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Summary
Background: Both type 2 diabetes and hyperinsulinemia have been related to diminished
cognition. To address independent effects of increasing mid-life insulin secretion on late-
life cognition, we prospectively examined the relation of plasma C-peptide levels to
cognitive decline in a large sample of older women without diabetes or stroke.
Methods: Plasma C-peptide levels were measured in 1187 ‘‘young-old’’ women (mean
age ¼ 64 years) without diabetes in the Nurses’ Health Study. Cognitive decline was
assessed approximately 10 years later. Three repeated cognitive batteries were
administered over an average of 4.4 years using telephone-based tests of general
cognition, verbal memory, category fluency, and attention. Primary outcomes were
general cognition (measured by the Telephone interview for Cognitive Status [TICS], as
well as a global score averaging all tests) and a verbal memory score averaging four tests of
word-list and paragraph recall. Linear mixed effects models were used to compute
associations between C-peptide levels and rates of cognitive decline.
Elsevier Ltd. All rights reserved.
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Results: Higher C-peptide levels were associated with faster decline in global cognition
and verbal memory. Compared to those in the lowest C-peptide quartile, multivariable-
adjusted mean differences (95% CI) in rates of decline for women in the highest quartile
were �0.03 (�0.06,�0.00) units/year for the global score, and �0.05 (�0.09,�0.02)
units/year for verbal memory. Each one standard-deviation increase in C-peptide was
associated with significantly faster decline on the TICS (p-trend ¼ 0.05), global score
(p-trend ¼ 0.04) and verbal memory (p-trend ¼ 0.006).
Conclusions: Higher levels of insulin secretion in those without diabetes may be related to
decline in general cognition and verbal memory.
& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Large-scale epidemiologic studies (Ott et al., 1999; Peila
et al., 2002) have identified strong associations between
type 2 diabetes and increased risk of dementia. The early
stages of type 2 diabetes are represented by insulin
resistance and compensatory increases in insulin production
and secretion. Recent attention has turned to the question
of whether higher levels of insulin may directly increase the
risk of cognitive decline, possibly in addition to vascular
damage often associated with insulin resistance—even in
the absence of clinical diabetes. Indeed, growing biologic
and epidemiologic evidence suggests a more direct con-
tribution of high insulin levels to the development of
Alzheimer disease (AD) brain pathology (Watson et al.,
2003; Farris et al., 2003) and risk of dementia (Peila et al.,
2004; Luchsinger et al., 2004).

However, few studies to date have examined the effect of
elevated mid-life insulin secretion on cognitive decline—in-
dependent of the presence of diabetes mellitus. Because
cognitive impairment typically develops gradually (Linn et
al., 1995), mid-life risk factors may be most relevant to
identifying targets for prevention of late-life cognitive
decline. In an earlier publication, we presented preliminary
data indicating an association between higher mid-life levels
of C-peptide, a measure of insulin secretion, and lower late-
life cognitive performance in a sub-sample of 718 Nurses’
Health Study (NHS) participants without diabetes (Okereke
et al., 2005). However, in the previous publication,
participants had only one to two assessments of cognition,
with o2 years of follow-up; this was a very short period for
detecting meaningful cognitive decline, and the trajectory
of decline is not well-measured with only two datapoints
(Morris et al., 1999). Thus, in the present study, we
substantially extend our previous work by increasing the
follow-up to 4.4 years, including three repeated measures of
cognition, and substantially increasing the sample size to
approximately 1200 women without diabetes.
2. Methods

2.1. Study population

The NHS included 121,700 US female registered nurses,
aged 30–55 years at the study’s inception in 1976. Since
then, participants have completed biennial mailed ques-
tionnaires updating information on lifestyle factors and
, O.I., et al., Plasma C-peptide le
roendocrinology (2008), doi:10.10
health outcomes. Between 1989 and 1990, 32,826 NHS
participants provided blood samples; health and lifestyle
characteristics were very similar between the whole cohort
and those who returned blood samples (Okereke et al.,
2005). Total follow-up for women who provided blood
samples exceeds 98%.

From 1995 to 2001, participants aged 70 years and over,
and free of diagnosed stroke, were invited to participate in
a telephone-based study of cognitive function, and 19,395
(93.3% of those eligible) completed an initial cognitive
assessment. Since then, two follow-up cognitive assess-
ments have been performed an average of 2 years apart.
Follow-up remains over 90% for cognitive study participants.

