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Abstract
To explore to which extent neurodegeneration and cerebral small vessel disease (SVD) could mediate the association between 
type-2 diabetes and higher dementia risk. The analytical sample consisted in 2228 participants, out of the Three-City study, 
aged 65 and older, free of dementia at baseline who underwent brain MRI. Diabetes was defined by medication intake or 
fasting or non-fasting elevated glucose levels. Dementia status was assessed every 2 to 3 years, during up to 12 years of 
follow-up. Brain parenchymal fraction (BPF) and white matter hyperintensities volume (WMHV) were selected as mark-
ers of neurodegeneration and cerebral SVD respectively. We performed a mediation analysis of the effect of baseline BPF 
and WMHV (mediators) on the association between diabetes and dementia risk using linear and Cox models adjusted for 
age, sex, education level, hypertension, hypercholesterolemia, BMI, smoking and alcohol drinking status, APOE-ε4 status, 
and study site. At baseline, 8.8% of the participants had diabetes. Diabetes (yes vs. no) was associated with higher WMHV 
(βdiab = 0.193, 95% CI 0.040; 0.346) and lower BPF (βdiab = −0.342, 95% CI −0.474; −0.210), as well as with an increased 
risk of dementia over 12 years of follow-up (HRdiab = 1.65, 95% CI 1.04; 2.60). The association between diabetes status and 
dementia risk was statistically mediated by higher WMHV (HRdiab=1.05, 95% CI 1.01; 1.11, mediated part = 10.8%) and 
lower BPF (HRdiab = 1.12, 95% CI 1.05; 1.20, mediated part = 22.9%). This study showed that both neurodegeneration and 
cerebral SVD statistically explained almost 30% of the association between diabetes and dementia.
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Introduction

Type-2 diabetes is a frequent chronic disease, estimated to 
affect around 537 million adults aged 20 to 79 years old 
worldwide [1]. It is a known risk factor for cognitive decline, 
dementia, and Alzheimer’s disease (AD) at older ages [2–4]. 
Its population attributable fraction for dementia was esti-
mated at 1.1% from the Lancet commission after summa-
rizing the existing evidence [5]. Type-2 diabetes (noted as 
diabetes in the following) can be prevented; however, clini-
cal trials so far were not conclusive to demonstrate an effect 
of diabetes control or treatment on the course of cognitive 
decline or dementia risk [6, 7].

The mechanisms underlying the diabetes-dementia 
association are various but still unclear and require further 
investigation. Diabetes is characterized by the presence of 
chronic hyperglycaemia resulting from insulin dysregula-
tion, which also leads to inflammation or oxidative stress [8]. 
These physiopathological mechanisms have been implicated 
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in cerebral small vessel disease and neurodegeneration [9]. 
Indeed, associations of diabetes with higher white matter 
hyperintensities volume, brain infarcts, lower brain volumes 
or cerebral atrophy, have been reported from either cross-
sectional or longitudinal studies [10–17]. Cerebral small 
vessel disease and neurodegeneration are in turn involved 
in the progression of cognitive impairment and dementia. 
Yet, few studies have investigated markers of brain patholo-
gies that could mediate the effect of diabetes on cognitive 
functions [18, 19], cognitive decline [20, 21], or dementia 
risk [22], and the specific roles of neurodegeneration and 
cerebral small vessel disease in these physiopathological 
pathways remain unclear. Only two studies have looked at 
markers of neurodegeneration and cerebral small vessel dis-
ease together: a cross sectional report from 4206 older adults 
(mean age 76) from an Icelandic population-based study 
showed that both small vessel disease and neurodegeneration 
markers mediated the association between diabetes and cog-
nitive function [18], while a clinical study of 2288 patients 
(mean age 71) with subjective cognitive complaints (SCC) 
or mild cognitive impairment (MCI) reported a mediated 
association through neurodegeneration only [19]. Disentan-
gling the contribution of each of these brain pathological 
processes is thus needed to better understand the physiopa-
thology underlying the diabetes-dementia relationship.

