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Abstract
Aims/hypothesis Type 2 diabetes is an independent risk factor
for cognitive decline. Insulin resistance occurring during midlife may increase the risk of cognitive decline later in life. We
hypothesised that insulin resistance is associated with poorer
cognitive performance and that sex and APOE*E4 might
modulate this association.
Methods The association of insulin resistance and APOE*E4
genotype on cognitive function was evaluated in a nationwide
Finnish population-based study (n = 5,935, mean age
52.5 years, range 30–97 years). HOMA-IR was used to measure insulin resistance. Cognitive function was tested by
word-list learning, word-list delayed-recall, categorical verbal
fluency and simple and visual-choice reaction-time tests.
Linear regression analysis was used to determine the association between HOMA-IR and the results of the cognitive tests.
Results Higher HOMA-IR was associated with poorer verbal
fluency in women (p<0.0001) but not in men (p=0.56).
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Higher HOMA-IR was also associated with poorer verbal
fluency in APOE*E4 -negative individuals (p=0.0003), but
not in APOE*E4 carriers (p = 0.28). Furthermore, higher
HOMA-IR was associated with a slower simple reaction time
in the whole study group (p=0.02).
Conclusions/interpretation To our knowledge, this is the first
comprehensive, population-based study, including both
young and middle-aged adults, to report that female sex impacts the association of HOMA-IR with verbal fluency. Our
study was cross-sectional, so causal effects of HOMA-IR on
cognition could not be evaluated. However, our results suggest that HOMA-IR could be an early marker for an increased
risk of cognitive decline in women.
Keywords Alzheimer’s disease . APOE*E4 genotype .
Categorical verbal fluency . Cognition . HOMA-IR . Insulin
resistance . Sex difference

Abbreviations
BDI
Beck’s depression inventory
PET
Positron emission tomography
RT
Simple reaction time
VC
Visual-choice reaction time
WLDR Word-list delayed recall
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Word-list learning
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Introduction
Type 2 diabetes and Alzheimer’s disease are both common
conditions. The number of individuals suffering from these
diseases continues to rise, and type 2 diabetes is an independent risk factor for cognitive decline and Alzheimer’s disease
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[1, 2]. In addition, insulin resistance is linked to cognitive
decline through different mechanisms [3, 4]. Insulin has specific
effects on the brain, and insulin transportation through the
blood–brain barrier is actively regulated [4, 5]. In peripheral
hyperinsulinaemia, insulin transportation to the brain is reduced
[6]. Reduced levels of insulin in the brain can directly contribute
to cognitive decline and the pathophysiology of Alzheimer’s
disease in multiple ways; for example, by downregulating the
insulin-degrading enzyme in the brain [5]. This enzyme plays an
important role in β-amyloid clearance, and reduced levels of
insulin-degrading enzyme lead to excess β-amyloid, the hallmark of Alzheimer’s disease pathology in the brain.
Central nervous system insulin resistance has become an
important point of interest in recent studies. Brain insulin resistance could be a triggering factor in the development of
Alzheimer’s disease [7]. Brain insulin resistance has been
studied in humans using magnetoencephalography. This
showed an increase in brain cortical activity in lean but not
in obese individuals during a two-step euglycaemic–
hyperinsulinaemic clamp when compared with a saline infusion. The increase in brain cortical activity correlated positively with peripheral insulin sensitivity, indicating that insulin
resistance is present in the central nervous system [8]. In addition, in an ex vivo study, the response of insulin receptor
signalling pathways to insulin signalling was remarkably reduced in the brain tissues of participants with Alzheimer’s
disease, thereby indicating that brain insulin resistance is present in those with Alzheimer’s disease [9].
Administration of intranasal insulin may be a promising
therapeutic strategy for patients with Alzheimer’s disease
[10, 11]. In cognitively healthy young volunteers, intranasal
insulin has been shown to have a positive effect on multiple
cognitive domains, including verbal memory [12], spatial
memory [13] and working memory [14]. Previous studies
indicate a sex difference in the response to intranasal insulin
treatment [14, 15].
A few studies have attempted to examine the association
between cognitive function and insulin resistance. In a crosssectional analysis of 1,898 individuals representing a familybased cohort from a genetically isolated population, insulin
resistance was related to executive function in women only
[16]. In a Swedish community-based, cross-sectional study of
285 cognitively healthy elderly volunteers [17], HOMA-IR
[18] was inversely associated with verbal fluency performance
in both men and women. In that study, higher HOMA-IR
levels were also associated with a reduced volume of grey
matter in the temporal lobe brain regions that support language ability. In a study using positron emission tomography
(PET), HOMA-IR was associated with reduced cerebral glucose metabolism in the frontal, parietotemporal and cingulate
regions in cognitively normal adults [19]. These brain areas
are commonly affected in patients with prodromal
Alzheimer’s disease [20].
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The apolipoprotein E ε4 allele (APOE*E4) is a wellknown risk factor for Alzheimer’s disease [21] and for
progression of impaired memory in patients with mild
cognitive impairment [22]. APOE*E4 may play a role in
modulating the risk of Alzheimer’s disease in patients
with diabetes [23]. In addition, the positive effect of
intranasal insulin on cognition seems to apply only to
APOE*E4-negative individuals [15, 24]. To date, the
associations among APOE*E4, insulin resistance and
cognitive performance remain unknown.
Based on previous findings, we hypothesised that HOMAIR, a measure of insulin resistance, could be an independent
risk factor for poorer cognitive performance, and that
APOE*E4 and sex would modulate this risk. To test this hypothesis, we evaluated the associations of HOMA-IR,
APOE*E4 genotype, sex and cognitive performance in a representative nationwide sample of the Finnish adult population
with a wide age range (30–97 years).

