculator.informer.com/
2.2/). TyG index was computed using the formula [ln
(FPG x Triglycerides)/2]. Diabetes at baseline was defined as
having a previous diagnosis, glucose‐lowering drug treatment,
or FPG ≥ 7.0 mmol/L, or 2 h‐PG in OGTT ≥ 11.1 mmol/L, or
HbA1c ≥ 6.5% (cut‐offs according to the Finnish Current Care
Guidelines 2020), or HOMA‐IR ≥ 3. Prediabetes was defined as
FPG ≥ 6.1–6.9 mmol/L, or 2 h‐PG ≥ 7.8–11 mmol/L, or
HbA1c ≥ 6‐6.4% (HbA1c cut‐off according to the International
Expert Committee 2009), and no previous diagnosis of diabetes.
Dysglycaemia was defined as having either diabetes or
prediabetes.

2.6 | Statistical Analysis

Analyses conducted for this study are post hoc. Intervention
effects on changes in PG‐AUC, HbA1c and TyG were investi-
gated in all FINGER participants using mixed effects regression
models with maximum likelihood estimation as a function of
randomisation group, time, randomisation group x time, age,
sex, study site, and diabetes at baseline (yes/no). Intervention
effects on changes in insulin and insulin resistance markers
(calculated as the difference between baseline and 24 months)
were investigated in all participants with available data using
linear regression models including randomisation group, age,
sex, study site, and diabetes (yes/no).

Zero‐skewness log‐transformation was applied to all skewed
continuous glucose‐related, neuroimaging and cognition vari-
ables. All continuous glucose‐related, neuroimaging and
cognition variables were also z‐scored.

Associations of baseline glucose‐associated variables (prediabe-
tes, diabetes, dysglycaemia, PG‐AUC, 2 h‐PG, FPG, HbA1c, in-
sulin, HOMA‐IR, HOMA2‐IR, HOMA2‐β, and TyG) with
cognitive scores (mNTB total, memory, abbreviated memory,
executive functioning, and processing speed) were analysed
using mixed effects regression models with maximum likeli-
hood estimation. Changes in cognitive scores were analysed as a
function of individual baseline glucose‐associated variables,
glucose‐associated variable x time, randomisation group, time,
randomisation group x time, age, sex, education, study site, and
diabetes (yes/no). We report the results from these regression
models as estimates (with 95% confidence intervals; CI) and
p‐values for individual glucose‐associated variables (cross‐
sectional associations with cognition at baseline) and the
glucose‐associated variable � time interactions (longitudinal

associations with change in cognition over 2 years). Analyses of
prediabetes and diabetes included all FINGER participants.
Analyses of individual glucose‐associated variables included
FINGER participants who had undergone the OGTT, thus
excluding people with previously diagnosed diabetes. Mixed
effects regression models with maximum likelihood estimation
were used to investigate the potential impact of baseline
glucose‐associated variables on the intervention effect on
cognition. Changes in cognitive scores were analysed as a
function of randomisation group, time, glucose‐associated var-
iable, their 3‐way interaction (group x time x glucose variable),
2‐way interactions (group x time, glucose variable x time,
group x glucose variable), age, sex, education, study site, and
diabetes (yes/no). We reported results for the 3‐way interaction
group x time x glucose variable if estimates (95% CIs) indicated
statistically significant effects.

Associations of glucose‐associated variables with neuroimaging
measures (hippocampal volume, AD‐signature cortical thick-
ness, total GM volume, WMH volume, PiB‐PET and FDG‐PET
composite scores) at baseline were tested using linear regres-
sion models with imaging measures as dependent variables, and
adjusted for age, sex, diabetes (yes/no), and study site (i.e. MRI
scanner type; PET scans were conducted at a single site). Models
for volumetric MRI measures were additionally adjusted for
estimated total intracranial volume.

Percentage change in imaging measures was calculated as the
difference between 2‐year and baseline values, divided by the
baseline value and multiplied by 100. Associations of baseline
glucose‐associated variables with changes in neuroimaging
measures were tested using linear regression models with %‐
change in imaging measures as dependent variables, and
adjusted for age, sex, randomisation group and diabetes (yes/
no). Models for MRI measures were additionally adjusted for
the study site and estimated total intracranial volume. Results
from all linear regression models were reported as standardised
β‐coefficients and p‐values.

