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Abstract

Insulin resistance is a risk factor for Alzheimer’s disease (AD), although its role in AD etiology is 

unclear. We assessed insulin resistance using fasting and insulin-stimulated measures in 51 elderly 

subjects with no dementia (ND; n=37) and with cognitive impairment (CI; n=14). CI subjects 

exhibited either Mild Cognitive Impairment or AD. Fasting insulin resistance was measured using 

the homeostatic model assessment of insulin resistance (HOMA-IR). Insulin-stimulated glucose 

disposal was assessed using the hyperinsulinemic-euglycemic clamp to calculate glucose disposal 

rate into lean mass (GDRLM), the primary site of insulin-stimulated glucose disposal. Because 

insulin crosses the blood brain barrier, we also assessed whether insulin infusion would improve 

verbal episodic memory compared to baseline. Different but equivalent versions of cognitive tests 

were administered in counterbalanced order in the basal and insulin-stimulated state. Groups did 

not differ in age or body mass index. Cognitively impaired subjects exhibited greater insulin 

resistance as measured at fasting (HOMA-IR; ND: 1.09 [1.1] vs CI: 2.01 [2.3] p=0.028) and 

during the hyperinsulinemic clamp (GDRLM; ND: 9.9 (4.5) vs. AD 7.2 (3.2) p=0.040). 

Cognitively impaired subjects also exhibited higher fasting insulin compared to ND subjects, (CI: 

8.7 [7.8] vs ND: 4.2 [3.8] µU/mL; p=0.023) and higher fasting amylin (CI: 24.1 [39.1] vs. 8.37 

[14.2]; p=0.050) with no difference in fasting glucose. Insulin infusion elicited a detrimental effect 

on one test of verbal episodic memory (Free and Cued SRT) in both groups (p<0.0001) and no 

change in performance on an additional task (delayed logical memory). In this study, although 

insulin resistance was observed in cognitively impaired subjects compared to ND controls, insulin 

infusion did not improve memory. Furthermore, a significant correlation between HOMA-IR and 
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GDR was present only in ND (p=0.0002) but not in cognitively impaired (p=0.884) subjects, 

indicating potentially important physiological differences between these cohorts.

Introduction

Insulin resistance is linked to increased risk for both Alzheimer’s Disease (AD) (Cheng et 

al., 2011; Ott et al., 1999; Xu et al., 2009) and cognitive decline (Hishikawa et al., 2015; 

Young et al., 2006). Although the mechanistic relationship between insulin resistance and 

cognitive decline is unclear, insulin signaling has been linked to neurotransmission (Man et 

al., 2003; Skeberdis et al., 2001) and is impaired in AD brain postmortem. (Lee et al., 2009; 

Liu et al., 2011; Moloney et al., 2010; Steen et al., 2005) Insulin signaling also affects 

intracellular trafficking, excocytosis, and cell survival, providing molecular rationale for an 

epidemiological link (reviewed in (Morris and Burns, 2012)). Insulin can directly access 

neuronal tissues, as it freely crosses the blood brain barrier from the peripheral circulation 

through a saturable, receptor-mediated transport mechanism. (Banks, 2004; Baura et al., 

1993)

The majority of clinical literature that addresses the role of insulin resistance in 

neurodegeneration uses fasting metabolic measures, primarily glucose and insulin, to 

characterize insulin resistance. A commonly-used calculation that uses fasting glucose and 

insulin values is the homeostatic model assessment of insulin resistance (HOMA-IR). In 

young, cognitively-intact cohorts, HOMA-IR correlates well with the “gold standard” 

measure of insulin resistance, the hyperinsulinemic-euglycemic clamp (Emoto et al., 1999; 

Katsuki et al., 2001; Yokoyama et al., 2003). However, no studies have addressed whether 

HOMA-IR is a viable surrogate measure for hyperinsulinemic clamp-derived estimate of 

insulin resistance in elderly or cognitively-impaired populations. Furthermore, no studies 

have assessed insulin resistance using the gold standard outcome, glucose disposal rate 

normalized to lean mass (the primary site of insulin-mediated glucose disposal) calculated 

from the hyperinsulinemic-euglycemic clamp.