Methods
Study design and participants The data for this study
were acquired from the Health 2000 Survey, a comprehensive, nationwide, population-based examination survey that was conducted by the Finnish National Institute
for Health and Welfare in 2000–2001. The survey randomly selected 8,028 individuals aged 30 years or older
from the Finnish population register using a two-stage
stratified cluster sampling procedure. The participation
rate was 84% (n = 6,770) for the health examination
proper or the examination at home [25, 26].
The study was approved by the Ethics Committee for
Epidemiology and Public Health in the hospital district of
Helsinki and Uusimaa, Finland. Written informed consent
was obtained from all participants.
Our study cohort was obtained from the population that
fasted for 4 h or more (n=6,366). People living in institutions
were not included. We excluded individuals on insulin treatment or taking unknown diabetes medication; those with
missing plasma insulin or glucose values; and those who did
not complete the cognitive tests. The selection process is
shown in Fig. 1. The final study population consisted of
5,935 individuals, with a mean age of 52.5 years (range 30–
97 years); 55% were women.
Clinical examination BP was measured in a sitting position
from the right arm with a standard mercury manometer
(Mercuro 300; Speidel & Keller, Jungingen, Germany), and
the average of two measurements was used for analyses.
Blood samples were drawn and the duration of fasting time
was recorded. APOE genotype was assessed in 5,549 individuals who gave their written consent for DNA sampling.
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Excluded participants

Health 2000 Study population
(n=8,028)
Fasting time <4 h or not
recorded, or no laboratory
examinations taken
(n=1,662)
Fasting time ≥4 h
(n=6,366)

Use of insulin or unknown
diabetes medication
(n=63)

n=6,303
Plasma insulin or glucose
values missing
(n=241)
n=6,062
Cognitive tests not performed
for various reasons
(n=49)

Native language other than
Finnish
(n=57)
Interruption of cognitive tests
(n=21)
Final study population
(n=5,935)