The level of statistical significance was considered as < 5% in all
analyses, which were conducted using Stata version 14 (Stata
Statistical Software: Release 14. College Station, TX: Stata-
Corp LP)

3 | Results

Baseline characteristics of the entire study population
(N = 1259) as well as the OGTT population (n = 1025) are
summarised in Table 1. Of those, 47% were women, the mean
age was 69 years, a mean of 10 years of education and the mean
Mini‐Mental State Examination (MMSE) score of 26.7 points.
Supporting Information S1: Table S1 shows baseline character-
istics by randomisation group, with no statistically significant
differences between the groups. Characteristics of the neuro-
imaging population with OGTT are shown in Supporting
Information S1: Table S2, with no significant differences be-
tween intervention and control groups except a somewhat
higher baseline FDG‐PET composite score in the control
compared with the intervention group. Comparisons between
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participants with and without available cognitive data at the 2‐
year visit, and those with and without neuroimaging data are
shown in Supporting Information S1: Tables S3 and S4. Out of
the 1025 participants in the OGTT population, mNTB data were
available for 950 participants at the 1‐year visit, and 914 at the 2‐
year visit.

There were no statistically significant associations of baseline
prediabetes, diabetes, their combination (dysglycaemia), or any
glucose‐ or insulin‐related marker with the intervention effect
on cognitive end‐points (randomisation group x time x glucose‐
related marker interactions p > 0.1, results not shown). No
significant differences between the intervention and control
groups were found for the change in glucose‐ or insulin‐related
markers over 2 years (results not shown).

3.1 | Associations With Cognitive Performance

Supporting Information S1: Table S5 shows the cross‐sectional
and longitudinal associations between prediabetes, diabetes

and cognitive scores. At baseline, compared with the normal
glucose group, people with prediabetes had lower scores in all
cognitive domains (all associations were statistically significant
(p < 0.05), except for a trend for processing speed (p = 0.09)).
The diabetes group had significantly lower scores in all cogni-
tive domains, except for non‐significant associations with the
two memory scores. Results were similar for dysglycaemia, i.e.
inverse associations were observed for all cognitive domains,
although this did not reach statistical significance for abbrevi-
ated memory (p = 0.17), and showed a trend for memory
(p = 0.08).

In longitudinal analyses, people with prediabetes, diabetes and
their combination at baseline were associated with less
favourable changes in mNTB total score and memory over
2 years compared with the group without dysglycaemia (Sup-
porting Information S1: Table S5). There was a similar trend
for prediabetes and diabetes separately in relation to change in
abbreviated memory performance; this was significant when
combining the two groups (p = 0.02). A trend for less
favourable changes in processing speed was also found for the

TABLE 1 | Baseline population characteristics.

Baseline characteristics

Entire FINGER population
(N = 1259) OGTT population (n = 1025)

N Mean (sd) n Mean (sd)
Female (%) 587 (47) — 483 (47) —

Age 1259 69 (4.7) 1025 69 (4.7)

Education (years) 1258 10 (3.4) 1025 10 (3.4)

MMSE 1255 26.7 (2.1) 1022 26.7 (2.1)

Normal glucose (%) 515 (41) — 483 (47) —

Prediabetes (%) 388 (31) — 358 (35) —

Diabetes (%) 355 (28) — 184 (18) —

FPG (mmol/L) 1256 6.1 (0.9) 1025 5.9 (0.6)

30 min‐PG (mmol/L) 1028 9.1 (1.5) 1025 9.1 (1.5)

2 h‐PG (mmol/L) 1084 7.0 (2.2) 1025 7.1 (2.2)

PG‐AUC 1025 15.9 (2.8) 1025 15.9 (2.8)

HbA1c (%) 1237 5.6 (0.6) 1016 5.5 (0.4)

Insulin (mU/L) 811 6.9 (5.9) 663 6.2 (3.7)

Triglycerides (mmol/L) 1255 1.4 (0.6) 1024 1.3 (0.6)