There is also a line of evidence that intravenously or intranasally administered insulin 

improves memory in cognitively-impaired individuals (Craft et al., 2012; Reger et al., 2006; 

Reger et al., 2008b). However, not all studies show a beneficial effect of insulin in AD; for 

instance, Apolipoprotein E (APOE) ε4 carriers generally do not exhibit improved cognition 

(Rosenbloom et al., 2014). Furthermore, our group has shown that the relationship between 

circulating insulin, cognition, and brain structure differs between individuals with normal 

cognition and AD (Burns et al., 2007; Burns et al., 2012). Thus, the goals of this study were 

to 1) characterize insulin resistance in ND and CI subjects using both fasting and gold-

standard methods, 2) assess the relationship between these methods, and 3) characterize the 

effect of insulin on memory function. We hypothesized that CI subjects would exhibit 

greater insulin resistance than healthy elderly, that HOMA-IR would correlate well with the 

hyperinsulinemic clamp across the whole cohort, and that insulin stimulation would improve 

performance on memory tests in all subjects.
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Methods

This study was approved by the University of Kansas Medical Center’s Institutional Review 

Board. All participants in this study provided informed consent according to institutional 

guidelines and in accordance with the Declaration of Helsinki. KU Alzheimer’s Disease 

Center clinical cohort participants who were age 60 or older, post-menopausal, on stable 

medication doses, and exhibited the ability to provide informed consent were invited to 

participate in the study. Exclusion criteria included moderate to severe AD (CDR>1), Type 

1 Diabetes, poorly controlled diabetes (recent hospitalization for hyperglycemia, 

HbA1C>10), neurodegenerative disorders other than AD with the potential to impair 

cognition, and clinically significant depression.

Clinical Assessment and Diagnosis

Diagnosis of no dementia or cognitive impairment was determined following a thorough 

clinical exam using the Clinical Dementia Rating (CDR) scale, (Morris, 1993) focusing on 

intrasubject change rather than deviation from group norms (Morris, 1993; Morris, 1997; 

Rockwood et al., 2000). Subjects with a CDR score of 0 without clinical evidence of 

cognitive impairment were recruited into this study as controls (no dementia; ND). 

Cognitively impaired subjects exhibited CDR scores of 0.5 or 1 and were diagnosed with 

either Mild Cognitive Impairment or AD. Diagnoses from a single clinician were confirmed 

at a consensus diagnosis conference.

Study visit

The study required each subject to complete one (approximately 6 hour) visit to the KU 

Clinical and Translational Science Unit for the hyperinsulinemic-euglycemic clamp 

procedure. Subjects arrived following an overnight fast. Vital signs (heart rate, blood 

pressure, temperature) were measured and two IV lines placed, one for infusion of dextrose, 

saline, and insulin, and another in the opposite arm for blood sampling. Plasma samples 

were acquired at baseline. Prior to the start of infusion, a staff psychometrician administered 

approximately 30 minutes of memory testing, including 2 tests of verbal episodic memory; 

Delayed Logical Memory (DLM) and Free and Cued Selective Reminding Test (SRT). The 

cognitive outcome measures were units recalled (DLM) and total free recall (SRT). To 

eliminate recall bias, a different version of the memory tests were administered beginning at 

90 minutes after infusion began. Test versions were counterbalanced with each study visit.

Hyperinsulinemic-euglycemic clamp

Upon insertion of peripheral venous catheters, blood was drawn from an arm that was heated 

in a hand-warming box (50°C) to arterialize venous blood prior to measurement of baseline 

metabolic outcomes. Regular human insulin (100U/mL) was mixed with saline and the 

subject’s blood for infusion. 5mL of blood was drawn and immediately injected into a 

250mL bag of sterile saline and inverted to mix before immediate addition of 1.25mL 

insulin. During the procedure, a primed continuous infusion of insulin based on body size 

(40mU·m−2·min−1) and variable infusion of 20% dextrose occurred through the catheter 

placed in the opposite arm. Glucose was measured every 5 minutes during the procedure and 

adjustments to dextrose infusion made accordingly to achieve euglycemia (90–100mg/dL) 
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over the course of 3 hours, with the exception of during memory tests, when glucose 

measurements were performed between cognitive tests. Insulin sensitivity was determined 

based on the glucose disposal rate (GDR) during the steady state (minutes 150–180 of the 

procedure). After 3 hours, the insulin infusion was stopped and glucose infusion doubled 

and allowed to continue for an additional 30 minutes while the participant was provided a 

meal.