The main objective of this work was to explore, in a large 
population-based cohort of participants free of dementia at 
entry and followed up over 12 years, whether the associa-
tion of diabetes with dementia risk is mediated by brain 
MRI markers of neurodegeneration or cerebral small vessel 
disease.

Research design and methods

Study population

The design and methods for this study were reported previ-
ously [23]. The 3 C MRI substudy (Three-City MRI) is a 
population-based cohort study of noninstitutionalized indi-
viduals aged 65 to 80 years who were recruited in the French 
cities of Dijon and Bordeaux. Enrollment for the baseline 
MRI assessment occurred from 1999 to 2001 in 2554 per-
sons that were thereafter followed every 2 or 3 years over a 
12-year period. Repeated cognitive evaluations and active 
diagnosis of dementia cases have been realized. At each 
study wave, a standardized questionnaire assessing socio-
demographic, medical, cognitive, and functional characteris-
tics was administered at home by trained neuropsychologists 
during face-to-face interviews. Blood samples were also col-
lected for assessment of standard biology.

From 2554 dementia-free participants who had base-
line MRIs, 326 were excluded from analyses for missing 

measures of white matter hyperintensities volume or brain 
volumes (n = 153), missing diabetes status (n = 46), miss-
ing adjustment covariates (n = 63), or absence of follow-up 
(n = 102), leaving a final sample size of 2228 participants.

Diabetes definition

Diabetes cases at baseline were defined as either 1/ Pres-
ence of fasting blood glucose ≥ 7 mmol/L (≥ 126 mg/dL) or 
non-fasting blood glucose ≥ 11.1 mmol/L (≥ 200 mg/dL); 
or 2/ Antidiabetic drug intake (Anatomical Therapeutic 
Chemical classification system: code A10A “insulins and 
analogues”, and code A10B “blood glucose lowering drugs, 
excl. insulins”).

Dementia assessment

Dementia diagnosis was realized using a standardized three-
step procedure. The first step was a cognitive evaluation by 
trained neuropsychologists using a series of psychometric 
tests. Participants who were suspected of dementia, based 
on their neuropsychological performance or decline relative 
to a previous examination were then examined for further 
medical assessments. Finally, each case was discussed by 
a validation committee composed of neurologists and geri-
atricians to classify etiology. The diagnosis of dementia was 
based on the Diagnostic and Statistical Manual of Mental 
Disorders-Fourth Edition (DSM-IV) criteria. Dementia sub-
typing was based on the National Institute of Neurological 
and Communicative Disorders and Stroke–Alzheimer’s Dis-
ease and Related Disorders Association (NINDS–ADRDA) 
criteria for AD, and on the National Institute of Neuro-
logical Disorders and Stroke–Association Internationale 
pour la Recherche et l’Enseignement en Neurosciences 
(NINDS–AIREN) criteria for vascular dementia. Mixed 
dementia was defined as a diagnosis of AD with either cer-
ebrovascular lesions on brain imaging when available or a 
documented history of stroke and the presence of prominent 
executive function deficits in addition to an AD-type cogni-
tive profile. We considered all incident cases that occurred 
during the 12-year follow-up period for the current analyses.

Brain MRI markers

The protocol for cranial MRI, using either a 1.5-T Magnetom 
(Siemens, Erlangen, Germany) in Dijon or an ACHIEVA 
3T scanner (Philips Medical System, Netherlands) in Bor-
deaux, has been described in detail previously [24]. For this 
study, we selected the two following MRI markers, available 
in both study sites: brain parenchymal fraction (BPF) as a 
marker of global atrophy, and white matter hyperintensi-
ties volume (WMHV) as a marker of small vessel disease 
burden. Using voxel-based morphometry techniques, BPF 
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was calculated as the sum of grey and white matter volumes 
minus white matter hyperintensities volume divided by total 
intracranial volume (sum of grey and white matter volumes 
and cerebrospinal fluid volume). A fully automatic image 
processing software was developed for tissue segmentation 
and to detect and quantify white matter hyperintensities [24]. 
WMHV was calculated by summing the volumes of all the 
lesions detected. WMHV was divided by total white matter 
volume and log transformed. In the following analyses, BPF 
and WMHV were standardized for both sites separately.