HOMA‐IR 811 1.9 (2.0) 663 1.7 (1.1)

HOMA2‐IR 811 0.9 (0.8) 663 0.8 (0.5)

HOMA2‐β 811 58.2 (30.2) 663 57.5 (23.2)

TyG 1255 8.7 (0.4) 1024 8.7 (0.4)

Cognitive end points (Z scores)

mNTB total score 1258 −0.006 (0.6) 1025 0.001 (0.6)

Memory 1258 −0.000 (0.7) 1025 0.002 (0.7)

Abbreviated memory 1236 0.002 (0.8) 1006 −0.004 (0.8)

Executive function 1257 −0.016 (0.7) 1024 −0.014 (0.7)

Processing speed 1258 −0.001 (0.8) 1025 −0.022 (0.8)
Note: Values are means (SD) unless other specified.
Abbreviations: 30 min‐PG = 30‐min post‐load plasma glucose; 2 h‐PG = 2‐h post‐load plasma glucose; FPG = fasting plasma glucose; HOMA‐IR = homoeostatic model
assessment‐insulin resistance index; mNTB = modified Neuropsychological Test Battery; OGTT = oral glucose tolerance test; PG‐AUC = plasma glucose‐ Area under the
curve; TyG = triglyceride‐glucose index.
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combination of prediabetes and diabetes (p = 0.09). No sta-
tistically significant longitudinal associations were found with
executive functioning.

Table 2 shows cross‐sectional and longitudinal associations be-
tween baseline glucose markers and cognitive endpoints. At
baseline, higher PG‐AUC, FPG and 2 h‐PG were all associated
with a significantly lower mNTB total score. A similar pattern
was found for executive functioning, except for FPG showing a
trend (p = 0.09). Only higher PG‐AUC was significantly related
to slower processing speed (p = 0.03). An inverse trend was also
found for higher PG‐AUC and FPG (but not 2 h‐PG) in relation
to lower memory scores. HbA1c was not associated with
cognition at baseline.

In longitudinal analyses (Figure 1), higher baseline PG‐AUC
and 2 h‐PG were associated with less favourable changes in
all cognitive domains except executive functioning. Associa-
tions for 2 h‐PG were consistently significant across cog-
nitive domains, while PG‐AUC showed a trend for abbreviated
memory and processing speed (Table 2). Baseline FPG
and HbA1c were not associated with a change in cognition
over time, except for processing speed, where a higher per-
formance was associated with higher HbA1c. Further adjust-
ment for plasma creatinine concentration did not modify this
result.

Table 3 shows cross‐sectional and longitudinal associations of
baseline serum insulin and insulin resistance markers with
cognitive endpoints. In cross‐sectional analyses, higher baseline
insulin, HOMA‐IR, andHOMA2‐IRwere significantly associated
with a lower mNTB total score, executive functioning, and pro-
cessing speed, but not with memory scores. HOMA2‐β had no
association with any cognitive score. Higher TyG was associated
with lower processing speed score, but not with other cognitive
measures at baseline. There were no significant longitudinal as-
sociations of baseline serum insulin and insulin resistance
markers with changes in cognition over time (Figure 1).

3.2 | Associations With Neuroimaging Measures

People with dysglycaemia at baseline had a greater decline in
hippocampal volume over time compared to the normal glucose
group, but no other significant associations with neuroimaging
measures were seen cross‐sectionally or longitudinally (Sup-
porting Information S1: Table S6).

Table 4 shows cross‐sectional and longitudinal associations be-
tween baseline glucose markers and brain imaging measure-
ments. At baseline, higher PG‐AUC was related to lower cortical
thickness, with a trend for a lower total GM volume. Higher

TABLE 2 | Associations of baseline glucose markers with cognitive end points (FINGER OGTT population, N = 1025).