Anthropometric measures

Total body mass was determined prior to the hyperinsulinemic-euglycemic clamp using a 

digital scale accurate to 0.1kg (Seca Platform Scale, model 707). After the procedure, 

subjects were asked to void and evaluated using dual energy x-ray absorptiometry (DEXA, 

Lunar Prodigy, version 11.2068) to determine lean mass, fat mass, and bone mineral density.

Metabolic measures

Glucose was measured in arterialized blood every 5 minutes over the course of the 

procedure using a YSI-2300 Glucose and Lactate Analyzer, with the exception of during 

cognitive testing, when measurements were performed between cognitive tests. 

Additionally, plasma samples taken at 0, 60, 90, and 180 minutes were frozen at −80°C and 

stored until analysis of insulin and C-peptide using ELISA assays (Alpco). Plasma amylin 

was measured at the fasting using ELISA (Millipore). Plasma cortisol was measured at both 

fasting and at the 90 minute timepoint using ELISA (Alpco).

Statistical analyses

Demographic characteristics were compared using the two sample t-test for continuous 

measures or Pearson’s chi-square test statistic for categorical measures. For continuous 

measures that violated underlying assumptions based on visual inspection of residual 

analyses, Satterthwaite’s degrees of freedom or the nonparametric Wilcoxon signed rank test 

was used instead as indicated; for categorical measures we used Fisher’s exact test when the 

expected cell count assumptions were not met. Continuous baseline measures and change 

scores were similarly compared between groups using the two-sample t-test or 

nonparametric Wilcoxon rank sum test if indicated as described above. Continuous 

measures were correlated and compared between groups using ordinary least squares 

regression including interaction with group with model assessment by visual inspection of 

residual plots. Longitudinal measures were compared between groups using linear mixed 

models, with model assessment by visual inspection of residual plots.

We conducted sensitivity analyses by adjusting for age and sex. For single time point and 

change score continuous measures we used ordinary least squares regression. For APOE 

status we used unconditional logistic regression. For longitudinal continuous measures we 

used linear mixed models and tested the group by time interaction for longitudinal between 

group differences. Since this was a pilot study, no multiplicity adjustments were made to the 

analyses at this time. Analyses were conducted using SAS version 9.4 (SAS Institute Inc., 

Cary, NC, 2002–2012).
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Results

The compared groups (n=37 non-demented; n=14 with MCI or AD) did not differ based on 

age (p=0.46), years of education (p=0.90) or proportion of APOE ε4 carriers (p=0.653); 

Table 1. Although there was a trend for more males in the CI group, (p=0.06), this missed 

statistical significance.

The primary fasting markers of metabolic dysfunction in CI subjects were higher insulin 

(p=0.02; table 2) and amylin (p=0.05; table 1). Fasting glucose and C-peptide (a marker of 

endogenous insulin production) were not different between groups. Over the course of the 

hyperinsulinemic clamp, insulin levels were increased over the fasting levels as expected in 

both groups. Insulin levels did not differ between groups over the course of the clamp, 

although CI subjects exhibited slightly higher glucose at 60 and 90 minutes before levels 

equilibrated during the steady state. Groups did not differ based on anthropometric measures 

including fat mass (p=0.51), lean mass (p=0.15), body weight (p=0.56), body mass index 

(p=0.54), or blood pressure (p=0.40 (systolic) and p=0.58 (diastolic)); Table 1. No subjects 

exhibited hypertension (>140/90mmHg)

Greater insulin resistance was observed in individuals with CI compared to ND subjects 

using both the fasting measure HOMA-IR (p=0.03), and the insulin-stimulated measure 

GDRLM (p=0.04). As a secondary analysis, we investigated the effect of APOE genotype 

on these results. We observed a significant interaction effect between APOE ε4 genotype 

and diagnosis group on GDRLM (p=0.003), but not between APOE ε4 genotype and 

diagnosis group on HOMA-IR (p=0.906). Interestingly, the HOMA-IR (fasting) and 

GDRLM (insulin-stimulated) measures of insulin resistance were highly correlated in ND 

elderly (p=0.0002) but not CI subjects (p=0.884), potentially indicating important 

physiological differences in the metabolism of these groups.

