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Abstract
Cognitive deficits and hippocampal atrophy, features that are shared with aging and dementia, have
been described in type 2 diabetes mellitus (T2DM). T2DM is associated with obesity, hypertension,
dyslipidemia, hypothalamic pituitary adrenocortical (HPA) axis abnormalities and inflammation, all
of which have been shown to negatively impact the brain. However, since most reports in T2DM
focused on glycemic control, the relative contribution of these modifying factors to the impairments
observed in T2DM remains unclear. We contrasted 41 middle-aged dementia-free volunteers with
T2DM (on average 7 years since diagnosis) with 47 age-, education-, and gender-matched non-insulin
resistant controls on cognition and brain volumes. HPA axis activity and other modifiers that
accompany T2DM were assessed to determine their impact on brain and cognition. Individuals with
T2DM had specific verbal declarative memory deficits, reduced hippocampal and prefrontal
volumes, and impaired HPA axis feedback control. Diminished cortisol suppression after
dexamethasone and dyslipidemia were associated with decreased cognitive performance, whereas
obesity was negatively related to hippocampal volume. Moreover, prefrontal volume was influenced
by worse glycemic control. Thus, obesity and altered cortisol levels may contribute to the impact of
T2DM on the hippocampal formation, resulting in decreased verbal declarative memory
performance.
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1. INTRODUCTION
The prevalence rates of type 2 diabetes mellitus (T2DM), a metabolic disorder associated with
obesity and age (Morley, 2008), have risen markedly in recent years (Wild, Roglic, Green,
Sicree, & King, 2004). There is a developing body of research identifying the brain as a site
of possible complications in T2DM. Both cognitive impairments and structural brain
abnormalities have been reported in T2DM, with several studies demonstrating that the
hippocampus is specifically affected by the disease [e.g.,]. Although individuals with T2DM
share memory impairments and hippocampal volume reductions with individuals at risk for
dementia of the Alzheimer’s type, and the risk for developing dementia appears to be increased
among diabetics, whether these two disorders are etiologically linked remains to be
demonstrated. In this study, we sought to ascertain how the allostatic load that accompanies
T2DM affects the brain among individuals with no evidence of dementia. Namely, what is the
impact of diabetes-associated factors such as obesity, hypertension, dyslipidemia, altered
cortisol control, and inflammation on cognition and brain structure in diabetes?

Decreased cognitive performance has been extensively described among individuals with
T2DM, with reduced performance in verbal declarative memory and processing speed being
the most consistently reported (Awad, Gagnon, & Messier, 2004). Associations between
cognitive performance and diabetes-associated factors have been predominantly explored with
respect to hyperglycemia, but duration of disease, age, and the presence of comorbidities, such
as hypertension, have also been related to the degree of cognitive impairment in T2DM [e.g.,].
In addition to reports focusing on cognitive function, there is also a small literature on brain
structural changes in T2DM. These structural changes in T2DM encompass both white and
gray matter abnormalities [i.e.,] as well as specific reductions in hippocampal and amygdalar
volumes, and those abnormalities have been linked to poor glycemic control. In contrast,
abnormalities in prefrontal regions have been linked to the presence of cardiovascular risk
factors.

Type 2 diabetes is associated with obesity, hypertension, altered lipid profiles, disturbed
cortisol control, and low grade inflammation. All of these factors have individually been shown
to contribute to functional and structural brain changes and may modify the impact of T2DM
on brain and cognition. For example, global gray matter (GM) atrophy has been associated
with increasing BMI, and abnormalities in the frontal and medial-temporal lobe (Gustafson,
Lissner, Bengtsson, Bjorkelund, & Skoog, 2004) have been described among diabetes-free
obese individuals. In addition, central obesity, as indicated by the waist-hip-ratio has been
associated with reductions in hippocampal volumes and with an increase in white matter
pathology (Jagust, Harvey, Mungas, & Haan, 2005). It should be noted, however, that not all
studies of obesity have yielded consistent results [e.g.,]. Hypertension has been connected to
abnormalities in the prefrontal cortex, and these abnormalities were associated with
impairments in executive function, even when hypertension was successfully treated with
medication (Raz, Rodrigue, & Acker, 2003). In contrast triglyceride elevations have been
associated with memory dysfunction in humans [e.g., (Helkala, Niskanen, Viinamaki,
Partanen, & Uusitupa, 1995)] and in rodents, and these investigators have suggested that a
possible mechanism for those memory impairments may be inhibition of NMDA-mediated
LTP maintenance in the hippocampus.