Fig. 1 The study population selection process

Cholesterol values were determined using a CHOD PAP
test (Olympus System Reagent, Hamburg, Germany), HDLcholesterol using a HDL-C Plus test (Roche Diagnostics,
Mannheim, Germany), triacylglycerols using a GPO PAP test
(Olympus System Reagent) and glucose using a hexokinase
test (Olympus System Reagent). Serum insulin was determined using a microparticle enzyme immunoassay (Abbott
Laboratories, Dainabot, Tokyo, Japan). HbA1c was determined using an immunoturbidimetric method (Hemoglobin
A1c assay; Abbott Laboratories). HOMA-IR was calculated
as described previously [18]. Non-HDL-cholesterol was determined using the formula: total cholesterol−HDL-cholesterol. APOE genotyping was performed using the MassARRAY
System (Sequenom, San Diego, CA, USA) with a modified
protocol, which has been described elsewhere [27].
Physical activity was assessed by asking participants how
often, in their free time, they exercised for at least 30 min and
vigorously enough to cause sweating and mild breathlessness.
The results were classified as follows: 1=a few times a year or
less, 2=two or three times a month, 3=once a week, 4=two or
three times a week, 5=four to six times a week, 6=daily.

Cognitive tests The participants were tested for verbal fluency, encoding and retaining verbal material according to the
Finnish version of the CERAD (Consortium to Establish a
Registry for Alzheimer’s Disease) test battery [26, 28, 29].
In the verbal fluency test, participants were asked to list as
many animals as possible during 1 min. In the word-list learning (WLL) test, ten words were shown to the participants.
Participants were asked to read the words aloud, memorise
them and repeat the words they remembered within 90 s.
This was repeated twice more, if needed. We used the sum
score of the words learned after three rounds as an assessment
of memory encoding. The range for this test was 0–30 points.
If the participant remembered all ten words after one round,
the result was counted as the full 30 points. After 5 min (during which the reaction-time tests were performed), participants were again asked to recall all ten words; the number of
recalled words was the score for the word-list delayed-recall
(WLDR) test.
We examined global cognition and executive function with
a computerised reaction-time test (Good Response; Metitur,
Jyväskylä, Finland). The test is described in detail elsewhere
[26, 30, 31]. Briefly, participants were instructed to react as
quickly as possible to a light that appeared on a panel by
shifting the index finger of their writing hand from the waiting
switch to the switch that had lit up. Participants performed two
different tests: a simple reaction-time (RT) test and a visualchoice reaction-time (VC) test. In the RT test, the same switch
lit up 12 times at random intervals. The performance on this
test represents the function of global cognition [32]. In the VC
test, the lights lit up 12 times at different parts of the panel at
random intervals. This test requires more processing and is
thought to represent the function of the pre-frontal cortex,
and this could be considered part of the executive function
of the brain [33]. We used the mean values of reaction time
on the RT test as an assessment of global cognition and the
mean values of reaction time on the VC test as an assessment
of executive function.
A total of 277 participants did not complete the RT test and
438 did not complete the VC test. Those who were unable to
complete these tests were older (the mean age of those who
completed both tests was 51.3 years, while the mean age of
those who did not complete the VC test was 68.1 years) and
had higher HOMA-IR values (median 1.62 vs 1.98).
Statistical analysis To evaluate the possible effect of fasting
time on HOMA-IR, we compared the HOMA-IR values of
participants with a fasting time of 4–6 h (median HOMA-IR
1.55), 6–8 h (1.59), 8–10 h (1.52) and more than 10 h (1.80)
by the non-parametrical Kruskal–Wallis test and compared
each pair using the Steel–Dwass method. There was no statistically significant difference between the groups, except for a
significantly higher HOMA-IR for the group with the longest
fasting time. Therefore, we assumed that including those who
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had fasted for between 4 and 10 h would not give falsely
greater HOMA-IR values and interfere with the interpretation
of HOMA-IR.
The characteristics of our study population are shown as
means± SDs and ranges (Table 1). Sex differences were
assessed with Student’s t test for continuous variables and
χ2 test for categorical variables. The Wilcoxon test was used
to analyse variables with skewed distributions (i.e. fasting
time, RT and VC, Beck’s depression inventory [BDI]).
Before further analyses, the skewed distributions of HOMAIR, triacylglycerols, BDI score and HbA1c were corrected
using logarithmic transformation (loge). Pearson’s correlation
was used to examine correlations of risk factors for cognitive
decline with verbal fluency, WLL and WLDR scores.
Spearman’s correlation was used to analyse RT and VC.
Multiple linear regression analysis was used to identify
determinants that were independently associated with poorer
cognitive performance. Adjustments were made for HOMAIR, age, education, sex, systolic BP, BMI, non-HDL- and
HDL-cholesterol, triacylglycerols, APOE*E4 genotype, BDI
score and self-reported physical activity. The skewed distributions of RT and VC were corrected using logarithmic transformation (loge).
Table 1