During memory testing, both ND and CI subjects exhibited a significant decline in 

performance on SRT (Total Free Recall) in the insulin-stimulated state (p<0.0001; Figure 

2A). Neither diagnosis group showed change in cognitive performance on story recall 

(DLM) in the insulin-stimulated state compared to baseline (p=0.65; Figure 2B).

Discussion

In this study, we found that cognitively impaired subjects exhibited greater insulin resistance 

using both fasting (HOMA-IR) and insulin-stimulated (GDR-LM) measures. The HOMAIR 

and GDR assessments of insulin resistance were highly correlated in ND elderly, but not in 

cognitively impaired subjects. Tests of verbal episodic memory administered in the insulin-

stimulated state failed to show an improvement in cognitive performance, in conflict with 

prior work. Performance on one test (SRT) significantly declined in both groups following 

insulin infusion.

There is strong evidence for a relationship between insulin resistance and cognitive 

impairment. For instance, diabetes increases AD risk (Cheng et al., 2011; Leibson et al., 

1997; Ohara et al., 2011; Ott et al., 1999; Xu et al., 2009). Moreover, cognitively impaired 

subjects exhibit high fasting glucose (Carantoni et al., 2000), high fasting insulin (Carantoni 
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et al., 2000; Craft et al., 1998), elevated HOMA (Morris et al., 2014), impaired insulin 

response to glucose (Craft et al., 1993), and increased frequency of diabetes (Garcia-Lara et 

al., 2010) compared to controls. However, only one prior study has assessed insulin 

resistance using the gold-standard measure, the hyperinsulinemic-euglycemic clamp, in 

nondemented and cognitively impaired subjects.(Craft et al., 1999b) This study did not 

compare the groups directly but split each group based on apolipoprotein ε4 genotype and 

found that AD subjects negative for the APOE ε4 allele exhibited the greatest insulin 

resistance. We included APOE ε4 was included as a factor in our GDRLM analyses as a 

secondary outcome measure. Consistent with the prior work, we observed an interaction 

effect. In cognitively impaired individuals, APOE e4 negative individuals exhibited more 

insulin resistance (GDRLM: 5.9 [2.6]) than APOE e4 positive subjects (GDRLM: 10.6 

[1.7]). However, nondemented APOE e4 negative individuals exhibited less insulin 

resistance (GDRLM: 11.6 [4.7]) compared to APOE e4 positive individuals (7.9 [2.9]). This 

supports the notion that insulin resistance is an independent risk factor for cognitive decline, 

especially in individuals not at genetic risk for Alzheimer’s disease.

As expected, we found good concordance between our two estimates of insulin resistance 

(HOMA-IR and the GDR of the hyperinsulinemic clamp) in our ND group, consistent with 

reports in younger and cognitively-normal groups, (Emoto et al., 1999; Katsuki et al., 2001; 

Yokoyama et al., 2003). However, these two IR estimates were not correlated in cognitively 

impaired subjects, suggesting potential differences in underlying IR-relevant biological 

processes measured with the procedures. HOMA-IR is more reflective of hepatic insulin 

resistance given it is based on glucose and insulin values collected during the fasting state, 

when the liver is primarily responsible for glucose output. Because the hyperinsulinemic 

clamp procedure largely suppresses hepatic glucose secretion, the GDR primarily reflects 

glucose uptake into skeletal muscle and is the gold standard for measuring muscle insulin 

resistance. The discordance we observed between these two measures in cognitively 

impaired subjects suggests a possible disconnect between hepatic and skeletal muscle insulin 

resistance. The CNS plays a modifying role in regulating peripheral insulin resistance 

through hypothalamic output and vagal inputs.(Rojas and Schwartz, 2014) Aβ impairs 

insulin signaling (Lee et al., 2009; Xie et al., 2002) and insulin resistance is observed post-

mortem in AD brain. (Moloney et al., 2010; Steen et al., 2005; Talbot et al., 2012) Thus 

varying levels of neuropathology in cognitively-impaired individuals may affect the 

relationship between HOMA-IR and GDR. No tracer studies analyzing tissue-specific 

differences in insulin resistance have been done in cognitively-impaired subjects, but such 

work may help clarify the complex relationship between peripheral insulin resistance and 

AD etiology.