Cognitive end
point

PG‐AUC FPG 2 h‐PG HbA1c
Estimate (95% CI); p‐value

Cross‐sectional at baseline

mNTB total
score

−0.059 (−0.091 to
0.027); < 0.001

−0.034 (−0.067 to
−0.002); 0.04

−0.047 (−0.078 to
−0.015); 0.004

−0.003 (−0.033 to
0.028); 0.87

Memory −0.037 (−0.077 to
0.002); 0.06

−0.037 (−0.076 to
0.002); 0.06

−0.026 (−0.064 to
0.013); 0.20

0.012 (−0.025 to
0.049); 0.51

Abbreviated
memory

−0.038 (−0.081 to
0.005); 0.09

−0.041 (−0.084 to
0.001); 0.06

−0.034 (−0.076 to
0.008); 0.12

0.013 (−0.028 to
0.053); 0.54

Executive
functioning

−0.088 (−0.128 to
−0.049); < 0.001

−0.034 (−0.074 to
0.005); 0.09

−0.075 (−0.114 to
−0.036); < 0.001

−0.012 (−0.049 to
0.026); 0.53

Processing speed −0.053 (−0.100 to
−0.005); 0.03

−0.026 (−0.073 to
0.021); 0.28

−0.039 (−0.086 to
0.007); 0.10

−0.023 (−0.068 to
0.021); 0.30

Longitudinal over 2 years

mNTB total
score

−0.015 (−0.027 to
−0.004); 0.009

−0.010 (−0.021 to
0.002); 0.10

−0.021 (−0.033 to
−0.010); < 0.001

0.000 (−0.011 to
0.012); 0.97

Memory −0.027 (−0.045 to
−0.008); 0.005

−0.014 (−0.032 to
0.005); 0.14

−0.032 (−0.051 to
−0.014); 0.001

−0.005 (−0.024 to
0.013); 0.58

Abbreviated
memory

−0.020 (−0.039 to
−0.000); 0.05

−0.010 (−0.030 to
0.009); 0.30

−0.021 (−0.041 to
−0.001); 0.04

0.006 (−0.014 to
0.026); 0.55

Executive
functioning

0.000 (−0.014 to
0.015); 0.96

−0.006 (−0.021 to
0.008); 0.39

−0.009 (−0.023 to
0.006); 0.26

−0.000 (−0.015 to
0.014); 0.98

Processing speed −0.013 (−0.029 to
0.002); 0.08

−0.002 (−0.017 to
0.013); 0.84

−0.020 (−0.035 to
−0.005); 0.01

0.017 (0.002 to
0.032); 0.03

Note: Bold indicates significant p‐value. Values are estimates (95% CIs) and p‐values from mixed effects regression models with maximum likelihood estimation.
Abbreviations: 2 h‐PG = 2‐h post‐load plasma glucose; FPG = fasting plasma glucose; HbA1c = glycated haemoglobin; mNTB = modified Neuropsychological Test
Battery; OGTT = oral glucose tolerance test; PG‐AUC = plasma glucose‐area under the curve.
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FPG was associated with lower total GM and WMH volume,
with a trend for lower AD‐signature cortical thickness. 2 h‐PG
showed an inverse trend with cortical thickness. HbA1c was
inversely associated with the FDG‐PET composite score.

In longitudinal analyses, higher baseline PG‐AUC, FPG and 2 h‐
PG were all associated with reduction of hippocampal volume.
Higher PG‐AUC and FPG were also associated with a decline in
the FDG‐PET composite score. Baseline HbA1c was inversely

FIGURE 1 | Associations between baseline glucose markers and change in cognition over 2 years. Estimates (95% CIs) are shown from linear
mixed models. Negative estimates indicate that higher baseline glucose markers were related to less favourable cognitive changes. Positive
estimates indicate that higher baseline glucose markers were related to cognitive improvement. Estimates with 95% CIs that do not cross the
dotted reference line are statistically significant. *Dysglycaemia is defined as having either prediabetes or diabetes.

TABLE 3 | Associations of baseline insulin and insulin resistance markers with cognitive end points (FINGER OGTT population with available
data).

