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Abstract

We studied the association between impaired glucose tolerance in midlife (IGT) and subsequent
changes in longitudinal brain function by measuring resting state cerebral blood flow (rCBF) in
cognitively normal older individuals. We investigated whether individuals with IGT in midlife
subsequently show regionally specific longitudinal changes in rCBF relative to those with normal
glucose tolerance (NGT). 64 cognitively normal participants in the neuroimaging substudy of the
Baltimore Longitudinal Study of Aging (BLSA) underwent serial 1°0-water positron emission
tomography (1°O-water PET) (age at first PET; 69.6+7.5 years) and serial oral glucose tolerance
tests (OGTT) 12 years earlier (age at first OGTT; 57.2+£11.1 years). Using voxel-based analysis,
we compared changes in rCBF over an 8-year period between 15 participants with IGT in midlife
and 49 with NGT. Significant differences were observed in longitudinal change in rCBF between
the IGT and NGT groups. The predominant pattern was greater rCBF decline in the IGT group.
These differences were observed in the frontal, parietal, and temporal cortices. In some of these
regions, the observed changes appear to be related to increased midlife body mass index in the
IGT group. Some brain regions in the frontal and temporal cortices also showed greater
longitudinal increments in rCBF in the IGT group. There were no significant differences in
trajectories of cognitive performance between the two groups. Our findings suggest that impaired
glucose tolerance in midlife is associated with subsequent longitudinal changes in brain function
during aging even in cognitively normal older individuals. These findings complement the
growing evidence linking glucose dyshomeostasis with early changes in brain function in
individuals at increased risk for Alzheimer’s disease and age-related cognitive decline.
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1. Introduction

Abnormalities in glucose homeostasis are intrinsic to the transition from normoglycemia
through impaired glucose tolerance to type-I1 diabetes (de Vegt, et al., 2001,Petersen and
McGuire, 2005) and are also believed to mediate increased risk of cognitive impairment and
all-cause dementia, including Alzheimer’s disease (AD). Numerous epidemiological studies
from diverse ethnic populations have also demonstrated that type-I1 diabetes is an
independent risk factor for AD as well as age-related cognitive decline (Ohara, et al.,
2011,Schrijvers, et al., 2010, Yaffe, et al., 2012)

Despite a large number of studies suggesting an association between impaired glucose
tolerance (IGT) and diabetes with cognitive impairment, the temporal relationship between
these presumed risk factors for AD and longitudinal changes in brain function remains
unclear. This question assumes greater relevance in the light of recent studies suggesting
that targeting insulin resistance and/or promoting insulin sensitivity may be a promising
approach to disease modification in patients with AD as well as a strategy for secondary
prevention in at-risk individuals (Bourdel-Marchasson, et al., 2010,Watson and Craft, 2003).
Understanding the influence of IGT in midlife on subsequent changes in brain function in
cognitively normal older individuals is likely to provide important insights into the
development of strategies aimed at interventions during the early pre-symptomatic stages of
AD.

A recent functional neuroimaging study by Craft and colleagues using 18FDG-PET
demonstrated reductions in cerebral metabolic rate for glucose (CMRglu) in elderly
individuals with insulin resistance in a pattern similar to that observed in patients with AD
and mild cognitive impairment (MCI) (Baker, et al., 2011). However, the cross-sectional
design of this study did no allow the authors to investigate the association between
antecedent IGT and subsequent changes in brain function over time. Similarly, the small
number of individuals in this study precluded demonstration of significant inter-group
differences in CMRglu between the insulin resistant and normal groups.

In the current study, we applied 1°0-water PET imaging of regional cerebral blood flow
(rCBF) within the neuroimaging substudy of the Baltimore Longitudinal Study of Aging
(BLSA) to investigate the relationship between IGT in midlife and subsequent longitudinal
changes in brain function in cognitively normal older individuals. Our hypothesis was that
individuals with midlife IGT will show subsequent differential patterns of change over time
in resting state rCBF relative to normoglycemic participants.