Covariates

At baseline, sociodemographic information was collected 
that included age, sex, and education level (categorized as 
no or primary school, secondary school, high school, uni-
versity). Potential confounding factors to be controlled for 
included: study site (Bordeaux vs. Dijon), smoking status 
(never, former, and current smoker), alcohol consumption 
(never, former, and current drinker), self-reported history of 
cardiovascular disease (myocardial ischemia, coronary artery 
disease or peripheral arterial disease) and stroke, hyperten-
sion, hypercholesterolemia, body mass index (BMI), and 
depressive symptoms. Hypertension was defined by either 
measured systolic blood pressure ≥ 140 mmHg or diastolic 
blood pressure ≥ 90 mmHg, antihypertensive drug intake, 
or self-reported history of hypertension. Hypercholester-
olemia was defined by either total cholesterol level ≥ 7.25 
mmol/L, lipid-lowering drug intake, or self-reported history 

of hypercholesterolemia. BMI was categorized as < 20 kg/
m² (underweight), 20 to 24.9 kg/m² (normal weight), 25 to 
29.9 kg/m² (overweight) and ≥ 30 kg/m² (obesity). Depres-
sive symptomatology was assessed with the Center for 
Epidemiological Studies-Depression (CESD) scale, using 
scores of > 16 for men and > 22 for women as indicators of a 
clinically relevant level of depressive symptomatology [25]. 
Finally, APOE-ε4 status was defined as at least one ε4 allele 
carried versus none [26]. These covariates were selected 
because we hypothesized they may be confounders of the 
relationship between diabetes and dementia (Exposure–Out-
come), diabetes and WMHV(Exposure–Mediator1), diabetes 
and BPF (Exposure–Mediator2), and/or WMHV/BPF and 
cognition (Mediator1/2–Outcome).

Statistical analysis

Comparisons of participants included in the analytical sam-
ple versus excluded were realized for baseline characteris-
tics. In the analytical sample, participants’ characteristics 
at baseline according to diabetes status were reported using 
median and interquartile range, as well as numbers and pro-
portions. Comparisons were realized using Wilcoxon tests 
for continuous variables, and χ2 for categorical variables.

We performed a mediation analysis with diabetes status 
at baseline as main exposure, baseline BPF and WMHV 
as mediators, and dementia onset (as well as AD dementia 
onset comprising AD dementia cases and mixed dementia 
cases) as the outcome (Fig. 1). In our conceptual model, a 