The interaction terms ‘sex × HOMA-IR’, ‘APOE*E4×
HOMA-IR’ and ‘age×HOMA-IR’ on the cognitive test results were analysed in a fully adjusted regression model. The
interaction terms were considered significant at p<0.1. There
was a significant ‘sex×HOMA-IR’ interaction for the verbal
fluency (p=0.099) and WLL (p=0.07) scores. The interaction
of ‘age×HOMA-IR’ was significant only for the WLL score
(p=0.06). The interaction of ‘ APOE*E4×HOMA-IR’ was
significant for the verbal fluency (p=0.09) and WLDR (p=
0.097) scores. For clarity, the results are presented separately
for men and women in the tables. The results for the whole
study group are reported in the text for the test results for
which the interaction term ‘sex×HOMA-IR’ was not significant (i.e. WLDR, RT, VC). Data were analysed using SAS 9.3
(SAS Institute, Cary, NC, USA).

Results
When comparing our study group and the excluded individuals (n=2,093) with a Student’s t test, we found that the study
participants were younger (mean age: 52.5 vs 59.0 years,

Characteristics of the study population

Characteristic

Men
Mean±SDa

p valueb

Women
Range

Mean±SDa

Range

n (%)

2,673 (45.0)

Age, years
Education, years (n=5,885)
Systolic BP, mmHg (n=5,924)
BMI, kg/m2 (n=5,929)
HbA1c, % (mmol/mol) (n=5,844)
HOMA-IR (n=5,935)
Fasting time, h:min
HDL-cholesterol, mmol/l (n=5,935)

51.5±14.0
11.2±4.0
135±19
27.1±4.1
5.38±0.55 (35±6.0)
2.47±6.03
9:27
1.20±0.33

30–97
0–31
89–227
16.5–51.9
3.1–11.2 (10–99)
0.19–289.94
4:00–39:25
0.23–3.01

53.4±15.3
11.3±4.2
133±22
26.8±5.1
5.21±0.52 (33±5.7)
2.02±1.76
9:25
1.44±0.38

30–94
0–33
89–240
12.3–52.5
3.6–11.3 (16–100)
0.18–29.49
4:00–35:04
0.49–3.02

<0.0001
0.12
0.002
0.004
0.002
<0.0001
0.35
<0.0001

Non-HDL-cholesterol, mmol/l (n=5,935)
Triacylglycerols, mmol/l (n=5,935)
APOE*E4 genotype,c n (%) (n=5,549)
Verbal fluency score (n=5,935)
WLL score (n=5,934)
WLDR score (n=5,935)
RT, s (n=5,658)
VC, s (n=5,497)
BDI score (n=5,793)
Physical activity score (n=5,791)

4.77±1.15
1.79±1.25
806 (32.2)
23.5±7.4
19.8±4.4
6.7±2.0
0.32±0.08
0.47±0.13
6.13±6.54
3.54±1.48

1.22–11.04
0.4–16.6

4.48±1.13
1.40±0.72
975 (32.0)
23.9±7.1
21.1±4.6
7.2±2.1
0.34±0.09
0.49±0.14
7.81±7.14
3.64±1.47

1.47–9.68
0.4–9.7

<0.0001
<0.0001
0.92
0.04
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.009

a

3,262 (55.0)

