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Abstract
Background: Diabetes has been linked to dementia risk; however, the cognitive trajectories in older adults with diabetes remain unclear.
We aimed to investigate the effect of prediabetes and diabetes on cognitive trajectories among cognitively intact older adults in a long-term
follow-up study.
Methods: Within the Swedish Adoption/Twin Study of Aging, 793 cognitively intact older adults aged ≥50 were identified at baseline and
followed for up to 23 years. Based on standardized scores from 11 cognitive tests, administered at baseline and up to seven follow-ups, four
cognitive domains (verbal abilities, spatial/fluid, memory, perceptual speed) were identified by principal-component analysis. Prediabetes was
defined according to blood glucose levels in diabetes-free participants. Diabetes was ascertained based on self-report, hypoglycemic medication
use and blood glucose levels. Data were analyzed with linear mixed-effect models adjusting for potential confounders.
Results: At baseline, 68 participants (8.6%) had prediabetes and 45 (5.7%) had diabetes. Compared to diabetes-free individuals, people with
diabetes had a steeper decline over time in perceptual speed and verbal abilities. The annual declines in these domains were greater than the
annual decline in memory. Prediabetes was associated with lower performance in memory in middle-age, but also associated with a less steep
memory decline over the follow-up.
Conclusions: Diabetes is associated with a faster decline in perceptual speed and verbal abilities, while prediabetes is associated with lower
memory performance in middle-age. However, the detrimental effects of hyperglycemia seem to not affect memory over time.
Keywords: Type 2 diabetes—Cognitive aging—Longitudinal study—Hyperglycemia

To date, 415 million people in the world live with type 2 diabetes
(hereafter referred to as diabetes), and 318 million people have prediabetes (1). Meanwhile, over 46 million people live with dementia (2).
Older adults with diabetes have a higher risk for dementia than those
without diabetes (3). In addition, some studies suggest that diabetes is
also associated with faster cognitive decline among individuals without dementia (3). Prediabetes, a high-risk state of developing diabetes
(1), is also suggested to be predictive of cognitive impairment and
dementia (4). As prevention and treatment strategies for the classical

vascular complications of diabetes have significantly improved, people with diabetes are living longer, leading to an increased number of
people at risk for cognitive decline and dementia.
Although cognitive impairment and dementia are increasingly
recognized as clinically relevant diabetes-related complications, the
cognitive trajectories in cognitively intact older adults with diabetes
remain unclear. Prospective studies that investigated the relationship between diabetes and cognitive decline in different domains
showed mixed results (5–11). Some studies demonstrated a faster
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by squared height in meters (kg/m2) and categorized into four
groups: underweight (<20.0), normal weight (20–25), overweight
(≥25–30), and obese (≥30). Smoking status was dichotomized as
nonsmoking (participants who had never smoked) and smoking
(including former and current smokers). Alcohol consumption was
dichotomized as never-drinkers (those who never drink alcohol)
and drinkers (including former and current drinkers). Information
on physical exercise was based on the participant’s self-reported
amount of exercise throughout the year and categorized as “no
exercise/light” and “physical exercise” (including moderate to
heavy exercise) (14). Cerebro- and cardio-vascular diseases (CVDs)
included hypertension (defined as blood pressure ≥140/90 mmHg)
(15), heart diseases (heart failure, coronary heart diseases, and
heart attack), and stroke, and were assessed based on self-reported
medical history.