Fig. 1   Mediation model of the association between diabetes and dementia risk
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causal relationship between WMHV and BPF was hypoth-
esized [27–31]. The pathway mediated by WMHV thus 
accounted for the direct effect of WMHV on dementia as 
well as its indirect effect through BPF. Causal mediation 
analyses require four important assumptions on confound-
ers: (a) no unmeasured exposure–outcome confounding, 
(b) no unmeasured exposure–mediator confounding, (c) no 
unmeasured mediator–outcome confounding, and (d) no 
mediator–outcome confounder is affected by the exposure 
[32]. After inclusion of major confounders, we considered 
these assumptions as reasonable. For this causal mediation 
analysis of survival outcome with multiple mediators, we 
used the parametric method proposed by Huang et al. [33] 
to estimate total, direct, and path-specific indirect effects 
between diabetes and dementia risk, and their associated 
95% confidence intervals. In a first step, cross sectional 
associations of diabetes with BPF and WMHV were esti-
mated using two multivariable linear regression models 
adjusted for age, sex, education level, hypertension, hyper-
cholesterolemia, BMI, smoking and alcohol drinking status, 
APOE-ε4 status, and study site. The model with BPF as an 
outcome was additionally adjusted for WMHV. In a sec-
ond step, delayed entry Cox proportional hazard models, 
with age as time scale, were used to estimate the associa-
tion between diabetes and dementia risk. Participants who 
remained free of dementia over the follow-up length were 
censored at the age of their last follow-up before drop-out or 
at the end of follow up. Models were adjusted for sex, educa-
tion level, hypertension, hypercholesterolemia, BMI, smok-
ing and alcohol intake status, APOE-ε4 status, and study 
site. Then, the Cox model for dementia risk was additionally 
adjusted for both brain MRI markers. We tested a potential 
exposure–mediators interaction, which was not significant. 
Total effect consisted in the sum of the direct and each path-
specific indirect effect. The proportion of mediation by each 
brain marker was calculated as the ratio of each indirect 
effect to the total effect. Risk proportionality was assessed 
graphically and with Schoenfeld’s residuals testing. Confi-
dence intervals were calculated using a resampling method 
that takes random draws (n = 106) from multivariate normal 
distribution of the different estimates and their covariance 
matrix (see Appendix sections A4 and A5 of Huang et al. 
for reference [33]). Empirical 95% confidence intervals cor-
responded to the 2.5 and 97.5 percentiles of the obtained 
distributions.

Sensitivity analyses were realized to evaluate the robust-
ness of our results. First, because diabetes is associated with 
higher risk of death, competing risk of death may influ-
ence the results. We thus performed an illness-death model 
instead of the initial Cox model. Such model accounts for 
competing risk of death as well as interval censoring. Sec-
ond, the primary results reported were based on a complete 
cases analysis under the assumption that missing data at 

baseline that led to exclude participants from the final analy-
ses (n = 224) were missing completely at random (MCAR). 
To further explore the impact of missing data being MCAR 
on our findings, missing values of diabetes, MRI markers, 
and covariates were imputed by multiple imputation (MI) 
using chained equations with a fully conditional specifica-
tion (10 imputed data sets), and the primary analysis was 
rerun on those imputed datasets. Third, due to baseline 
imbalance of depressive symptoms between participants 
with and without diabetes, we also performed the primary 
analysis adjusting for high depressive symptoms. Fourth, 
to investigate whether the link between WMHV and BPF 
influenced our results, we performed an analysis without 
accounting for this association. Then, to account for poten-
tial residual confounding due to an unmeasured common 
cause for the mediators, we estimated the joint indirect effect 
through both mediators using the Inverse Odds Weight-
ing method [34, 35] composed of 3 steps. First, a logistic 
regression modelling the probability of diabetes, adjusted 
for mediators and confounding factors, was used to create 
a weight equal to (1-predicted probability)/predicted prob-
ability for diabetics and to 1 for non-diabetics. Second, we 
estimated diabetes direct effect with a weighted Cox model, 
adjusted for confounding factors only. Third, total effect 
was estimated using an unweighted Cox model, adjusted for 
confounding factors only. 95% confidence intervals for each 
total, direct, and indirect effects were calculated using boot-
strap (1000 replications). The proportion of mediated effect 
was then compared with the sum of the path-specific effects 
from the primary analysis.

Finally, to further assess the potential impact of resid-
ual confounding, we provided E values and the associated 
lower limit of the 95% confidence interval (LCI), for the 
association between diabetes and dementia. Briefly, an E 
value expresses the minimum strength of association that 
an unmeasured confounder needs to reach with both the 
exposure and the outcome to fully explain away a specific 
exposure–outcome association. E values and associated 
LCI were calculated using the E value calculator [36, 37]. 
In addition, regarding robustness to potential unmeasured 
mediators–outcome confounding, we used a mediational E 
value as developed by Smith and VanderWeele [38].

Analyses were conducted using SAS v9.4 (SAS Institute 
Inc.), and R version 4.1.3 [39].