0–52
0–30
0–10
0.19–1.12
0.25–1.63
0–46
1–6

3–48
0–30
0–10
0.2–1.23
0.25–1.58
0–55
1–6

Unless otherwise stated

Differences between the sexes were assessed using Student’s t test for continuous variables and the χ2 test for categorical variables. The Wilcoxon test
was used for fasting time and the RT and VC tests because of a skewed distribution
b

c

APOE*E4 was considered positive for participants with one or two ε4 alleles
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p<0.0001) and more educated (11.2 vs 9.3 years of education,
p<0.0001).
The characteristics for men and women are shown in
Table 1. There were significant sex differences for all variables
except fasting time (p = 0.35), education (p = 0.12) and
APOE*E4 status (p=0.92).
Univariate correlates of cognitive functioning Higher age
and shorter time in education were associated with poorer
verbal fluency, WLL and WLDR, and with increased RT
and VC (Table 2). There was a strong inverse correlation
between age and years of education (r=–0.51, p<0.0001).
Higher HOMA-IR, HbA1c, systolic BP, BMI, triacylglycerol
and BDI scores and lower HDL-cholesterol levels (more consistently among women) were associated with poorer cognitive functioning in both sexes. Higher non-HDL-cholesterol
and lower physical activity levels were associated with poorer
cognitive functioning in women only (Table 2).
Multivariate correlates of cognitive functioning The final
model of our linear regression analysis is shown in Table 3.
The explanatory value of HOMA-IR alone (adjusted R2) was,
for men and women, respectively: 0.7% and 3.5% on the
verbal fluency test; 0.6% and 4.0% on the WLL test; 0.6%
and 2.7% on the WLDR test; 1.2% and 2.2% on the RT test;
and 0.9% and 2.0% on the VC test. Adding age and education
significantly improved the explanatory value of the model to,
for men and women, respectively: 15.8% and 23.2% on the
verbal fluency test; 35.5% and 36.8% on the WLL test; 32.4%
Table 2

and 33.2% on the WLDR test; 10.3% and 16.9% on the RT
test; and 20.7% and 29.7% on the VC test (data not shown).
Adding the other risk factors of cognitive decline did not improve the explanatory value of our model. However, we
wanted to add these previously reported risk factors of cognitive decline to our model in order to compare the value of
HOMA-IR as an explanatory variable of cognitive decline to
the other risk factors. The adjusted R2 values for our final
model are shown in Table 3.
Higher HOMA-IR was highly significantly associated with
poorer verbal fluency in women (p<0.0001) but not in men
(p= 0.56). Higher HOMA-IR was also associated with a
slower reaction time on the RT test in the whole study group
(p=0.02) (data not shown). HOMA-IR was not associated
with the other cognitive tests (i.e. WLL, WLDR, or VC).
APOE*E4 genotype was associated with lower scores on the
WLL (p=0.004) and WLDR (p=0.005) tests in women, and
with a faster response time on the RT test in men (p=0.003).
APOE*E4 modulated the association of HOMA-IR with
the verbal fluency and WLDR scores, as the interaction term
‘APOE*E4×HOMA-IR’ was statistically significant for these
tests. The association of HOMA-IR with these test scores was
analysed separately in APOE*E4 -positive and -negative individuals. HOMA-IR was associated with poorer verbal fluency
in APOE*E4 -negative individuals (p=0.0003), but not in
APOE*E4 carriers (p=0.28). HOMA-IR was not associated
with WLDR scores in either group (both p>0.26).
To compare the association of long-term glucose homeostasis and insulin resistance on cognitive function, we

Correlations between potential risk factors for cognitive decline and various dimensions of cognitive function

Characteristic

Age
Education
HOMA-IR
Systolic BP
BMI
HDL-cholesterol
Non-HDL-cholesterol
Triacylglycerols
BDI score
Physical activity
HbA1c
APOE*E4 a

VF

WLL

WLDR

RT

VC

Men

Women

Men

Women

Men

Women

Men

Women

Men

Women

−0.28***
0.39***
−0.08***
−0.15***
−0.04*
0.05**
−0.01
−0.02
−0.12***
0.01
−0.12***
1.00

−0.39***
0.46***
−0.19***
−0.24***
−0.12***
0.09***
−0.14***
−0.17***
−0.11***
0.05**
−0.22***
1.00