Cortisol dysregulation, which has been associated with T2DM, has been shown to impact brain
and cognitive function in numerous studies. For example, hippocampal volume reductions and
diminished cognitive function have been associated with sustained cortisol elevations [i.e.,
(Starkman, Gebarski, Berent, & Schteingart, 1992)]. In prior work in our laboratory we found
that impairments in cortisol feedback control among individuals with T2DM, as indicated by
higher cortisol levels after 1.5 mg dexamethasone administration, were related to worse
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cognitive performance. Inflammatory markers such as C-reactive protein (CRP) and
fibrinogen, which are associated with T2DM and Metabolic Syndrome have also been
associated with altered cognitive performance [e.g.,].

To the best of our knowledge, this is the first study that seeks to assess the associations between
T2DM, cognition, and brain volumes while ascertaining the possible modifying role of
diabetes-associated factors, such as obesity, hypertension, altered lipid profiles, cortisol, and
inflammatory markers.

2. RESULTS
Demographics

The demographic variables and group descriptors are summarized in table 1. As expected,
participants with T2DM had higher BMIs and greater rates of hypertension, lipid abnormalities,
and inflammation than control participants.

Cognition
All participants were functioning in the purportedly normal range (MMSE diabetics: 29±1 vs.
controls: 29.5±0.9; GDS diabetics: 1.9±0.5 vs. controls: 1.8±0.6). Both the diabetic and control
group had IQ scores in the normal range, however, since the mean IQ of the diabetic group
was significantly lower than the IQ of the control group (diabetics: 104.25±11.88, controls:
114.23±8.44, p≤0.001), we controlled for IQ in subsequent analyses. Impairments in the
diabetic group were restricted to the verbal declarative memory domain. This was the case for
immediate (F=4.161, p (Willk’s λ =0.004) and, to a lesser extent, delayed (F=2.144, p (Willk’s
λ =0.084) recall. Visual declarative memory was not affected in diabetic participants; neither
immediate (F=0.076, p (Willk’s λ =0.973), nor delayed (F=1.445, p (Willk’s λ =0.242) recall.
Working memory (F=0.785, p (Willk’s λ =0.538), executive function (F=0.692, p (Willk’s λ
=0.505) and attention (F=0.179, p (Willk’s λ =0.863) did not differ between the groups. Please
see table 2.

Neuroimaging
White matter hyperintensities—There were very few abnormalities in either group.
Therefore, we pooled participants into two groups: those with a rating of zero and those with
a rating of ≥ 1. There was no difference between the diabetic and control group with respect
to periventricular and deep white matter hyperintensities (X2=1.181, p=0.758 and X2=0.032,
p=0.984, respectively).

Manual tracing of ROIs—We found no indication of a lateralization effect, and thus
averaged left and right hemispheres. Diabetics had 12% smaller mean hippocampal volume
than controls, independent of hypertension, dyslipidemia, BMI, inflammation, and scanner
used. Frontal pole volume was also reduced in the diabetic group, however, when we accounted
for hypertension, the frontal pole volume difference became non significant.

Groups did not differ with respect to the superior temporal gyrus, which served as a relatively
small control region in the temporal lobe. Groups did not differ with respect to the superior
temporal gyrus, which served as a relatively small control region in the temporal lobe. Neither
global, nor cortical atrophy differed between groups. Please refer to table 3.

HPA axis
Cortisol data did not require logarithmic transformation; however, ACTH data were
logarithmically transformed for analysis. Basal cortisol levels did not differ between groups,
whereas DEX cortisol was significantly higher among diabetics (table 4). These results were
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independent of age, gender, or BMI, although controlling for BMI decreased the level of
significance for the group differences on DEX cortisol to p=0.089.