Assessment of Diabetes and Prediabetes

Methods
Study Population
SATSA is a population-based longitudinal study consisting of
a subset of participants from the Swedish Twin Registry (STR)
(12). The study design of SATSA has been reported in detail elsewhere (13). Briefly, from the base population of SATSA, all twins
who were aged ≥50 and participated in a mailed questionnaire
in 1984 were invited to undergo clinical examinations and cognitive assessments by trained nurses starting in 1986 (first inperson testing, IPT1; n = 645). After IPT1, the participants were
followed-up every 3 years from 1986 until 2010. Throughout
the study period (mean 13.0 years, max 23 years), eight waves of
examinations were carried out. During the follow-up, the twins in
SATSA were sequentially included in the study when they turned
50 years old (n = 93 at IPT2, n = 21 at IPT3, n = 99 at IPT5, n = 1
at IPT6, and n = 3 at IPT8; Supplementary Figure 1). Because of
the open-cohort design, the date at the participants’ entry was
considered as baseline. In total, 862 individuals participated in
the baseline examination and completed the cognitive protocol
during at least one wave. After excluding at baseline participants
with cognitive impairment-no dementia (CIND, n = 58), dementia (n = 11), and missing blood glucose concentration (n = 1),
793 relatively cognitively intact participants were retained for
the present study.
Informed consent was obtained from all participants. SATSA
was approved by the Regional Ethics Board at Karolinska Institutet,
Stockholm, Sweden. Confidentiality and anonymity were guaranteed
as part of the informed consent. Participants were informed that
their involvement in the study was voluntary and that they were free
to withdraw from the study at any point in time.

Data Collection
Information on demographics (ie, age, sex, and education) and lifestyle factors (ie, smoking, alcohol consumption, and physical exercise) were collected through the baseline survey. Blood pressure,
weight, and height were measured by nurses at baseline and at each
follow-up. Information on medical conditions and medical drug use
was obtained based on self-report at each wave.
Education was dichotomized as low (elementary or vocational, ≤9 years) and high (high school or above, >9 years). Body
mass index (BMI) was calculated as weight in kilograms divided

Blood samples were taken from all participants at baseline with
either fasting (n = 721, 91.0%) or non-fasting (n = 71, 9.0%) status
and also at each follow-up at which information on hours fasting
was recorded. Fasting blood glucose (FBG) was defined as blood
glucose measured in blood samples taken after at least 8 hours of no
caloric intake (16). Blood glucose concentration was tested using an
enzymatic (glucose-oxidase) method (KODAK Ektachem).
Diabetes was ascertained at baseline and each follow-up based
on self-reported medical history, use of hypoglycaemic medications
(oral hypoglycemic agents or insulin), or FBG ≥7.0 mmol/L, or nonfasting blood glucose (noFBG) ≥11 mmol/L (4,16). Prediabetes was
defined as FBG 5.6–7.0 mmol/L (or noFBG 7.8–11.0 mmol/L) in
diabetes-free individuals (16).

Assessment of Cognitive Domains, Cognitive
Impairment, and Dementia
The cognitive battery in SATSA included 11 tests assessing the four
specific cognitive domains including verbal abilities (Information,
Synonyms, and Analogies), spatial/fluid (Figure logic, Kohs Block
Design, and Card rotations), memory (Digit span forwards and
backward, Thurstone’s pictures memory, Name and faces immediate
and delayed recall), and perceptual speed (Symbol digit, and Figure
identification) (17). These domains were identified by principalcomponent analysis (PCA) as previously described by Finkel and
colleagues (18). Briefly, factor analysis was used to construct latent
factors from the individual cognitive tests within each domain. An
invariant definition of factors at each wave was created by standardizing the cognitive measures relative to the respective means and
variances at IPT1, and the loadings from the factor analyses conducted at IPT1 were used to construct the four factors, each of which
represented a cognitive domain. Finally, for ease of interpretation, all
cognitive factor scores were scaled into T-scores, using factor means
and variances from IPT1 (19).
CIND was considered as having objective cognitive impairment,
but not severe enough to meet the criteria for dementia diagnosis.
Age- and education-specific norms were calculated in the dementiafree population at baseline in SATSA. A person was categorized as
having CIND if their Mini-Mental State Examination (MMSE) score
at study entry was at least 1 SD or 2 SDs below the age- and education-specific mean MMSE in people aged 50–75 years or ≥75 years,
respectively (20). Dementia was diagnosed at baseline and followup examinations according to the criteria from the Diagnostic and
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cognitive decline in persons with diabetes than those without diabetes in perceptual speed (6), executive function (5–7), and memory
(8,11), while other studies did not find such associations (9,10).
Other cognitive domains such as verbal and visuospatial abilities
have been less explored. Variability in these findings may reflect different methodological discrepancies, such as inclusion of people with
cognitive impairment, shorter follow-up duration, or assessment of
cognitive function through screening tools or single cognitive tests.
Furthermore, the impact of prediabetes on long-term cognitive
trajectories among people not diagnosed with dementia has been
poorly investigated.
Based on these observations, we hypothesized that diabetes and
prediabetes are related to distinct trajectories of cognitive decline in
different domains. In this study, we sought to verify this hypothesis
using data from the long-term population-based Swedish Adoption/
Twin Study of Aging (SATSA).
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Statistical Manual of Mental Disorders, Third or Fourth editions
(DSM-III or DSM-IV) (21,22).