−0.53***
0.50***
−0.08***
−0.23***
−0.04*
0.02
0.02
−0.02
−0.18***
−0.02
−0.18***
1.00

−0.57***
0.51***
−0.20***
−0.33***
−0.16***
0.11***
−0.20***
−0.24***
−0.17***
0.03
−0.28***
0.99

−0.53***
0.45***
−0.08***
−0.23***
−0.04*
0.02
0.01
−0.01
−0.18***
−0.03
−0.17***
1.00

−0.55***
0.47***
−0.17***
−0.33***
−0.14***
0.09***
−0.19***
−0.22***
−0.15***
0.01
−0.27***
0.98

0.27***

0.35***

0.41***

0.51***

−0.21***
0.10***
0.13***
0.06**
−0.08***
0.04
0.07***
0.09***
−0.02
0.13***
0.57

−0.28***
0.13***
0.22***
0.14***
−0.10***
0.11***
0.15***
0.16***
−0.01
0.20***
0.76

−0.31***
0.10***
0.17***
0.05**
−0.07***
0.01
0.05*
0.15***
0.05*
0.18***
0.97

−0.37***
0.14***
0.31***
0.15***
−0.07***
0.18***
0.18***
0.15***
0.01
0.25***
0.67

Pearson’s correlation was used to analyse VF, WLL and WLDR results, while Spearman’s correlation was used to analyse RT and VC results
a

ORs for APOE*E4 per unit change for the cognitive tests used ‘APOE*E4 positive’ vs ‘APOE*E4 negative’

n=5,935
*p<0.05, **p<0.01, ***p<0.001
VF, verbal fluency
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Multivariate linear regression analysis of the risk factors for cognitive decline and the cognitive tests used

Standardised estimate

HOMA-IR
Age
Education
Systolic BP
BMI

VF

WLL

WLDR

RT

Men

Women

Men

Women

Men

Women

−0.02
−0.01***

−0.10***
−0.16***

0.02
−0.35***

−0.02
−0.40***

−0.001
−0.40***

−0.004
−0.39***

0.32***
−0.03
0.01

0.33***

0.32***

−0.008
0.05*

−0.005
−0.02

0.05*
0.03

0.05*
−0.04

0.26***
−0.007
0.02

0.07***
0.03

Men

Women

0.04
0.34***

0.03
0.39***

0.01
0.51***

−0.08**

−0.11***

−0.11***

−0.08**

−0.002
−0.02

−0.01
−0.003

−0.02
−0.05***

−0.02
0.02

0.001
−0.02

−0.09***
−0.06**

−0.03
−0.04

−0.07**
−0.02

0.02
0.07**

Triacylglycerols

0.03
0.01

0.004
−0.001

−0.03
0.0005

−0.04
−0.05**

0.007
−0.006

−0.05*
−0.05**

0.03
−0.06**

0.007
−0.0003

0.03
−0.009

0.02
−0.01

−0.03
0.03
0.157

−0.01
0.03
0.209

−0.04*
0.01
0.347

−0.03**
0.51
0.360

−0.04
0.07
0.309

−0.02
−0.004
0.314

0.03
−0.05*
0.097

0.07***
−0.04*
0.175

0.05*
0.009
0.208

0.05*
−0.04*
0.292

Adjusted R2b

0.03
−0.02

0.21***
−0.04*
0.02

0.06
0.24***

Women

Non-HDL-cholesterol
HDL-cholesterol
APOE*E4 a
BDI score
Physical activity

0.07***
0.03

0.23***
−0.009
−0.01

Men

VC

The results shown are standardised estimates. Adjustments have been made for all variables shown in the table. Logarithmic transformation (loge) was
used for HOMA-IR, triacylglycerol, BDI points, and RT and VC tests in the analysis
a

APOE*E4 refers to a participant with one or two ε4 alleles

b

Coefficient of determination=adjusted R2 for the total explanatory value of our model for each cognitive test and for men and women separately

n=5,935
*p<0.05, **p<0.01, ***p<0.001
VF, verbal fluency

analysed HbA1c using a similar linear regression analysis
model as that for HOMA-IR. Higher HbA1c levels were associated with a slower response time on the VC test in men (p=
0.04). Unexpectedly, HbA1c levels were positively associated
with WLL scores in women (p=0.028) and with a faster response time on the VC test in women (p=0.002). There was
no significant association between HbA1c levels and the results of other cognitive tests.