Cognitive end
point

Serum insulin
(N = 663)

HOMA‐IR
(N = 663)

HOMA2‐IR
(N = 663)

HOMA2‐β
(N = 663) TyG (N = 1024)

Estimate (95% CI); p‐value

Cross‐sectional at baseline

mNTB total
score

−0.045 (−0.085 to
−0.006); 0.02

−0.048 (−0.088 to
−0.008); 0.02

−0.044 (−0.084 to
−0.005); 0.03

−0.031 (−0.069 to
0.006); 0.10

−0.010 (−0.040 to
0.021); 0.54

Memory −0.030 (−0.079 to
0.018); 0.22

−0.031 (−0.080 to
0.018); 0.22

−0.031 (−0.080 to
0.017); 0.21

−0.025 (−0.071 to
0.0203); 0.28

0.026 (−0.011 to
0.062); 0.17

Abbreviated
memory

−0.037 (−0.090 to
0.016); 0.17

−0.039 (−0.094 to
0.147); 0.15

−0.032 (−0.081 to
0.017); 0.20

−0.0269 (−0.077 to
0.024); 0.30

0.016 (−0.024 to
0.055); 0.44

Executive
functioning

−0.053 (−0.102 to
−0.005); 0.03

−0.057 (−0.106 to
−0.008); 0.02

−0.052 (−0.100 to
−0.003); 0.04

−0.037 (−0.083 to
0.009); 0.12

−0.024 (−0.061 to
0.013); 0.21

Processing
speed

−0.062 (−0.121 to
−0.004); 0.04

−0.068 (−0.128 to
−0.009); 0.03

−0.060 (−0.119 to
−0.001); 0.05

−0.038 (−0.093 to
0.018); 0.18

−0.049 (−0.093 to
−0.004); 0.03

Longitudinal over 2 years

mNTB total
score

0.008 (−0.006 to
0.022); 0.25

0.007 (−0.006 to
0.021); 0.29

0.006 (−0.073 to
0.020); 0.36

0.009 (−0.004 to
0.023); 0.18

−0.000 (−0.012 to
0.010); 0.88

Memory 0.011 (−0.011 to
0.033); 0.34

0.010 (−0.012 to
0.032); 0.38

0.010 (−0.013 to
0.032); 0.40

0.013 (−0.010 to
0.035); 0.27

−0.005 (−0.023 to
0.013); 0.60

Abbreviated
memory

0.008 (−0.016 to
0.032); 0.51

0.008 (−0.016 to
0.031); 0.54

0.011 (−0.012 to
0.035); 0.34

0.009 (−0.014 to
0.033); 0.44

0.006 (−0.014 to
0.025); 0.58

Executive
functioning

0.004 (−0.014 to
0.021); 0.70

0.003 (−0.015 to
0.021); 0.75

0.001 (−0.017 to
0.019); 0.91

0.006 (−0.012 to
0.024); 0.51

−0.004 (−0.019 to
0.011); 0.59

Processing
speed

0.008 (−0.010 to
0.026); 0.38

0.009 (−0.009 to
0.027); 0.34

0.007 (−0.011 to
0.025); 0.44

0.005 (−0.013 to
0.023); 0.56

0.012 (−0.003 to
0.028); 0.11

Note: bold indicates significant p‐value < 0.05. Values are estimates (95% CIs) and p‐values from mixed effects regression models with maximum likelihood estimation.
Abbreviations: HOMA‐IR = homoeostatic model assessment‐insulin resistance index; mNTB =modified Neuropsychological Test Battery; OGTT = oral glucose tolerance
test; TyG = triglyceride‐glucose index.
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related to a lower decline in AD‐signature cortical thickness
over time (Table 4).

Associations of serum insulin and insulin resistance markers
with neuroimaging measures are also described in Table 4. In
cross‐sectional analyses, higher insulin, HOMA‐IR, HOMA2‐IR
and HOMA2‐β were related to a higher hippocampal volume at
baseline, with insulin, HOMA2‐IR and HOMA2‐β also showing
a trend for a lower PiB‐PET composite score. TyG was inversely
associated with a baseline total GM volume, with a trend also
for the FDG‐PET composite score. In longitudinal analyses, only
higher baseline TyG was associated with an increase in PiB‐PET
and a decline in FDG‐PET composite scores. Baseline HOMA2‐β
tended to be inversely associated with a decrease in the FDG‐
PET composite score.