Using stored blood samples from 1989 to 1990, we
performed C-peptide measurements in a random sample of
1195 cognitive study participants who had provided a fasting
blood sample, did not have diagnosed diabetes at blood
draw, and had completed at least one follow-up cognitive
assessment. Participation rates in the cognitive study were
similar in those who had and had not provided blood,
suggesting little possibility for bias in examining associations
in those providing blood samples (Okereke et al., 2005). We
excluded eight women who reported high levels of alcohol
intake (X60 g daily), as this potentially has a strong
influence on both C-peptide levels as well as cognitive
performance. Thus, the population for analysis was 1187
women.

The study was approved by the Institutional Review Board
of Brigham and Women’s Hospital, Boston, MA.
2.2. Measurement of fasting plasma C-peptide

C-peptide is cleaved in a 1:1 ratio in the conversion of
proinsulin to insulin and provides an accurate representation
of insulin secretion (Polonsky and Rubenstein, 1984; Wahren
et al., 2000). Blood samples from the 1989 to 1990 blood
collection had been stored at �130 1C or colder; plasma
C-peptide was measured using antiserum M1230 in an
alcohol precipitation non-equilibrium assay (Faber et al.,
1978) with reagents provided by Diagnostic Systems Labora-
tory (Webster, Texas). Assays were run in a single batch, and
in blinded quality control tests, the mean intra-assay
coefficient of variation was 5.1%. In addition, a previous
study demonstrated a within-person correlation coefficient
of 0.57 between C-peptide measurements taken 4 years
apart from a sample of health professionals (Ma et al.,
2004), suggesting that one-time measures of C-peptide
vels and rates of cognitive decline in older, community-dwelling
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provide a reasonably stable representation of participants’
mid-life C-peptide levels.

2.3. Assessment of cognitive function

Participants were administered: the Telephone Interview for
Cognitive Status (TICS) (Brandt et al., 1988), a test of
general cognition similar to the Mini-Mental State Examina-
tion (MMSE) (Folstein et al., 1975); immediate and delayed
paragraph recalls of the East Boston Memory Test (EBMT)
(Albert et al., 1991); a test of category fluency, in which
women named as many different animals as possible during
1min; a delayed recall of the TICS 10-word list; and a digit
span task, in which women repeated backward increasingly
long series of digits, to evaluate attention and working
memory.

Primary outcomes were general cognition and verbal
memory—verbal memory, in particular, is a strong predictor
of early AD (Small et al., 2000; Chen et al., 2001). To assess
general cognition, we considered the TICS, as well as a
global cognitive score, calculated by averaging the z scores
of all six cognitive tests. For the verbal memory score, we
combined the results of the immediate and delayed recalls
of both the EBMT and the TICS 10-word list, by averaging z
scores of those four tests (Okereke et al., 2005). Global and
verbal memory scores were only calculated for participants
who had completed all component tests.

2.4. Reliability and validity of telephone-based
cognitive assessments

In a test of instrument reliability, we administered the TICS
twice to a sample of women at an interval of 1 month and
found a Pearson correlation of 0.70 (po0.001). Examining
inter-rater reliability (interviewers all scored the same
cognitive assessment), we found intraclass correlations
40.95 on each test.

In a validity study, 61 women who had completed an
extensive in-person interview were administered our brief
telephone-administered battery; we found a correlation of
0.81 comparing overall performance on our telephone-based
tests to overall performance measured from the in-person
interview. Furthermore, among 88 older health profes-
sionals, cognitive impairment as determined by our tele-
phone method was strongly associated with clinically
diagnosed dementia 3 years later: poor performance on
the TICS and in verbal memory was associated with
significant 8- and 12-fold increased risks, respectively, of
dementia—demonstrating strong clinical validity of our
telephone assessment (Kang et al., 2006).

2.5. Data analysis

To examine the association of C-peptide levels with
cognitive decline, quartiles of C-peptide were constructed,
and the lowest quartile was used as the reference category.
We also examined C-peptide as a continuous variable with
the unit of analysis as a one standard deviation increment in
C-peptide level (standard deviation ¼ 0.32 nmol/L).