Results

Compared to participants included in the analytic sam-
ple, participants excluded were on average older, and 
had on average lower MMSE scores. They also had more 
often comorbidities such as high BMI, hypertension, dia-
betes or high depressive symptoms. (Online Resource 1) 



Understanding the relationship between type-2 diabetes, MRI markers of neurodegeneration…

1 3

Characteristics of analytical sample (n = 2228) by diabetes 
status (present in n = 181, 8.1% of participants) are presented 
in Table 1. Participants with diabetes at baseline were more 
often male and had more frequently other cardiovascular 
comorbidities as well as high depressive symptoms.

Diabetes was associated with higher WMHV (β = 0.210, 
95% CI 0.057; 0.363) and lower BPF (β = − 0.323, 95% 
CI − 0.457; − 0.189). In addition, higher WMHV was 
associated with lower BPF (β = − 0.137, 95% CI − 0.174; 
−  0.101). Over a median follow-up of 8.6 years (IQR 
5.1–10.7), 196 participants were diagnosed with demen-
tia (incidence rate: 1.09/100 persons-years (95% CI 0.93; 
1.24). In a covariates-adjusted delayed entry Cox model, 
diabetes at baseline was associated with an increased risk 
of dementia over 12 years of follow-up (HR = 1.65, 95% CI 

1.04; 2.60) (Table 2). After additional adjustment for MRI 
markers, this association was attenuated and became sta-
tistically non-significant (HR = 1.42, 95% CI 0.89; 2.25). 
Higher WMHV was associated with higher risk of demen-
tia (HR = 1.26, 95% CI 1.10; 1.41), while higher BPF was 
associated with lower risk of dementia (HR = 0.78, 95% CI 
0.66; 0.91) (Table 2). Results from the sensitivity analy-
sis accounting for competing risk of death showed slightly 
lower estimates for the associations between diabetes and 
dementia, and similar estimates for the associations between 
mediators and dementia. Diabetes was associated with a 46% 
increased risk of AD dementia but did not reach statistical 
significance (HR = 1.46, 95% CI 0.86 ; 2.49).

The association between diabetes status and demen-
tia risk was significantly mediated by higher WMHV 

Table 1   Population’s 
characteristics description 
according to diabetes status, the 
3 C study (Bordeaux + Dijon)

Data presented being N (frequency) or median [IQR]
MMSE, Mini Mental State Examination; APOE, apolipoprotein E; CVD, Cardiovascular disease; BMI, 
Body Mass Index
*p-value: Wilcoxon for quantitative variable or χ2 for qualitative variables

No diabetes
(n = 2047)

Diabetes
(n = 181)

P value

Dijon study site 1535 (75.0) 139 (76.8) 0.59
Age at baseline 72.1 [68.8–75.8] 72.2 [68.9–75.7] 0.50
Female 1257 (61.4) 83 (45.9) < 0.001
Education level 0.32
No diploma or primary school 625 (30.5) 61 (33.7)
Secondary school 620 (30.3) 61 (33.7)
High school 247 (12.1) 21 (11.6)
University 555 (27.1) 38 (21.0)
APOE-ε4 carriers 442 (21.6) 37 (20.4) 0.72
Smoking status < 0.001
Never smoker 1286 (62.8) 82 (45.3)
Former smoker 653 (31.9) 89 (49.2)
Current smoker 108 (5.3) 10 (5.5)
Drinking status 0.47
Non drinker 343 (16.8) 30 (16.6)
Former drinker 40 (1.9) 6 (3.3)
Drinker 1664 (81.3) 145 (80.1)
Baseline MMSE score 28.0 [27.0–29.0] 28.0 [26.0–29.0] 0.01
BMI < 0.001
< 20 110 (5.4) 4 (2.2)
20–24.9 876 (42.8) 45 (24.9)
25–29.9 828 (40.4) 87 (48.1)
≥ 30 233 (11.4) 45 (24.9)
History of CVD 129 (6.3) 24 (13.3) < 0.001
History of stroke 77 (3.8) 9 (5.0) 0.53
Hypertension 1531 (74.8) 160 (88.4) < 0.001
Hypercholesterolemia 883 (43.1) 104 (57.5) < 0.001
High depressive symptoms 207 (10.1) 30 (16.1) 0.03
Glycaemia 4.84 [4.54–5.18] 7.0 [5.4–8.3] < 0.001
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(HRindirect_WMHV=1.06, 95% CI 1.01; 1.12, mediated 
part = 11.4%) and lower BPF (HRindirect_BPF=1.09, 95% CI 
1.03; 1.26, mediated part = 16.9%) (Table 3). The total pro-
portion of mediated effect by both brain MRI markers was 
28.3%. Results from sensitivity analyses are presented in 
Table 3. The analysis using imputed data yielded stronger 
total and direct effect and similar indirect effect, thus low-
ering the mediated proportion to 22.8%. Analyses further 
controlling for high depressive symptoms and not account-
ing for the link between WMHV and BPF yielded similar 
results (mediated proportions = 26.4% and 28.3% respec-
tively). When using the Inverse Odds Weighting approach, 
the joint mediated proportion was 37.5%, higher compared 
to the primary analysis.