4 | Discussion

To our knowledge, this is the first comprehensive longitudinal
study examining the associations of dysglycaemia and a broad
range of glucometabolic markers, including OGTT, with both
cognitive function and neuroimaging measures at baseline and
longitudinally over 2 years in the same cohort.

Overall, in older individuals at risk for dementia without pre-
viously diagnosed diabetes, higher baseline dysglycemia mea-
sures were associated with more deleterious changes across
multiple cognitive outcomes, with OGTT‐related measures
reaching statistical significance. Higher post‐challenge glucose
levels in the OGTT and FPG were related to a greater decline in
hippocampal volume and brain glucose metabolism. Higher
baseline TyG was associated with increased brain amyloid
accumulation and greater decline in brain glucose metabolism,
which is a novel finding. Interestingly, higher baseline HbA1c
was associated with more favourable changes over time in both
processing speed and cortical thickness. Consistent with previ-
ous reports [21], there were no significant differences between
the intervention and control groups regarding changes in
glucose‐related markers. Prediabetes, diabetes, and baseline
levels of glucose‐related markers did not affect the previously
reported intervention benefits on cognition.

Few longitudinal studies have investigated OGTT‐related
glucose measures in relation to both cognition and neuro-
imaging [9–11], reporting no significant associations. In our
study, OGTT‐related measures were consistently associated with
changes in both hippocampal volume and overall cognition and
memory; processing speed, with 2 h‐PG only. Although FPG
and PG‐AUC had similar associations with changes in neuro-
imaging measures, FPG did not show significant longitudinal
associations with cognition. Our findings thus indicate that
OGTT‐related markers may be more sensitive than FPG in
detecting subtle abnormalities in glucose metabolism associated
with unfavourable cognitive changes over time.

Previous literature has reported mixed results regarding FPG
and cognition, with cross‐sectional studies showing more likely
inverse associations [22], and longitudinal studies more likely to
report no associations [2, 23]. Only few longitudinal studies

have previously investigated FPG in relation to brain imaging,
with results similar to those of this study. Higher FPG was
associated with decreasing cortical thickness over 12 years [24],
while increasing FPG over 1 year was associated with a decline
in hippocampal volume and more brain amyloid accumulation
on PET scans [25]. The significance of our cross‐sectional
finding of the inverse association between FPG and WMH vol-
ume is unclear. Previous results on the association between FPG
and WMmeasures have been mixed, with some studies showing
WM microstructural abnormalities in prediabetes [26], while
others reported no associations [27]. Since WMH is the hall-
mark marker of cerebral small vessel disease, its association
with glucometabolic markers needs further investigation.

HbA1c is one of the most used single glycaemia parameters in
dementia‐related studies, despite having a lower sensitivity for
detecting early dysglycaemia compared with the OGTT [7]. In
our study, HbA1c showed few and inconsistent associations
with cognition and neuroimaging measures in older adults
without dementia and previously diagnosed with diabetes.
Higher HbA1c was associated with an increase in processing
speed and a decrease in cortical thickness longitudinally, but
with a lower glucose uptake in the brain on FDG‐PET scans
cross‐sectionally. A previous longitudinal study reported an
association of higher HbA1c levels with a decrease in GM vol-
ume, but not with changes in cognition over time [10]. In two
cross‐sectional studies, HbA1c was linked to lower ORs for high
amyloid accumulation on PET scans, but not to cognition [12],
and to lower total brain volume and lower cognition [28]. These
findings were based on cohorts including people with diabetes.
In a cross‐sectional study of non‐diabetic older individuals,
HbA1c was inversely associated with memory and the volume
and microstructure of the hippocampus [16]. Recent reviews [2,
8] have highlighted the heterogeneity of results from studies
examining the association between glycaemia parameters with
cognition and brain imaging correlates, with many studies
reporting no associations, or even positive associations, between
FPG or HbA1c and cognitive decline and brain volume.