We also measured levels of additional peptides secreted from the pancreas, including C-

peptide and amylin. While insulin is cleared quickly by the liver, and differences in insulin 

clearance rates by the liver can be influenced by factors such as fatty liver, C-peptide 

(secreted in equimolar amounts) has a longer half-life. (Lebowitz and Blumenthal, 1993; 

Polonsky and Rubenstein, 1986) Thus, fasting C-peptide provides an estimate of insulin 

secretion, and the ratio of insulin to C-peptide is indicative of the rate of insulin clearance. 

In our study, fasting C-peptide was not significantly different between groups. However, the 

ratio of insulin to C-peptide was higher in cognitively-impaired subjects (ND=0.06 (0.5) vs. 
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CI=0.10 (0.6), p=0.03). This may suggest that insulin is degraded more slowly in 

cognitively-impaired individuals, which is in line with prior studies that have noted 

decreased insulin degrading enzyme activity in AD brain (Perez et al., 2000) and decreased 

peptidase activity in AD serum (Liu et al., 2012). Amylin is another potentially important 

and understudied peptide in AD. Amylin is both stored and secreted from β-cells with 

insulin (Charge et al., 1995; Lukinius et al., 1989), influences energy balance, (Rushing et 

al., 2001) and exhibits neuroprotective properties.(Adler et al., 2014) Amylin also forms 

oligomeric deposits in the pancreas, which may contribute to β-cell dysfunction and 

T2D(Clark et al., 1990; Lorenzo et al., 1994) and CNS amylin aggregates are also observed 

in AD brain (Jackson et al., 2013), which may be of interest as we observed increased 

amylin in cognitively-impaired individuals.

We examined the effect of intravenous insulin infusion on memory performance (as 

assessed using both the SRT and story recall tasks) and found no effect on story recall 

performance and a detrimental effect on SRT performance. Although no prior studies have 

assessed the impact of insulin on SRT, these findings conflict with prior studies 

demonstrating improvement in story recall performance in cognitively impaired subjects 

with insulin infusion (Craft et al., 1999a; Craft et al., 1996). Other studies have examined 

the effect of intranasal insulin on memory, particularly in cognitively impaired subjects, and 

the results have been mixed. For instance, intranasal insulin improved memory performance 

in some studies (Craft et al., 2012; Reger et al., 2008b) while other studies found insulin’s 

effects on memory are dependent on ApoE genotype with reports of beneficial effects 

(Reger et al., 2006; Reger et al., 2008a), no effect (Rosenbloom et al., 2014), or a negative 

effect (Claxton et al., 2015) in APOE ε4 noncarriers. Another study found effects only when 

sex and ApoE genotype were considered.(Claxton et al., 2013) These conflicting findings 

may be explained in part due to key study differences in the sample studied, method of 

insulin administration (intranasal vs. intravenous), and type of insulin and thus more work 

will be necessary to more precisely define insulin’s cognitive effects. It may also be 

important to assess memory using multiple tasks. Nevertheless, our study using intravenous 

insulin did not replicate prior work demonstrating a beneficial effect of insulin on memory 

(as assessed by story recall) and we unexpectedly observed a decline in memory 

performance using the SRT. It is of note that cortisol levels can affect memory performance.