Hypertension did not modify these associations. There were no group differences after CRH
stimulation, as reflected by the cortisol or ACTH AUCG during the entire DEX/CRH.

Modifiers of cognition and brain
Because our goal was to ascertain the impact of modifiers on cognition and brain beyond the
likely impact of diabetes, we ran linear regression analyses, controlling for diagnosis in the
first step. Table 5 depicts the results of these analyses, showing the contribution of the modifiers
after controlling for diabetes diagnosis.

Associations between modifiers and verbal declarative memory—Independent of
diabetes diagnosis, DEX cortisol and, to some extent, dyslipidemia were associated with
performance on those declarative memory tests with more than one learning trial (CVLT list-
learning and Guild delayed paragraph recall). On Guild immediate paragraph recall as well as
the immediate and delayed paragraph recall of the WMS-R, the selected modifiers did not add
beyond diagnosis or the confounds.

Associations between modifiers and hippocampal and frontal pole volume—In
the analysis of ICV-adjusted hippocampal volume as the dependent variable, only BMI
emerged as a modifier, significantly adding to the variance explained by diabetes diagnosis.
The association between hippocampal volume and BMI is depicted in figure 1. Please note that
although we used the ICV-adjusted hippocampal volumes in the statistical analysis, in figure
1 we display the raw hippocampal volumes. For the frontal pole volume as the dependent
variable, beyond age only HbA1c significantly contributed to the variance beyond diabetes
diagnosis. Although hypertension had mediated the frontal pole differences between diabetics
and controls, it did not enter the model, probably because of its shared variance with other
modifiers such as BMI.

3. DISCUSSION
In this paper, we first sought to ascertain how T2DM impacts cognition and brain, and then
establish how diabetes-associated factors further contribute or modify those associations. We
found that T2DM has a deleterious effect on hippocampal integrity, demonstrating both
specific verbal memory impairments and hippocampal volume reductions among individuals
with T2DM. In addition, participants with diabetes had diminished suppression of cortisol after
dexamethasone administration, whereas the cortisol response to CRH did not differ between
groups. Moreover, they had higher rates of obesity, hypertension, altered lipid profiles, and
inflammatory markers.

Our findings of specific verbal declarative memory impairments are in line with the
preponderance of the literature, which has most consistently described compromised verbal
memory function in T2DM . Most of our patients were relatively young (<60 years) and in
reasonable glycemic control (HbA1c=7.88%), which may explain why our findings were
circumscribed to reductions in declarative memory performance. Studies that have reported
impairments in multiple cognitive domains have generally included much older subjects in
poor glucose control.

In line with the verbal declarative memory impairments we described, the diabetic group
exhibited specific hippocampal volume loss, which is consistent with our prior report and that
of two other groups showing hippocampal atrophy in T2DM. Some authors have speculated
that hippocampal volume loss in T2DM may be the result of hyperglycemia and the formation
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of toxic advanced glycation end-products. Other investigators have suggested that, given the
epidemiological link between T2DM and dementia, the hippocampal atrophy in diabetes may
be due to those associations. However, given the lack of postmortem evidence of increased
Alzheimer’s disease lesions in the brains of individuals with T2DM, the epidemiological
associations between T2DM and dementia may be more related to the reductions in brain
reserve that may occur in diabetes rather than a direct etiological link to Alzheimer’s Disease
(Starr & Convit, 2007). In this study all participants were screened to exclude dementia or mild
cognitive impairment (MCI), which suggests that the hippocampal damage we report is not
mediated by pathology associated with dementia. We propose that given the high vulnerability
of the hippocampus to various metabolic insults, hippocampal-based declarative memory may
be one of the first cognitive domains affected in T2DM, and that with aging and disease
progression, cognitive impairments beyond hippocampal-based declarative memory may
become manifest.