The variability of results for glucose‐related markers across
different studies focussing on cognition and/or neuroimaging
may be related to the sensitivity and specificity of the chosen
markers. Previous evidence [7] pointed out that HbA1c is a
better measurement for monitoring chronic hyperglycaemia in
people with diabetes, while OGTT‐related markers are better
predictors for insulin resistance, prediabetes, and undiagnosed
and incident diabetes. Consequently, it has been suggested that
HbA1c and OGTT‐related markers are not interchangeable or
fully comparable, and using only HbA1c for diagnosis would
miss diabetes and prediabetes cases disproportionately. Instead,
the use of OGTT‐related markers for the assessment of glycae-
mia in non‐diabetic individuals, specifically PG‐AUC, has been
suggested as a valuable tool with high significance. It has the
potential to enhance the stratification of dysglycaemia risk and
may be particularly useful in predicting the impact of dysgly-
caemia on brain and cognitive function.

Serum insulin and insulin resistance markers were not associ-
ated with cognitive decline or change in neuroimaging markers
over 2 years in the FINGER study. These markers may thus be
less suitable for detecting the impact of subtle abnormalities in
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glucose metabolism on changes in cognition, especially in peo-
ple without clinical diabetes. Although several previous studies
have reported associations between higher insulin/HOMA
indices and cognitive decline, nearly all these studies have also
included people with diabetes [8]. Cross‐sectional analyses in
our study showed mixed results: associations of higher serum
insulin and insulin resistance markers with a lower cognition
across several domains, but a higher hippocampal volume. One
cross‐sectional study in healthy middle‐aged adults reported
that high serum insulin and HOMA‐IR levels were related to
poorer cognition and lower total brain (but not hippocampus)
volume [28]. The differences in results may be due to the study
designs and target populations since the FINGER study
included older adults at risk of dementia.

TyG is a marker with potential as an insulin resistance index
that is also informative on overall metabolic status and sug-
gested as a better predictor of cardiovascular complications in
diabetes than both HOMA‐IR [29] and HbA1c [30]. In our
study, TyG was inversely linked with processing speed at
baseline but was not longitudinally associated with cognition.
However, higher baseline TyG was longitudinally associated
with a greater increase in brain amyloid accumulation on PiB‐
PET, and a greater decrease in glucose uptake in the brain on
FDG‐PET scans, which is a novel finding emphasising the role
of metabolic factors in AD‐related brain pathology. Previous
studies have suggested that high TyG may be associated with an
increased risk of cognitive decline and dementia [31]. Cross‐
sectionally, TyG showed an inverse association with GM vol-
ume in brain regions involved in AD pathology [32], similar to
our cross‐sectional findings.

The main limitations of the study include the use of sub‐
populations for serum insulin, insulin resistance markers, and
neuroimaging measures. This may have reduced statistical po-
wer. Due to these power limitations, results are reported
without adjustments for multiple testing and should thus be
considered as exploratory. The neuroimaging sub‐study popu-
lation may not be representative of all FINGER trial partici-
pants. MRI scanners differed between study sites; however, this
was adjusted for in the analyses. Because the FINGER partici-
pants did not have substantial cognitive impairment at baseline,
dementia was not a feasible study outcome after 2 years, but an
extended follow‐up is ongoing. Although participants are
representative of the segment of the Finnish general population
at increased risk of dementia, they do not represent the entire
risk continuum (from low to high) in the older general popu-
lation. Since FINGER focused on older adults, this study may
not capture some associations previously reported in younger
adults.

In conclusion, among older people without diabetes, dysgly-
caemia markers, particularly those obtained from the OGTT,
were associated with changes across multiple cognitive domains
and neuroimaging outcomes. The OGTT measures such as 2 h‐
PG and PG‐AUC may thus be more sensitive in detecting subtle
glucose metabolism abnormalities associated with unfavourable
cognitive changes over time. As HbA1c has lower sensitivity for
detecting early dysglycaemia compared with OGTT, it may
show conflicting associations with cognition and neuroimaging
measures in people without dementia and previously diagnosed

with diabetes. Our findings emphasise the importance of
selecting more accurate glucose‐related markers when investi-
gating the early stages of glucose metabolism abnormalities in
relation to subtle cognitive impairment and its structural brain
correlates. Accurate glucose‐related markers could also con-
tribute to a more precise selection of individuals at‐risk for de-
mentia who may benefit most from preventive interventions
including monitoring and management of dysglycaemia.
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