E value calculations yielded to the conclusion that to 
fully explain the association between diabetes and demen-
tia, an unmeasured confounder should be associated with 
both diabetes and dementia with a magnitude of at least 
2.71 (LCI = 1.28). Moreover, to completely explain away 

the observed indirect effect, an unmeasured confounder 
associated with both WMHV (or BPF) and dementia 
risk with approximate hazard ratios of 1.31-fold each 
(LCI = 1.11) (or 1.40-fold (LCI = 1.21) for BPF), above 
and beyond the measured covariates, could suffice, but 
weaker confounding could not.

Table 2   Associations between diabetes status and dementia risk, the 
3 C study (Bordeaux + Dijon)

Hazard ratios correspond to the associations between diabetes and 
each mediator with dementia risk
WMHV, White matter hyperintensities volume; BPF, Brain parenchy-
mal fraction
*Model adjusted for sex, education level, smoking and drinking sta-
tus, BMI, hypertension, hypercholesterolemia, APOE-ε4 status, and 
study site
a  Using illness-death models

Adjusted model * Model additionally 
adjusted for mediators

HR (95% CI) P value HR (95% CI) P value

Dementia
 Diabetes 1.65 (1.04–

2.60)
0.03 1.42 (0.89–2.25) 0.14

 WMHV (+ 1 
SD)

– 1.26 (1.10–1.44) < 0.001

 BPF (+ 1 SD) – 0.78 (0.66–0.91) 0.002
AD dementia
 Diabetes 1.46 (0.86–

2.49)
0.17 1.29 (0.79–2.20) 0.36

 WMHV (+ 1 
SD)

– 1.19 (1.02–1.39) 0.02

 BPF (+ 1 SD) – 0.80 (0.67–0.96) 0.01
Dementia accounting for competing risk of deatha

 Diabetes 1.61 (1.02–
2.54)

0.04 1.38 (0.87–2.18) 0.17

 WMHV (+ 1 
SD)

– 1.25 (1.09–1.43) 0.001

 BPF (+ 1 SD) – 0.75 (0.64–0.88) < 0.001

Table 3   Mediated associations between diabetes status and dementia 
risk, the 3 C study (Bordeaux + Dijon)

WMHV, White matter hyperintensities volume; BPF, Brain parenchy-
mal fraction
Models adjusted for sex, education level, smoking and drinking sta-
tus, BMI, hypertension, hypercholesterolemia, APOE-ε4 status, and 
study site. Sensitivity analysis 1: similar adjustment as main analy-
sis with multiple imputation for missing data. Sensitivity analysis 2: 
with adjustment for high depressive symptoms. Sensitivity analysis 
3: without accounting for the association between WMHV and BPF. 
Sensitivity analysis 4: using Inverse Odds Weighting method.
Hazard ratios correspond to total and direct effect of diabetes on 
dementia risk, as well as indirect effects of diabetes on dementia risk 
through BPF or WMHV.