Statistical Analysis

Results
Characteristics of the Study Population at Baseline
Forty-five participants (5.7%) had diabetes and 68 (8.6%) had prediabetes at baseline. Over the follow-up period, 284 (35.8%) participated in all the waves, 120 (15.1%) participated in at least two
follow-ups, 28 (3.5%) participated only at baseline assessment, and

361 participants (45.5%) died. Overall, 98 participants (12.4%) had
incident diabetes, and 54 (6.8%) developed dementia during the follow-up. At baseline, those participants who developed dementia were
significantly older (mean = 68.4, SD = 7.1) than those who remained
dementia-free (mean = 62.9, SD = 8.7, p < .001). Compared to diabetes-free participants, those with diabetes or prediabetes were more
likely to be older, have a lower MMSE score, and have lower performance in memory and perceptual speed tasks, but were more likely
to have hypertension, or a higher BMI (Table 1). In the linear regression models, diabetes and prediabetes were associated with lower
performance in memory (β −2.61; 95% CI −5.11, −0.11; p = .040)
and speed (β −3.95; 95% CI −7.08, −0.81; p = .014). However, these
associations were no longer significant after adjustment for age, sex,
education, and birth cohort.

Diabetes Status at Baseline and Cognitive
Trajectories
Basic-adjusted (sex, education, birth cohort, and practice effect) linear mixed-effects models showed that older adults with prediabetes
had worse memory mean performance than diabetes-free individuals at age 65 (Table 2), but prediabetes was not associated with
lower cognitive performance in verbal or spatial abilities, or perceptual speed. Over the follow-up period, compared to diabetesfree, prediabetes was associated with a less steep decline in memory,
while diabetes was related to a faster decline in verbal abilities and
perceptual speed (Table 2 and Figure 1). These results were similar
after further adjustment for smoking, alcohol consumption, physical exercise, BMI, and CVDs (Supplementary Table 1). Figure 1
describes the cognitive trajectories in the four domains among participants with prediabetes and diabetes, compared to diabetes-free
participants.
We also tested whether the annual cognitive changes differed
between domains among individuals with diabetes (n = 45) compared to diabetes-free (n = 680) at baseline. Multivariate mixed
models adjusted for education, birth cohort, and retest effect showed
that the annual decline in verbal abilities (β −0.24; 95% CI −0.44,
−0.06; p = .011) and spatial/fluid abilities (β −0.26; 95% CI −0.46,
−0.06; p = .009) was greater than the annual decline in memory
(reference domain). Similar but not statistically significant results
were observed for perceptual speed (β −0.12; 95% CI −0.31, 0.07;
p = .213).