Verbal declarative memory performance was adversely affected by HPA axis function and
lipid abnormalities. In this study, performance on tests with multiple learning trials were related
to cortisol levels after dexamethasone suppression, and to a lesser extent, to lipid abnormalities,
whereas we did not find such associations for recall tests without a learning component. It has
been well-established that both exogenous and endogeneous cortisol elevations can specifically
reduce declarative memory performance (Lupien, Maheu, Tu, Fiocco, & Schramek, 2007), and
our data are in agreement with those findings. Moreover, we found evidence for that HPA axis
regulation seems to partially override the diabetes effect with respect to tests with a learning
component. This largely overlaps with the findings of our previous report and stresses the
significance of HPA axis dysregulation for impaired verbal declarative memory in T2DM.
Acute cortisol elevations can negatively impact on declarative memory function (Het, Ramlow,
& Wolf, 2005) and reduce cerebral blood flow in the medial temporal lobe. Furthermore,
cortisol has been shown to inhibit glucose transport in cultured hippocampal neurons (Horner,
Packan, & Sapolsky, 1990) and chronically elevated corticosteroids contribute to memory and
learning deficits via alterations of synaptic plasticity and decreased neurogenesis. The
hippocampus, in particular during diabetes, might be more susceptible to the damaging effects
of cortisol elevations. Therefore, although speculative, when a diabetic person is stressed,
recurring short-term cortisol elevations may add to the allostatic burden onto the brain.

In the data we are presenting here, hippocampal volume was strongly associated with obesity
(BMI), beyond diabetes diagnosis. The negative impact of obesity on hippocampal volume is
consistent with the findings of another study that reported a moderate negative association
between central obesity and hippocampal volume in a group that consisted of both non-diabetic
and diabetic participants of comparable age to ours. The mechanism for obesity causing damage
to the brain is likely multifactorial and this is an area in clear need of development.

One possible mechanism for the association between obesity and brain impairments is obesity-
associated inflammation. Pro-inflammatory cytokines such as IL-6, which are elevated in
obesity have been linked to cognitive decline [e.g.,]. In addition, elevated triglyceride levels,
as found in obesity, adversely affect memory performance, although we did not find direct
associations between triglyceride levels and hippocampal volume. Another possible
mechanism could be reduced glucose availability to the hippocampus, as the glucose
transporter GLUT-4 has been found to be reduced in the hippocampus of obese Zucker rats.
Moreover, in a recent report, Selim and coworkers described decreased cerebral blood flow
velocities with increasing BMI in participants with T2DM (Selim, Jones, Novak, Zhao, &
Novak, 2008), and a high BMI has been associated with endothelial dysfunction, albeit in the
peripheral vascular bed. Taken together, these findings suggest that multiple co-occurring
factors may contribute to the loss of hippocampal integrity in T2DM, maybe exerting their
effects via decreased substrate supply to the hippocampus.
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The group with diabetes also had reduced frontal pole volume; and this volume reduction was
explained by higher rates of hypertension in that group. This is in agreement with the literature,
which shows an association between decreased frontal lobe integrity and hypertension, likely
due to the decreased blood flow in prefrontal areas of the brain seen in hypertension (Beason-
Held, Moghekar, Zonderman, Kraut, & Resnick, 2007). Moreover, we found that frontal pole
volume, in addition to being related to age, was also related to long-term glucose control as
indicated by HbA1c levels. The association to HbA1c was present even after accounting for a
diabetes diagnosis. Decreased cerebral blood flow in the frontal lobe has been described in
T2DM and age is accompanied by decreased vascular reserve (O’Rourke, 2007). Therefore,
our findings might reflect the impact of poor glucose control in T2DM and hypertension on
the cerebral vasculature in the prefrontal cortex. It is conceivable that, in T2DM, damage to
the hippocampus and prefrontal cortex could affect HPA axis feedback regulation, which in
turn further exacerbates this damage. However, longitudinal studies are needed to better
characterize the order of these effects.