We used linear mixed-effects models (Laird and Ware,
1982) to examine the relation of C-peptide levels to change
Please cite this article as: Okereke, O.I., et al., Plasma C-peptide le
women without diabetes. Psychoneuroendocrinology (2008), doi:10.10
in cognitive test scores across three assessments. In the
basic mixed models, time since baseline interview (in
years), age, highest attained education, C-peptide quartile,
as well as interaction terms for time by age, and time by
C-peptide quartile were included as fixed effects. Multi-
variable-adjusted mixed models also included the following
potential confounders as fixed effects: body mass index
(BMI, in kg/m2) categories (normal/overweight/obese),
current smoking (yes/no), history of hypertension (yes/no),
history of elevated cholesterol (yes/no), alcohol use
(grams/day), physical activity (metabolic equivalents/
week), current postmenopausal hormone use (yes/no) and
history of antidepressant use (yes/no); all covariates were
determined as of the time of blood draw, except age and
antidepressant use, which were determined as of the
baseline cognitive interview. Because depression is an
important potential confounder of cognition, we evaluated
multivariable models that further adjusted for depression
using Medical Outcomes Short Form-36 (Stewart et al., 1988)
mental health index scores, which were available in most
participants; results were identical, and thus we did not
include these scores in the final models. In addition to the
fixed effects, we included two person-specific random
effects in all models: baseline cognitive level (random
intercept) and rate of change (random slope). In models
using C-peptide as a categorical variable, the interaction
terms for time and C-peptide quartile represent the annual
rate of cognitive decline associated with that quartile,
compared to the first quartile, across the three assessments
(mean interval from first to third assessment ¼ 4.4 years,
range ¼ 2.9–7.7 years). Similarly, in models treating
C-peptide as a continuous variable, the interaction terms
for time and C-peptide represent annual rates of cognitive
decline associated with each one-SD increment in plasma
C-peptide.

Three a priori, secondary analyses were conducted. First,
due to the strong correlation between C-peptide level and
BMI (Harris et al., 2002), we created multivariable models
including and excluding BMI, to assess the impact of this
variable on results. Second, to evaluate whether incipient
diabetes, or ‘‘pre-diabetes,’’ at the time of blood draw
might explain any observed association between C-peptide
and cognitive decline approximately 10 years later, we
excluded all women who developed type 2 diabetes
between blood draw and the initial cognitive assessment
(n ¼ 41). Finally, given the strong association between
insulin resistance and cardiovascular risk (Hsueh and
Quinones, 2003; Kernan and Inzucchi, 2004) and its potential
influence on any observed relation between C-peptide and
cognitive decline, we performed a secondary analysis
excluding women who had any history of heart disease
before or stroke as of the final cognitive assessment
(n ¼ 62).
3. Results

Table 1 shows the characteristics of the study population at
blood draw, across quartiles of C-peptide. Women in the
highest C-peptide quartile were generally less healthy than
those in the lowest quartile: higher C-peptide was asso-
ciated with higher BMI, prevalence of hypertension and
vels and rates of cognitive decline in older, community-dwelling
16/j.psyneuen.2008.01.002
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Table 1 Characteristics of the study population at blood draw, by quartiles of fasting C-peptide�

Characteristic 1st quartile 2nd quartile 3rd quartile 4th quartile

Mean C-peptide (nmol/L) 0.36 0.52 0.69 1.11
Mean age at interview (years) 73.7 73.7 73.7 74.0
Mean age at blood draw (years) 64.1 64.0 64.2 64.4
Mean body mass index (kg/m2) 22.6 24.2 25.4 27.7
Master’s degree or higher education 8.4 7.8 7.1 5.7
History of hypertension 22.2 25.0 33.3 49.2
History of elevated cholesterol 26.9 34.8 34.3 40.4
Current smoking 6.4 9.1 7.1 10.4
Past smoking 36.4 39.9 41.6 46.1
Current hormone use 43.0 37.4 31.4 26.2
Past hormone use 22.4 26.3 28.6 33.3
History of antidepressant usey 6.7 3.7 7.4 7.7
Mean exercise level (METS/week) 18.2 17.4 17.4 14.2
Mean alcohol intake (g/day) 4.9 4.8 5.4 4.1

�Figures are expressed as percentages, unless otherwise indicated.
yAntidepressant use is as of baseline cognitive testing.