Discussion
In this prospective population-based study of cognitively intact older
people, we found that (a) baseline diabetes was associated with a
faster decline in perceptual speed and verbal abilities over time; and
(b) baseline prediabetes was associated with lower performance and
less steep decline in memory over the follow-up.
Although prediabetes has been related to dementia risk (4),
the association between prediabetes and specific cognitive abilities
remains unclear. To our knowledge, only five studies have previously
examined the relationship between prediabetes and cognitive decline
in different domains, all reporting a lack of association (5,7,26–28).
In our study, we observed that prediabetes at study-entry was related
to poor memory performance, yet prediabetes is not a chronic condition, thus transitions may occur to diabetes or to diabetes-free over
time. When we considered this non-chronicity in the data analyses,
prediabetes became unassociated with poor memory function at
any time point. Previous studies examining the association between
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Differences in baseline characteristics of the participants by diabetes status were assessed using chi-square (χ2) or two-tailed oneway ANOVA followed by pairwise mean comparisons using the
Bonferroni correction method. Multivariable linear regressions were
used to compare the mean differences in cognitive performances at
baseline among different groups (diabetes-free, prediabetes, and diabetes). Linear mixed-effects models were used to estimate the association of diabetes or prediabetes with intercept and annual change
in cognitive performance using age as the time scale. Each cognitive
domain was used as a separate outcome. As previous studies on cognitive domains in SATSA indicated small practice effect (23,24), we
included a time-varying retest covariate (“First cognitive assessment”
vs “Follow-up assessment”) in the part of the model where the fixed
effect is modeled. The final model included diabetes status (diabetesfree, prediabetes, diabetes), linear term for age at time of assessment,
and their interaction terms (diabetes status × age) to estimate the
differences in annual rate of change in cognitive performance associated with diabetes status. All models also included a random intercept and a random slope for age allowing individual differences at
intercept and over time. The random effect accounted for both the
repeated measures for each person and the presence of twin-pairs by
using a person-specific identifier and a common twin-pair identifier,
in the part where the covariance is modeled. An unstructured variance-covariance matrix was employed in all models. As we intended
to observe the cognitive trajectories associated with diabetes status
before dementia occurrence, the cognitive data were censored after
dementia diagnosis. We also tested whether the cognitive changes
over time differed between domains using multivariate mixed-effects
models. These models included the scores of the cognitive domains
as the dependent variable, and as independent variables: (a) an indicator of the type of cognitive domain (CD type); (b) the diabetes
status at study entry; (c) the age at time of the assessment; and (d) a
three-way interaction between CD type, diabetes status, and age (CD
type × diabetes status × age). The reference domain was memory.
Age was centered at 65 years (spatial/fluid, memory, and perceptual
speed) or 70 years (verbal) in the analyses based on previous SATSA
findings (25). Demographics, birth cohort (19), baseline lifestyle factors, BMI, and CVDs were considered as potential confounders and
entered in the mixed-effects models not in interaction with age. We
also conducted the following supplementary analyses: (a) modeled
diabetes status as a time-varying variable; (b) assessed cognitive
trajectories related to incident diabetes and diabetes duration; (c)
included participants with CIND and dementia; and (d) sensitivity
analysis with multiple imputation. Details on mixed-effects models
testing, retest covariate, age centering, and supplementary analyses
are provided in the Supplementary Methods.
All statistical analyses were performed with Stata SE 14.0
(StataCorp LP., College Station, TX).
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Table 1. Baseline Characteristics of Cognitively Intact Participants at Baseline by Diabetes Status (n = 793)
Diabetes-free

Prediabetes

Diabetes

Characteristics

n = 680

n = 68

n = 45

Age (y)
Female sex
Education
Low (≤ 9 y)
High (> 9 y)
Hypertension (yes)
Heart disease (yes)
Stroke (yes)
Any APOE ε4
BMI (kg/m2)
Underweight (<20.0)
Normal (20–25)
Overweight (25–30)
Obese (≥30)
Smoking
Alcohol drinkers
Physical exercise
MMSE
Cognitive performance
Verbal abilities
Spatial/fluid abilities
Memory
Perceptual speed

63.0 ± 8.2
410 (60.3)

63.4 ± 8.5
36 (52.9)

67.4 ± 8.2a
24 (53.3)

.004
.353

387 (59.1)
268 (40.9)
310 (45.6)
79 (11.8)
7 (1.1)
171 (30.5)
25.4 ± 3.8
34 (5.0)
315 (46.3)
253 (37.2)
78 (11.5)
313 (48.2)
571 (84.0)
580 (88.8)
28.3 ± 1.4

40 (61.5)
25 (38.5)
38 (55.9)
10 (15.2)
0 (0.0)
12 (22.2)
27.7 ± 4.6a
1 (1.5)
25 (36.8)
25 (36.8)
17 (25.0)
29 (42.7)
56 (82.4)
55 (82.1)
28.2 ± 1.7