Discussion
Here, we show that there are significant sex and APOE*E4
differences in the association of HOMA-IR with cognitive
performance. Higher HOMA-IR was strongly associated with
poorer performance on categorical verbal fluency tests in
women only. There were no sex differences for the WLDR,
RT or VC tests. Higher HOMA-IR was associated with a
slower reaction time in the whole study group on the RT test.
In addition, higher HOMA-IR was associated with poorer
verbal fluency in participants who did not carry the
APOE*E4 allele, whereas this association was not seen in
APOE*E4-positive participants. Our final model of linear regression analysis did not explain the results of the verbal fluency test as well for men as it did for women (adjusted R2 =
15.7% vs 20.9%), suggesting the presence of other underlying
factors that might explain the level of verbal fluency present in

men. The association of HOMA-IR with verbal fluency in
women was independent of the HbA1c level of our participants. This indicates that insulin resistance might have early
effects on cognition, and that these effects might be detected
even before the development of hyperglycaemia and type 2
diabetes.
Several previous studies have shown that insulin resistance
is associated with declines in executive function and, especially, verbal fluency [16, 17, 34]. In addition, lower levels of
physical activity have been associated with poorer performance on verbal fluency tests [35], and animal studies have
shown that low levels of physical activity lead to peripheral
insulin resistance [36]. However, when compared with our
study population, these earlier studies were significantly
smaller and focused only on the elderly [17, 34, 35] or represented a genetically isolated cohort [16]. To our knowledge,
our study is the first to report a sex difference in the
association between HOMA-IR and verbal fluency in a
nationwide, comprehensive population that includes
young adults. We did not find an association between
insulin resistance and results on the VC test, which was
used to measure executive function.
Previous studies have also shown that APOE*E4 genotype
influences the effect of intranasal insulin on cognition [15,
24]. Our results are consistent with previous findings showing
that non-carriers of APOE*E4 may be more sensitive to the
effects of insulin on cognitive performance [15, 24].
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Previous studies on intranasal insulin therapy have shown
sex differences in the positive effect of insulin on cognition
[14, 15]. Cognitively healthy young women, but not men,
have been reported to benefit from acute insulin treatment
on tasks measuring verbal working memory and spatial learning [14]. In a study with participants with mild cognitive impairment and Alzheimer’s disease, both men and women performed better on delayed story recall after taking insulin
20 IU/day for 4 months, but only men benefited from a
40 IU dose [15]. Categorical verbal fluency was not tested in
these studies. Although a difference in verbal ability has been
reported in favour of women [37], this does not seem to apply
to categorical verbal fluency [38, 39]. In the current study, we
found a statistically significant difference between men and
women (p=0.04) in verbal fluency scores. This does not, however, explain the greater effect of HOMA-IR on women. A
decline in categorical verbal fluency has previously been
shown in a longitudinal study in women with a high risk for
coronary heart disease according to the Framingham Cardiac
Risk Score [40]. Insulin resistance was not assessed in that
study.
Our observational study is limited, as we cannot yet establish causality. There are, however, several potential pathways
that can explain our findings. Categorical verbal fluency represents the function of the lateral and inferior temporal lobe
regions, whereas first-letter-based verbal fluency relies on the
function of the prefrontal cortex [41]. Consistent with the
localisation of verbal fluency in the temporal regions, a previous study of elderly participants found that HOMA-IR was
negatively associated with categorical verbal fluency and temporal lobe grey matter volume [17]. In the Baltimore
Longitudinal Study of Aging, midlife glucose intolerance
was related to a greater longitudinal decrease in regional cerebral blood flow (measured by 15O-water PET scanning) in
the frontal, parietal and temporal cortices [42]. In addition, in a
fluorodeoxyglucose PET study, HOMA-IR was associated
with reduced cerebral glucose metabolism in frontal,
parietotemporal and cingulate regions in cognitively normal
adults [19].
One possible explanation for the observed sex difference
in our study could be the previously demonstrated sex difference in brain white matter hyperintensities (WMHs).
Vascular changes related to insulin resistance, as demonstrated in PET and MRI studies [17, 19, 42], might lead
to white matter lesions in the brain [43]. Individuals with
the metabolic syndrome have more WMHs than those who
are metabolically healthy [44]. Women have more WMHs
than men, and this difference is greater for periventricular
WMHs than for deep WMHs [45]. These results could
explain the sex difference and the association between insulin resistance or vascular risk factors and poorer verbal
fluency performance in both this and a previous epidemiological study [40].