O.I. Okereke et al.4
elevated cholesterol, and with lower physical activity. Also,
women in the fourth C-peptide quartile were less likely to
be using postmenopausal hormones than those in the first
quartile.

Results from the linear mixed-effects models (Table 2)
demonstrated that higher C-peptide levels were associated
with faster cognitive decline across three assessments (over
an average of 4.4 years). Compared to the first quartile, the
multivariable-adjusted annual rates of decline (95% CI) for
women in the fourth quartile were lower by �0.03
(�0.06,�0.00; p ¼ 0.03) standard units/year on the global
score and �0.05 (�0.09,�0.02; p ¼ 0.004) standard
units/year on verbal memory; in addition, there were
significant trends of increasing levels of C-peptide and
greater rates of cognitive decline for TICS (p-trend ¼ 0.05),
global score (p-trend ¼ 0.04), and verbal memory
(p-trend ¼ 0.006). To help interpret these effect estimates,
we compared the relation of C-peptide with cognitive
decline to the relation of age with rates of cognitive decline
in our cohort. We found that each year of age was associated
with a greater annual rate of decline by �0.01 units on the
global score; thus, our finding of greater annual decline of
�0.03 units comparing the highest to lowest C-peptide
quartile would indicate that higher levels of C-peptide are
cognitively equivalent to 3 years of aging.

In separate analyses, we constructed multivariable
models that removed BMI as a covariate; results were
unchanged compared to those presented above, where BMI
was included in the model: e.g., the mean differences in
annual rates of decline associated with being in the fourth
C-peptide quartile, compared to the first quartile, were
�0.03 (�0.06,�0.00; p ¼ 0.03) units/year on the global
score and�0.05 (�0.09,�0.02; p ¼ 0.004) units/year on
verbal memory. Findings were nearly identical in secondary
analyses that excluded women who developed type 2
diabetes after blood draw (n ¼ 41): for example, the mean
differences in the multivariable-adjusted annual rates of
decline for each one-SD increase in C-peptide were�0.04
Please cite this article as: Okereke, O.I., et al., Plasma C-peptide le
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points (�0.09,�0.00; p-trend ¼ 0.03) on the TICS, �0.01
units (�0.02,�0.00; p-trend ¼ 0.03) on global score, and
�0.02 units (�0.03,�0.01; p-trend ¼ 0.005) on verbal
memory. Finally, results were also similar after excluding
the 62 women with any history of coronary disease or who
were diagnosed with coronary disease or stroke as of the
final cognitive assessment (data for secondary analyses not
shown in tables).
4. Discussion

In this study of community-dwelling women without type 2
diabetes mellitus, we found that higher mid-life levels of
plasma C-peptide—a marker of insulin secretion—were
associated with significantly greater late-life decline in
general cognition and verbal memory over an average of
4 years. Specifically, being in the highest C-peptide quartile
appeared to be cognitively equivalent to aging by 3 years.
Associations remained strong after adjustment for numerous
potential confounding factors—including vascular factors,
such as hypertension and dyslipidemia—and after exclusion
of women who were diagnosed either with diabetes at any
time after C-peptide was measured, with any history of
coronary disease, or with coronary disease or stroke as of
the final cognitive assessment.

Our findings are consistent with previous epidemiologic
studies linking higher insulin levels to cognitive impairment
(Kalmijn et al., 1995; Okereke et al., 2005, 2006) and
cognitive decline (Luchsinger et al., 2004) in older adults.
We previously reported significant cross-sectional relations
between higher C-peptide levels and greater general
cognitive and verbal memory impairment among 718 NHS
participants (Okereke et al., 2005); similarly, in a cross-
sectional study involving 386 elderly men without diabetes,
Kalmijn et al. (1995) reported that those in the highest
quartile of fasting insulin had 25% more errors on the MMSE
compared with those in the lowest quartile, with a trend of
vels and rates of cognitive decline in older, community-dwelling
16/j.psyneuen.2008.01.002
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increasing errors with increasing fasting insulin (p-tren-
d ¼ 0.02). Other studies (Vanhanen et al., 1998; Yaffe
et al., 2004) have suggested associations between
indicators of abnormal insulin (e.g., impaired glucose
tolerance) and cognitive impairment: for example, Yaffe
et al. (2004) reported significantly higher risk of develop-
ing cognitive impairment among older women with
impaired fasting glucose but without diabetes, compared
to those with normal glucose. Finally, Luchsinger et al.
(2004) reported an association between hyperinsulinemia
and significantly greater decline in memory scores, but
not in other cognitive domains, among 683 older, commu-
nity-dwelling adults; however, this sample did include
people with diabetes, and participants were older when
insulin levels were obtained (mean age ¼ 76.2 years).
While consistent with these previous reports, the current
study represents an important advance in the literature,
as it is a large-scale prospective study, involves only
participants without diabetes, and relates mid-life insulin
secretion levels to later-life cognitive decline over
repeated assessments.