28 (62.2)
17 (37.8)
33 (73.3)
9 (20.5)
0 (0.0)
12 (38.7)
26.5 ± 3.7
4 (8.9)
6 (13.3)
30 (66.7)
5 (11.1)
18 (40.0)
37 (82.2)
39 (86.7)
27.8 ± 1.6a

.862

51.5 ± 9.8
52.0 ± 10.4
51.5 ± 9.9
51.9 ± 10.1

52.2 ± 9.6
51.8 ± 10.9
48.9 ± 10.5
51.8 ± 9.1

50.8 ± 11.1
49.4 ± 11.8
49.1 ± 8.4
48.0 ± 12.0a

p Value

.419
.905
.256
.022
.772
.307
.048
.048

Notes: BMI = body mass index; MMSE = Mini-Mental State Examination. Data are presented as n (%) or mean ± SD. Data missing: 28 for education, 27 for
MMSE, 15 for heart disease, 29 for stroke, 148 for APOE ε4, 30 for smoking, 28 for physical exercise, 50 for MMSE, 51 for verbal abilities, 62 for spatial/fluid
abilities, 43 for memory, and 48 for perceptual speed.
a
Pairwise mean comparisons (diabetes-free vs prediabetes; diabetes-free vs diabetes; and prediabetes vs diabetes) adjusted with the Bonferroni correction:
p value < .05 (the reference group was baseline diabetes-free participants).

Table 2. Mixed-Effect Models’ β Coefficients and 95% Confidence Intervals (95% CI) for the Annual Changes in Mean Cognitive Performance
in Different Domains Related to Baseline Diabetes Status
Verbal Abilities
Mixed Models

Exposure Status

β (95% CI)a

Interceptb

Diabetes-free (Ref.)

49.23
(47.92; 50.54)
−0.70
(−2.57; 1.16)
−1.12
(−3.39; 1.16)
−0.12
(−0.15; −0.08)
−0.08
(−0.19; 0.03)
−0.19
(−0.33; −0.04)

Prediabetes
Diabetes
Annual decline (age,
years)b

Diabetes-free
Prediabetes
Diabetes

p

.458
.337
.000
.159
.014

Spatial/Fluid Abilities

Memory

β (95% CI)a

β (95% CI)a

51.43
(50.01; 53.84)
−1.53
(−3.53; 0.47)
−2.23
(−4.89; 0.42)
−0.36 (−0.41;
−0.32)
0.04
(−0.18; 0.10)
−0.14
(−0.32; 0.05)

p

.133
.099
.000
.583
.161

48.28
(47.0; 49.60)
−2.19
(−4.16; 0.10)
−0.28
(−2.87; 2.64)
−0.25
(−0.30; −0.20)
0.15
(0.00; 0.30)
−0.10
(−0.30; 0.11)

Perceptual Speed
p

.035
.839
.000
.050
.374

β (95% CI)a
48.93
(47.61; 50.26)
0.12
(−1.71; 1.94)
−1.83
(−4.21; 0.55)
−0.58
(−0.63; −0.53)
0.04
(−0.11; 0.18)
−0.25
(−0.44; −0.05)

p

.900
.132
.000
.628
.012

Notes: aMixed-effect models adjusted for sex, education, birth cohort, and practice effect. Cognitive data were censored after diagnosis of dementia. The reference group was diabetes-free participants at baseline.
b
Age was centered at age 65 (memory, spatial/fluid, and perceptual speed) or age 70 (verbal) years.