In extrapolating from our findings and the current literature, we hypothesize that obesity,
hypertension and impaired long-term glucose control may negatively impact brain metabolic
substrate delivery by affecting endothelial function, vascular reactivity and cerebral blood flow
in T2DM. This may in turn lead to a loss of neuronal integrity in the hippocampus and prefrontal
cortex. The negative impact on hippocampal and prefrontal integrity may then lead to HPA
axis dysregulation, which again might further aggravate hippocampal and prefrontal cortex
grey matter pathology. The decreased hippocampal integrity paired with cortisol elevations
might then result in compromised memory function. This view of an indirect effect of
hippocampal damage on memory function via a dysregulated HPA axis has been supported by
studies in rodents.

Our study has many strengths, however due to its cross-sectional design it does not permit us
to draw conclusions about cause and effect. Also, the relatively broad age distribution, despite
making our sample more representative of the age group that typically develops T2DM, adds
variability to the data. In addition, the measure we used as an estimate of “basal” cortisol,
namely a single blood value, is not a reliable measure of basal cortisol levels. In future studies
multiple samples, collected throughout the day, should be utilized. Furthermore, although our
analyses were designed based on the selection of a priori factors, our sample size is limited
and there is the possibility of some adventitious findings. However, giving the lack of
comprehensive data in this area, we felt that the exploratory analyses that we presented here
are justified. There is also the possibility of type 2 error in that some of the factors we chose
to represent certain domains (such as dexamethasone suppression of cortisol for the HPA axis
or CRP for the domain of inflammation) may not be optimal. Future research should employ
a longitudinal design and include other physiologically relevant measures of cortisol, such as
diurnal cortisol, as well as inflammatory markers that have been shown to directly signal to
the brain, such as IL-beta, IL-6 and TNF-alpha. In addition future studies should also include
direct assessment of endothelial function, which may aid in understanding the mechanisms
behind the harmful effects of T2DM on the brain, and provide rationale for new prevention
and treatment efforts.

In conclusion, we demonstrated that middle-aged individuals with T2DM with typical levels
of glycemic control exhibit loss of hippocampal integrity, reductions in prefrontal cortex
volume and diminished feedback regulation of the HPA axis. Obesity, hypertension and
cortisol regulation act as modifiers of brain and cognition and possibly exert their negative
impact on the brain by reducing metabolite substrate delivery, perhaps thorough a loss of
endothelial function based vascular reactivity. We propose that in order to successfully address
the negative impact on T2DM on the brain, treatment should go beyond keeping patients in
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good glycemic control and include better blood pressure control, weight reduction, and stress
management.

4. EXPERIMENTAL PROCEDURE
4.1 Participants

Eighty-eight volunteers, 41 with T2DM and 47 matched non-insulin resistant controls
participated in the study. The participants were consecutive cases evaluated as part of an NIH-
sponsored study. All participants were functioning in the normal range. Diabetic participants
were referred to us by collaborating endocrinologists, or responded to advertisements on the
internet. Control participants were selected from our ongoing studies of normal aging. All
participants had a minimum of a high school education. Evidence of neurological, medical
(other than T2DM, dyslipidemia, or hypertension), or active psychiatric conditions such as
depression or substance abuse were exclusion criteria. The study protocol was approved by the
NYU School of Medicine Institutional Board of Research Associates. Participants gave
informed written consent and were compensated for their participation. A subset of these
participants were included in two previously published related reports .

4.1.1. Participants with T2DM—Diabetic participants met one or more of the following
criteria: (1) fasting blood glucose >125 mg/dl on two separate occasions, (2) 2-hour blood
glucose level >200 mg/dl during a 75-gram oral glucose tolerance test, or (3) had received a
prior diagnosis of T2DM. Diabetic individuals were being treated with hypoglycemic agents
and/or by lifestyle modification but not insulin or insulin secretagogues.

4.1.2. Control participants—The control group were age-, gender-, and education-matched
to the diabetic group. Participant selection was made blind to neuropsychological, MRI, and
HPA axis results. Control participants did not have evidence of overt insulin resistance, as
reflected by a quantitative insulin sensitivity check index (QUICKI) ≥ 0.35(Chen, Sullivan, &
Quon, 2005). The QUICKI has been validated against clamp assessments of insulin sensitivity
[i.e.].