Higher insulin levels may impact cognitive function
indirectly through many mechanisms, including vascular
damage associated with insulin resistance even in the
absence of diabetes (Hsueh and Quinones, 2003; Geroldi
et al., 2005); thus, despite our ability to account for major
vascular factors such as coronary disease, stroke and
hypertension in our analyses, the impact on cognition of
the micro-vascular changes associated with high insulin
levels cannot be excluded in the current study, or in the
others mentioned above. Nevertheless, there is growing
biological evidence that more direct effects of elevated
insulin may exist. For example, a leading hypothesis
suggests that high levels of insulin in the brain could
interfere with metabolism of amyloid beta (Ab, the
primary component of neuritic plaques which are central
to AD pathology) (Hardy and Selkoe, 2002) through their
impact on the insulin degrading enzyme (IDE, the major
enzyme responsible for insulin degradation and also an Ab-
degrading protease) (Farris et al., 2003). Because IDE
binds more readily to insulin relative to other substrates
(Duckworth et al., 1998), insulin acts as a competitive
inhibitor of Ab degradation; thus, higher insulin levels may
interfere with Ab clearance, resulting in higher Ab
concentrations in the brain (Watson et al., 2003).

Strengths of the current study include the large sample
size, high rate of follow-up, and abundant information on
potential confounding factors. In addition, participants
had three repeated assessments of cognitive function over
an average of 44 years, allowing us to examine the
relation of insulin secretion levels to paths of cognitive
change over time. Finally, C-peptide was measured from
the blood collected in mid-life—an average of 10 years
prior to the start of cognitive testing; since cognitive
impairment appears to take many years to develop (Linn
et al., 1995), the level of exposure at these younger ages
may be most relevant to dementia risk and ultimately to
targeting dementia prevention.

Potential limitations of our study should also be
considered. First, we had a single measurement of
C-peptide, which may have increased measurement error;
however, such random error would lead, if anything, to
ls and rates of cognitive decline in older, community-dwelling
/j.psyneuen.2008.01.002
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O.I. Okereke et al.6
underestimation of the association between the C-peptide
and cognitive decline. Second, we utilized a telephone-
based instrument rather than in-person testing; however,
this cognitive battery has been demonstrated to have
excellent reliability and validity. Third, we relied on self-
report to exclude diabetic women; however, high validity of
these participants’ reports of diabetes have been estab-
lished (Manson et al., 1991). Nevertheless, our sample may
have included women with undiagnosed diabetes; thus, a
strong association between diabetes and cognitive decline
may partly explain our findings. This is unlikely, however, as
our results remained similar when we excluded all women
who were diagnosed with diabetes during approximately 10
years of follow-up after blood draw, likely excluding any
women with undiagnosed diabetes at time of blood draw.
Furthermore, in a validation sample of 200 randomly
selected NHS participants who never reported diabetes,
only 1 woman had a plasma fasting glucose or fructosamine
level in the diabetic range. Fourth, the generalizability of
our findings is a potential concern: although basic biological
relations observed in this largely Caucasian sample of well-
educated women are likely comparable to those seen among
women in the general population, further research involving
ethnic minorities would be necessary to address potential
differences in other populations. Finally, although we were
able to adjust for numerous potential confounders, residual
confounding is still possible, as may occur in any observa-
tional study. However, the relative homogeneity of our
cohort reduces potential influences of many unmeasured
confounders, such as health knowledge and access to care.

In conclusion, our study provides evidence for an
association between elevated mid-life insulin secretion—in
the absence of diabetes mellitus or clinical stroke—and
late-life cognitive decline measured over several years. This
association clearly requires further investigation, as addres-
sing insulin regulation and secretion levels could lead to
exciting preventive tools to combat cognitive decline and
potentially AD.
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