(Het et al., 2005) Because of the invasive nature of our procedure, coupled with the fact that 

insulin infusion can affect the hypothalamus-pituitary-adrenal axis,(Fruehwald-Schultes et 

al., 2001) we measured cortisol levels at fasting and immediately prior to memory testing 

(after 90 minutes of insulin infusion). Both the fasting and insulin-stimulated measures were 

collected in the morning for all subjects. Cortisol levels were significantly decreased across 

all subjects after 90 minutes (22.5 [9.8] (fasting) vs. 15.8 [8.0] (90 min)). We hypothesize 

that participants were anxious about the procedure and the IV placement initially, and were 

more relaxed 90 minutes following insulin infusion. In any case, increased cortisol levels did 

not contribute the observed decline in memory performance during this study, as they were 

actually lower during memory testing. Our findings of lower cortisol are consistent with a 

prior study in healthy men showing a decrease in cortisol levels with a low-rate insulin 

infusion comparable to that used in the current study.(Fruehwald-Schultes et al., 2001) 
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Interestingly, that study showed the opposite effect (increased cortisol) with a high rate 

insulin infusion.

The present study is subject to limitations. First, the sample size was small, which may have 

limited our ability to detect an association between HOMA-IR and glucose disposal rate in 

the cognitively-impaired group. The number of APOE ε4 carriers in our study was also 

lower than expected, thus differences in memory performance in that subgroups of 

individuals may not be detectible due to insufficient power. We also cannot rule out a 

potential effect of medication use. Eight cognitively-impaired subjects were taking 

acetylcholinesterase inhibitors, and two cognitively-impaired subjects were taking an 

NMDA receptor agonist. The other 4 cognitively-impaired subjects were not yet on these 

medications at the time of the study visit, and no cognitively-normal subjects were on either 

medication type.

Conclusion

In conclusion, this study supports previous studies indicating an impaired glucose 

metabolism in cognitively impaired individuals. Specifically, elderly subjects diagnosed 

with either MCI or AD exhibited significantly greater levels of insulin resistance compared 

to elderly subjects with normal cognition. These observed metabolic differences occurred 

independently of significant differences in body composition or vascular risk factors (i.e. 

hypertension). Infused insulin did not improve memory, and resulted in poorer performance 

on one memory test. Further research regarding the complex relationship between metabolic 

function and memory is warranted.
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Highlights

• Cognitively impaired subjects exhibit insulin resistance

• HOMA-IR and the hyperinsulinemic clamp only correlate in healthy elderly

• Insulin infusion does not improve memory
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Figure 1. 
Correlation between fasting (HOMA-IR) and euglycemic clamp measures of insulin 

resistance differs between groups
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Figure 2. 
Change in cognitive performance in hyperinsulinemic state

Morris et al. Page 14

Neurobiol Aging. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Morris et al. Page 15

Table 1

Mean (standard deviation) for demographic and clinical characteristics

Nondemented (n=37) MCI or AD (n=14) p-value

Age* (y) 72.4 (6.6) 71.2 (4.0) 0.458

Education (y) 16.9 (2.8) 16.8 (2.9) 0.905

Sex (#male, %) 13 (35.1) 9 (64.3) 0.061

APOE carriers (#male, %)‡ 12 (35.3) 4 (28.6) .653

GDR (mg/kg lean mass/min) 9.9 (4.5) 7.2 (3.2) 0.040*

HOMA-IR 1.09 (1.1) 2.01 (2.3) 0.028*

Weight (kg) 76.8 (18.4) 80.1 (16.0) 0.561

BMI 27.0 (3.9) 27.8 (5.0) 0.538

Fat mass (kg) 29.7 (10.3) 27.8 (6.7) 0.514

Lean mass (kg) 44.6 (9.4) 49.1 (11.7) 0.154

BMD 1.11 (0.14) 1.17 (0.09) 0.124

Systolic blood pressure (mmHg) 127.0 (16.5) 131.2 (13.8) 0.404

Diastolic blood pressure (mmHg) 75.6 (7.8) 74.1 (9.9) 0.579

CDR-SB 0.0 (0) 3.1 (2.2) <0.001*

Amylin (fasting)‡‡ 8.37 (14.2) 24.1 (39.1) 0.050

Cortisol (fasting) 21.4 (8.2) 25.3 (13.1) 0.345

Cortisol (90 min) 15.6 (8.6) 16.3 (6.4) 0.437

*
Satterthwaite’s approximation to the degrees of freedom.

‡
Genotyping failed on three nondemented subjects; Fisher’s exact test used. All anthropometric measures were controlled for age and sex.

‡‡
Wilcoxon rank sum test used due to violated assumptions for two sample t-test. Values reflect means ± SD.
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