4.2. Procedures
All participants underwent neuropsychological testing, medical (including bloods for
fibrinogen and CRP) and HPA axis assessment, and an MRI scan of the brain. Ten participants
(7 diabetics, 3 controls) did not participate in the HPA axis protocol.

All of the evaluations have been described in detail elsewhere.

Briefly, hypertension and dyslipidemia were defined based on NCEP guidelines, which include
medication use and/or meeting certain threshold values, were handled as dychotomous
variables in our analyses. Fasting glucose and insulin levels and HbA1c plasma levels were
assessed once during the study.

4.2.1 Neuropsychological and Psychiatric assessment—All cognitive assessments
used are standardized neuropsychological tests described in detail elsewhere. Briefly,
declarative memory was assessed with the California Verbal Learning Test (CVLT), short and
long free recall, the individual scores from the Wechsler Memory Scale -Revised (WMS-R),
which includes tests of both verbal and visual memory, and the Guild immediate and delayed
paragraphs. Working memory was tested using the Digit Span Backward and the tapping
backward subtest from the WMS-R. Executive Function was measured with the Controlled
Word Association Test, the Stroop task, and the Tower of London. Attention was assessed with
the Perceptual Speed Test and the Digit Symbol Substitution Test from the WMS-R. General
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Intellectual Functioning was assessed using the Shipley Institute of Living Scale and WAIS-
R full scale IQ score estimates were derived from the Shipley score. To ensure that all
participants were functioning in the purportedly normal range and to allow comparison to other
studies, overall functional assessment was done using the Mini Mental State Examination
(MMSE) (Cockrell & Folstein, 1988) and Global Deterioration Scale (GDS) (Reisberg, Ferris,
de Leon, & Crook, 1988).

4.2.2 Magnetic resonance Imaging data acquisition
4.2.2.1.Image acquisition: MRI scans were acquired on either a 1.5 T GE Vision (43 controls,
27 diabetics) or 1.5 T Siemens Avanto system (4 controls, 13 diabetics), using equivalent
sequences. Please see for imaging parameters of the GE Vision System.

For the Siemens system, we used a magnetization-prepared rapid gradient echo acquisition
(TR 1300 ms, TE 4.38 ms, 192 slices, slice thickness 1.2 mm, no gap; FOV 250×250 mm,
matrix 256×128, flip angle 15 degrees) for the region of interest (ROI) based volume
measurements. Fast fluid-attenuated inversion recovery (FLAIR) was used for white matter
ratings. TR 9000 ms, TE 97 ms, acquisition matrix 154 × 256, FOV 210×210, slice thickness
3 mm; 50 slices, no gaps.

4.2.2.2. Quantification of white matter hyperintensities: FLAIR images were used to
quantify white matter disease and rule out primary neurological disease. The white matter
hyperintensities were rated according to the modified Fazekas scale.

4.2.2.3. Manual tracing of ROIs: Drawings were made blind to participants’ identity and
diagnosis. The hippocampus, superior temporal gyrus, which served as the control region, and
prefrontal region and frontal pole were outlined on coronal images, and intracranial vault
volume (ICV) was outlined on sagittal images. Please see for details. A threshold procedure
was used to estimate the CSF portion of the ICV (global atrophy) and total frontal region
(cortical atrophy). To adjust for individual differences in brain size, we residualized all volumes
to the ICV by means of regression analysis and then used the residualized volumes in the
statistical analyses. Correspondence of the volumes obtained on the two scanners was
ascertained by obtaining images for 10 subjects on both scanners and then assessing the
intracranial vault volume obtained with the two sets of images. The volumes obtained were
indistinguishable (paired t-test: t=0.029, p=0.977).