HR (95% CI) Mediated 
proportion

Dementia
 Total effect 1.63 (1.02–2.58)
 Direct effect 1.42 (0.89–2.25) 71.7%

Indirect effect
 By BPF 1.09 (1.03–1.16) 16.9%
 By WMHV 1.06 (1.01–1.12) 11.4%

Sensitivity analysis 1
 Total effect 1.81 (1.24–2.66)
 Direct effect 1.58 (1.08–2.32) 77.2%

Indirect effect
 By BPF 1.09 (1.03–1.15) 14.0%
 By WMHV 1.05 (1.01–1.10) 8.8%

Sensitivity analysis 2
 Total effect 1.64 (1.03–2.61)
 Direct effect 1.44 (0.91–2.29) 73.6%

Indirect effect
 By BPF 1.08 (1.02–1.16) 15.9%
 By WMHV 1.05 (1.01–1.11) 10.5%

Sensitivity analysis 3
 Total effect 1.63 (1.03–2.58)
 Direct effect 1.42 (0.89–2.25) 71.7%

Indirect effect
 By BPF 1.09 (1.03–1.18) 18.4%
 By WMHV 1.05 (1.01–1.11) 9.9%

Sensitivity analysis 4
 Total effect 1.65 (0.95–2.59)
 Direct effect 1.37 (0.67–2.80)
 Indirect effect 1.21 (0.69–1.92) 37.5%
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Conclusions

In this prospective population-based study, we performed 
a mediation analysis to decipher neurodegeneration and 
cerebral small vessel disease mechanisms that could link 
diabetes to higher dementia risk. We evidenced that almost 
30% of the association of diabetes with dementia risk was 
mediated by lower BPF and higher WMHV. These results 
remained consistent across the different sensitivity analy-
ses. This work suggests that both neurodegeneration and 
small vessel disease, to a lower extent for the latest, play 
a role in the diabetes—dementia relation.

While the relationship between diabetes and cognitive 
impairment or dementia has been largely described [3], the 
underlying mechanisms remained uncertain, which justi-
fies studies investigating pathways linking diabetes to brain 
and cognitive aging. Our results confirmed the association 
of diabetes with MRI markers of neurodegeneration, such 
as lower cerebral volumes or cortical atrophy [10–15, 40], 
and of small vessel disease [15, 40–42]. Other studies than 
ours also investigated the mediating role of neurodegen-
eration and/or cerebral small vessel disease on the asso-
ciation between diabetes and dementia or cognition, yet 
some were cross-sectional or based on clinical samples, 
which limited their interpretation and generalizability [14, 
18–22, 42]. In a cross sectional study of 4206 older adults 
(mean age 76) from the Age, Gene/Environment Suscepti-
bility–Reykjavik population-based cohort, both markers of 
neurodegeneration and cerebrovascular lesions mediated 
the association between diabetes and cognitive perfor-
mances [18]. Moreover, two longitudinal studies looked at 
the mediating role of either neurodegenerative or cerebro-
vascular lesions separately: the first one using data from 
the Alzheimer’s Disease Neuroimaging Initiative clinical 
cohort showed an indirect effect of diabetes on cognitive 
decline through lower baseline cortical thickness, and the 
second one evidenced that brain hypoperfusion and white 
matter disease mediated the association between diabetes 
and either cognitive impairment or dementia in a sam-
ple derived from the population-based Cardiovascular 
Health Study [21, 22]. In our previous work from a differ-
ent cohort of patients with SCC or MCI (the clinic-based 
Memento cohort), we observed in a cross-sectional analy-
sis that the association between diabetes and lower cogni-
tive functions was mediated by markers of neurodegenera-
tion, but not by WMHV [19]. Similar conclusions were 
reported in another cross-sectional Australian study [14]. 
The lack of mediated association through vascular lesions 
in clinical settings may be due to selection in studies set up 
from memory clinics which tend to underrepresent persons 
with vascular disease who are followed up in different set-
tings. To our knowledge, our study is the first longitudinal 