2551

In a study by Makino and colleagues, small periventricular
hyperintensities on cerebral MRI correlated with poorer performance in a categorical verbal fluency test for participants
with amnestic mild cognitive impairment, but not for those
with Alzheimer’s disease [46]. Amnestic mild cognitive impairment can be considered a prodromal phase of Alzheimer’s
disease [47]. The study’s authors suggested that this difference
in cognitive performance could be caused by the greater significance of periventricular WMHs in the early stages of
Alzheimer’s disease and prodromal Alzheimer’s disease (i.e.
amnestic mild cognitive impairment). We suggest that insulin
resistance could be a significant risk factor for WMHs in
women, and that WMHs could have a role in modulating the
cognitive decline related to insulin resistance. Unfortunately,
we were unable to perform brain MRI scans on our study
volunteers, and so could not directly assess the effects of insulin resistance on brain white matter lesions.
White matter lesions seem to play a role in the pathology of
Alzheimer’s disease [48, 49]. Therefore, the association between insulin resistance and cognitive function could indicate
that insulin resistance is a risk factor for Alzheimer’s disease.
This risk could be modulated by several mechanisms, such as
vascular damage, white matter lesions, direct mechanisms of
insulin resistance on the accumulation of β-amyloid and functional changes in regional cerebral blood flow and glucose
metabolism, or by a combination of these processes.
Our study had limitations. First, the cross-sectional study
design did not allow us to evaluate the causal effects of
HOMA-IR on cognition. Second, the fasting times of participants varied and this might have increased the HOMA-IR
values. Before deciding to use more than 4 h as a cut-off point
for the required fasting time, we analysed the distribution of
HOMA-IR according to the fasting time of participants. The
HOMA-IR values were not higher for participants who had
been fasting 4–10 h compared with those who had been
fasting for more than 10 h. Thus, we are confident that the
fasting time did not influence our results. There was no difference between the average fasting times for men and women.
There were significant differences between our study group
and the excluded individuals with respect to age and education. The differences between these groups are likely to represent an overall willingness and ability to participate in clinical surveys, because the group of excluded individuals included those who did not attend the actual health examination.
The reaction-time tests were apparently difficult to complete,
especially for elderly individuals. This might explain the lack
of an association between insulin resistance and the VC test,
which was used to measure executive function.
The strength of our study is in the representative, nationwide, population-based design. Compared with previous studies, the inclusion of young adults was another strength. We
were also able to use a number of risk factors for cognitive
decline as covariates in our analysis.
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In conclusion, we have shown that insulin resistance is
associated with poorer verbal fluency in women, which
strengthens previous findings showing that insulin has sexspecific effects on cognition. Although verbal fluency is not
the most sensitive measure with which to identify early cognitive decline in adults, it has a good association with insulin
resistance in women and with the brain regions that are negatively influenced by insulin resistance [17]. The inclusion of
young and middle-aged adults in our study means that our
findings suggest that the association of insulin resistance with
poorer cognition is present years before the onset of more
severe cognitive defects. In the future, longitudinal studies
should be conducted to explore the possibility of a causal
relationship between insulin resistance and cognition.
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