4.2.3 HPA axis assessment—After a 10-hour overnight fast we collected two independent
blood samples for cortisol assessment as part of the baseline bloods during a standardized
glucose tolerance test. Those two samples were averaged to yield a measure of unstimulated
standardized basal morning cortisol secretion. Even though this measure is not representative
of diurnal cortisol, we call it “basal” in order to clearly distinguish it from cortisol levels we
obtain after Dexamethasone suppression (DEX cortisol). HPA axis feedback was assessed on
a different day, using the short version of the DEX/CRH test. Participants took 1.5 mg
dexamethasone at 11 pm. On the next day subjects arrived at 1 pm and received a standardized
lunch. Afterward, an intravenous catheter was placed in the forearm and kept patent with a
heparin lock. No blood sample was drawn for at least one hour after catheter insertion to allow
sufficient time for cortisol to return to baseline. Then, two samples were drawn to measure
cortisol and ACTH levels. At 3 pm, 100 μg of ovine CRH was injected intravenously. Blood
samples were subsequently drawn at 3.30 pm, 3.45 pm, 4 pm, and 4.15 pm. The two samples
drawn before CRH administration were averaged to obtain a measure of the suppressed HPA
axis (DEX cortisol). The samples drawn after CRH injection, together with those two samples
were used to compute an area under the curve (AUC), using the trapezoidal rule, please see
for details. The main variable of interest was cortisol after dexamethasone suppression (DEX
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cortisol), which was used as an index for HPA axis feedback control. We did not assess cortisol
binding globulin (CBG) levels.

4.3. Assays
Glucose was measured using a glucose oxidase method (VITROS 950 AT, Amersham,
England), insulin by chemiluminescence (Advia Centaur, Bayer Corporation), and HbA1c
using an automated HPLC method (Tosoh Corporation, Kanagawa, Japan) certified by the
National Glycohemoglobin Standardization Program. Total cortisol was measured with an
enzyme immunoassay (EIA; IBL, Hamburg, Germany) with a sensitivity of 0.1 μg/dL. Intact
adrenocorticotropin (ACTH) was measured with a radioimmunoassay (Nichols Institute, Bad
Nauheim, Germany) with a sensitivity of 2 pg/ml. CRP was measured using an enzymatic
immunoassay (Vitros CRP slide, Ortho Clin. Diagnostics) and fibrinogen was determined by
photometry (Beckman-Coulter advance system).

4.4. Statistical analyses
Demographic variables and group descriptors were tested using Student’s t-tests for
independent samples and X2 tests where appropriate. MANOVA was used to compare groups
on cognitive variables grouped by domain, with IQ as a covariate. From those analyses, we
produced IQ-adjusted means, which were then used to contrast the groups. ANOVA was used
to analyze brain variables and covariates were used when required.

The contributions of modifiers to brain and cognitive variables were ascertained using linear
regression analyses; T2DM diagnosis (0 vs. 1) was forced in as the first step and a priori
selected modifiers were entered in a stepwise fashion with a probability of F set to 0.05. Briefly,
the following confounds and modifiers were selected: Age and gender have been shown to
have an impact on cognition and were thus considered as potential confounds. HbA1c was
selected because it is directly associated with diabetes and because of the well-documented
associations to brain and cognition. BMI, hypertension, markers of inflammation (CRP,
fibrinogen), and dyslipidemia were considered as modifiers because of their established
influence on brain and cognition. Out of the cortisol variables measured, the cortisol value post
dexamethasone suppression (DEX cortisol), which was the only HPA axis variable that
separated the groups, was used.

Individual variable values that deviated more than 2 standard deviations from the group mean
were considered outliers and excluded from analyses. CRP levels above 10 mg/l, which likely
indicates acute inflammation, were also excluded from the analyses that included CRP.
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Figure 1.
Hippocampal volume (cc) decreases with increasing BMI (kg/m2)

Bruehl et al. Page 13

Brain Res. Author manuscript; available in PMC 2010 July 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Bruehl et al. Page 14

Table 1
Demographics and medical data (mean ± sd) for diabetic and control groups

Control Group (n=47) T2DM Group (n=41)