diabetes and declines in different cognitive domains have produced
mixed results (5,29–32). Diabetes was found to be associated with
a faster decline in perceptual speed and executive function tasks in
middle-aged adults, but not with episodic memory (32). Conversely,
another large population-based study including middle-aged (mean
age 54.4 years) dementia-free older adults found a faster memory

decline over 10 years associated with diabetes, but not in the measure of executive function (5). Similar results were also found in other
population-based studies with shorter follow-up times or including
older participants (11,30,31). Finally, Köhler and colleagues (29)
followed dementia-free participants aged 75 years and older for
4.5 years and found no effect of diabetes on any cognitive domain.
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.001
.200
.559
.256
<.001
<.001
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Variability in these results may be explained by different methodological discrepancies, such as the different age ranges of the study
populations, inclusion of people with cognitive impairment, shorter
follow-up periods, assessments of cognitive function through screening tools or single cognitive tests rather than composite measures
of the domains, and differences in the modeling of cognitive function over time. In our study, we also observed a faster cognitive
decline in perceptual speed and verbal abilities among older adults
with diabetes. This pattern differs from the cognitive progression
observed in Alzheimer’s disease dementia, characterized by disturbances of episodic memory at early stages of the disease (33,34).
Indeed, in our study we found no association between diabetes and
memory decline, even when individuals with cognitive impairment
and dementia were included in the analyses. These results seem to
support the existence of vasculopathic process, rather than neurodegenerative, underpinning the diabetes-related cognitive decline.
However, our results should be interpreted with caution until future
replications are performed in other cohorts.
Chronic hyperglycemia has been linked to poor cognitive perceptual speed in middle-aged adults without diabetes (35). The brain is
highly susceptible to variations in glucose blood levels, and many negative consequences may result from hyperglycemia, such as neuronal
death, which is known to lead to cognitive decline over time (36). At
the biochemical level, hyperglycemia may induce alterations in both
neuronal and glial cell functioning, and promote the production of
reactive oxygen species (ROS), resulting in oxidative stress, formation of advanced glycosylation end-products (AGEs), activation of
AGE receptors, and finally atherosclerosis (37,38). At the structural
level, diabetes has been associated with brain atrophy, especially in
the regions around the ventricles (such as subcortical grey matter or
white matter regions) and an increased burden of small vessel diseases, suggesting that diabetes-related cognitive decline can be due to
brain vascular damages rather than Alzheimer’s-type pathology (39).
Additionally, a recent autopsy study has shown that diabetes is associated with brain infarction, especially lacunes, but not Alzheimer’s
disease neuropathology, further supporting a vascular etiology in
diabetes-related cognitive decline (40). Our supplementary findings
show that long-duration diabetes (reflecting a long-term exposure to
hyperglycemia) was associated with a decline in spatial/fluid abilities, reinforcing the importance of hyperglycemia in the etiology of
cognitive impairment in diabetes. However, more research combining cognitive, biochemical, neuroimaging, and neuropathological
data is needed to pinpoint the underlying mechanisms.
The major strengths of our study are the population-based cohort,
the long-term follow-up period, and the repeated measures of diabetes
status and cognitive functioning. Additionally, cognitive domains were
assessed as composite outcome measures that have several advantages,
such as increasing reliability, and reducing the measurement error (ie,
ceiling and floor effects) and the error variance associated with single cognitive tests. However, some limitations need to be pointed out.
First, the small sample size in the stratified analyses might have led
to a lack of power to detect some of the group differences and to an
underestimation of the point estimates. Second, diabetes is associated with an increased risk of dementia and mortality. Consequently,
assessing dementia-free participants who survived through follow-ups
might have led to an underestimation of the association between diabetes and cognitive decline. However, the information from individuals
who became demented contributed to the analyses prior to dementia diagnoses, and presumably contributed to information on decline.
Furthermore, analyses using multiple imputation produced estimates
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Figure 1. Age-related cognitive trajectories in different domains by baseline
diabetes status. The figure shows the age-related cognitive trajectories in
verbal (A), spatial/fluid (B), memory (C), and perceptual speed (D) domains.
Mixed-effect models are adjusted for sex, education, birth cohort, and
practice effect. Cognitive data were censored after diagnosis of dementia.
The presented cognitive trajectories were plotted based on the mean value
of the covariates including sex, education, birth cohort, and practice effect.
Age was centered at age 65 (spatial/fluid, memory, and perceptual speed) or
age 70 (verbal). The reference group was baseline diabetes-free participants.
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Supplementary data is available at Journals of Gerontology, Series A:
Biological Sciences and Medical Sciences online.
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