population-based study investigating the mediating role of 
both cerebral atrophy and small vessel disease markers on 
the association between diabetes and dementia risk. In this 
work, even if both white matter hyperintensities volume 
and brain parenchymal fraction significantly mediated the 
association between diabetes and dementia, we showed 
that the part of the association mediated through worse 
small vessel disease was weaker (~ 11%) than the part of 
the association mediated through cerebral atrophy. This 
could be due to the use of only one marker of cerebrovas-
cular disease or to the fact that diabetes lead to neurode-
generation through different other unmeasured pathways. 
Our work thus provides additional evidence regarding the 
implication of different brain lesions on the impact of dia-
betes on pathological aging.

Taken together, these results support the hypothesis that 
diabetes-associated metabolic changes (impaired glucose 
control and insulin resistance) likely favor neurodegenera-
tion and cerebral pathology to a lower extent. Indeed, chronic 
hyperglycemia is known to lead to the production of advanced 
glycated products, which may increase oxidative stress and 
inflammation [8, 43]. Diabetes, through altered insulin sign-
aling, may also impair the permeability of the blood brain 
barrier [44]. These modifications may be involved with 
the development of macro- and micro-vascular lesions, but 
mostly with cerebral atrophy in dementia related areas [14, 
45]. Although the direct effect of diabetes on dementia in our 
analysis became non-statistically significant after controlling 
for selected markers of neurodegeneration and cerebral small 
vessel disease, it was not null and other mechanisms may be 
involved. Secondary to insulin resistance, it has also been 
hypothesized that diabetes may lead to the accumulation of 
β-amyloid as well as tau hyperphosphorylation, both involved 
in increased Alzheimer’s disease risk. However, most stud-
ies failed to evidence an association between diabetes and 
Alzheimer’s disease related pathology, as measured by PET 
imaging or CSF biomarkers [19, 46]. Studies investigating 
other pathways independent of neurodegeneration and cer-
ebral small vessel disease are thus required.

This study has several strengths. The results are gener-
ated from a prospective, population-based cohort with a long 
follow-up and large sample size. The availability of MRI 
markers of brain health allowed us to investigate different 
mediators which will improve our understanding of the rela-
tionship between diabetes and dementia. Additionally, this 
work relies on well-defined dementia cases, reviewed by a 
validation committee. This work also has some limitations. 
First, diabetes and mediators were measured at the same 
time, thus, the causal ordered relationship between diabetes, 
WMHV and BPF could not be verified. In this cohort, even 
if assessed at study entry, diabetes was diagnosed in average 
11 years before baseline, limiting reverse causality. Yet, it 
cannot be excluded that white matter loss may lead to white 
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matter hyperintensities (especially for periventricular white 
matter lesions). Since we only used one cerebral MRI marker 
for neurodegeneration and one for small vessel disease at one 
time point, the proportion mediated by each of these underly-
ing mechanisms may have been underestimated. Selection 
bias is another potential limitation of our study. The sensitiv-
ity analysis using multiple imputation to account for selection 
yielded stronger direct effect and thus lower mediated propor-
tion, suggesting that the characteristics specific to excluded 
participants (i.e. obesity, hypertension, and depressive 
symptoms) may also play a role in the association between 
diabetes and dementia through different pathways. Finally, 
although we accounted for multiple known confounders, we 
cannot exclude any remaining confusion. Yet, our conclusion 
held when controlling for residual confounding between the 
two mediators, and calculated E values suggested that our 
results were robust to any remaining confounding factors.

In conclusion, this work suggests that cerebral small ves-
sel disease and neurodegeneration explained almost 30% 
of the effect of diabetes on dementia risk, with a smaller 
contribution of cerebral small vessel disease. Longitudinal 
studies integrating multiple dynamic brain structural and 
functional data will be required to confirm these results and 
better understand the diabetes—dementia relationship.
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