Age (yr) 60.02±7.96 59.05±8.35

Gender (F/M) 23/24 19/22

Education (yr) 15.81±1.92 14.96±2.36

Time from T2DM diagnosis (yr) n.a. 7.00±6.40

BMI (Kg/m2)* 25.49±3.79 32.63±6.67

Hypertension (HTN)* 11/47 28/41

Dyslipidemia * 20/47 32/41

Glucose (mg/dl)* 80.34±8.73 140.80±52.59

Insulin (□IU/ml)* 5.63±1.74 14.14±10.43

HbA1c (%)* 5.23±0.38 7.88±1.83

Homeostasis Model Assessment * 1.11±0.38 4.62±3.42

Quantitative Insulin Sensitivity Check Index * 0.38±0.02 0.32±0.03

HDL (mg/dl)* 57.49±14.34 42.39±9.55

Triglycerides (mg/dl)* 90.13±36.77 147±87.10

current or past HTN meds* 7/41 25/47

Statins* 7/41 25/47

anti diabetic meds n.a. 42/47

CRP (mg/l)* 1.38±1.72 2.67±2.46

Fibrinogen (mg/dl)* 302.56±92.48 375.79±116.72

*
denotes p≤0.05 for group comparisons
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Table 2
IQ-adjusted scores (mean ± sem) of the verbal declarative memory tests

Cognitive Test Control Group T2DM Group F p

CVLT short delay 13.11±0.45 10.88±0.48 9.996 0.002

Guild immediate 7.66±0.36 6.03±0.39 6.727 0.011

WMS-R immediate paragraph recall 32.33±0.87 29.37±0.94 4.440 0.038

WMS-R verbal paired associates
imm.

21.08±0.48 19.93±0.52 2.513 0.117

CVLT long delay 13.06±0.43 11.69±0.47 3.746 0.056

Guild delayed 9.03±0.42 7.36±0.46 5.962 0.017

WMS-R delayed paragraph recall 28.08±1.12 23.99±1.22 5.551 0.021

WMS-R verbal paired associates
del.

7.75±0.13 7.44±0.14 2.294 0.134
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Table 3
Group Comparisons of brain volumes (mean ± sd) in cubic centimeters (cc)

Region of Interest (cc) Control Group T2DM Group t p

Hippocampus 3.06 ± 0.32 2.68 ± 0.32 5.322 ≤0.001

Superior temporal gyrus 12.01 ± 2.40 11.73 ± 1.80 0.911 0.365

Global atrophy 114.59 ± 50.19 101.05 ± 37.74 0.911 0.365

Cortical atrophy 15.52 ± 7.77 15.80 ± 8.93 -.502 0.617

Frontal pole 32.77 ± 7.66 28.19 ± 6.87 2.721 0.008

Note: means presented here are unadjusted so as to provide meaningful volumes, but statistics are conducted adjusting for intracranial vault.
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Table 4
Group comparison of HPA axis data (mean ± sd)

Control Group T2DM Group t p

Cortisol during Oral Glucose
Tolerance Test (μg/dl)

9.65 ± 3.26 9.17 ± 3.29 0.641 0.524

DEX cortisol (μg/dl) 1.13 ± 0.40 1.78 ± 1.44 -2.553 0.015

Cortisol AUCG (arbitrary units) 437.58 ± 308.13 517.79 ± 337.27 -1.056 0.295

ACTH AUCG (arbitrary units) 2101.85 ± 2354.14 2007.74 ± 2351.54 -0.067 0.947
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Table 5
Association of modifiers with declarative memory scores and brain volumes, derived from regression analyses after
controlling for diabetes diagnosis. The leftmost column contains in turn each of the neuropsychological test and brain
volumes. The second column shows those modifier variables that significantly added to the diagnosis of T2DM in
explaining variance of each of the brain variables

Dependent Modifier Δ R2 p (final model) β

CVLT s. Delay DEX cortisol 0.100 0.004 -1.080

dyslipidemia 0.059 0.023 -2.078

CVLT l. Delay dyslipidemia 0.066 0.026 -1.944

DEX cortisol 0.065 0.026 -0.781

Guild Imm. age 0.063 0.034 -0.087

Guild Del. DEX cortisol 0.056 0.042 -0.794

Hippocampus BMI 0.079 0.014 -0.015

Frontal Pole HbA1c 0.102 0.007 -1.560

age 0.060 0.046 -0.189

Brain Res. Author manuscript; available in PMC 2010 July 14.