2. Methods

2.1 Subjects

The Baltimore Longitudinal Study of Aging (BLSA) began in 1958 and is one of the largest
and longest-running longitudinal studies of aging in the United States (Ferrucci, 2008). The
community dwelling unpaid volunteer participants are predominantly white, of upper-
middle socioeconomic status, and with an above average educational level. In general, at the
time of entry into the study, participants have no physical and cognitive impairment (i.e.
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Mini-Mental State Examination (MMSE) score < 24) and no chronic medical condition with
the exception of well-controlled hypertension.

The BLSA Neuroimaging sub-study (BLSA-NI) began in 1994 (Resnick, et al., 2000).
BLSA participants were initially prioritized for admission to the neuroimaging study based
on health considerations and the amount of prior cognitive data available for each
individual. At enrollment, participants were free of central nervous system disease (e.g.
epilepsy, stroke, bipolar illness, dementia), severe cardiac disease (e.g. myocardial
infarction, coronary artery disease requiring angioplasty or coronary artery bypass surgery),
pulmonary disease or metastatic cancer.

Participants in the current report were 64 (mean age; 69.6+7.5 years) non-demented
individuals in the neuroimaging substudy of the BLSA, who underwent 1°0-water PET
resting-state regional cerebral blood flow (rCBF) imaging scans and oral glucose tolerance
tests (OGTT). Measurement of rCBF using 1°0-water PET is known to be a reliable marker
of neuronal activity and we therefore used this measure as an indicator of brain function
(Jueptner and Weiller, 1995). Serial OGTT data were acquired during each research visit
since the entry of these participants into the BLSA. We included data from the earliest
available OGTT since their entry into the study. In participants who had OGTT data from
multiple visits, we averaged the 2-hour post-glucose load plasma glucose values from all
available OGTT measurements.

We excluded individuals with clinical strokes and brain trauma. Data from participants
meeting consensus criteria for AD (NINCDS-ADRDA) and mild cognitive impairment
(MCI) were excluded from the time of onset of symptoms (McKhann, et al., 1984,Petersen,
2004). As the main focus of our current investigation was to explore the role of early
abnormalities in insulin signaling on brain function rather than overt diabetes, sixteen
participants in the neuroimaging substudy with a clinical diagnosis of diabetes during
follow-up were excluded. This study was approved by the local institutional review board.
All participants provided written informed consent prior to each assessment.

2.2. Neuropsychological testing

During each annual neuroimaging visit, participants completed a battery of
neuropsychological tests evaluating six cognitive domains. Mental status was assessed with
the Mini-Mental State Examination (MMSE), memory was assessed using the California
Verbal Learning Test (CVLT) and Benton Visual Retention Test (BVRT). Word knowledge
and verbal ability were measured using Primary Mental Abilities Vocabulary (PMA). Verbal
fluency was assessed by Letter (i.e. FAS) and Category fluency tests. Attention and working
memory were measured by the Digit Span Test of the Wechsler Adult Intelligence Scale-
Revised, and the Trail Making Test. Digits Backward, Trails B, and Verbal Fluency
(categories and letters) assessed executive function. The Card Rotations Test assessed
visuospatial function. Data from evaluations at each time point were used to examine
differences in change in cognitive performance over time between impaired glucose
tolerance (IGT) and normal glucose tolerance (NGT) groups.
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2.3 Oral glucose tolerance tests (OGTT)

Details of OGTT measurements in BLSA have been published previously (Metter et al.,
2008). Briefly, participants were observed overnight in the research ward and fasted from 8
PM. They received the OGTT between 7 AM and 8 AM the next morning. Blood samples
were drawn at 0, 20, 40, 60, 80, 100, and 120 minutes following an oral glucose load of 40
g/m? body surface area. Plasma glucose concentration was measured by the glucose-oxidase
method as described previously (Metter, et al., 2008). The American Diabetes Association
(ADA) guidelines were adopted to define impaired glucose tolerance (IGT) and normal
glucose tolerance (NGT) from the 2-hour post-glucose load concentrations of plasma
glucose (IGT; 140-199 mg/dl, NGT; <140mg/dl) (American Diabetes, 2004).

2.4 PET scanning parameters

Participants underwent PET scans at baseline (year-1) and up to eight annual follow-ups.
Each imaging session included a resting scan in which participants were instructed to keep
their eyes open and focused on a computer screen covered by a black cloth.

PET measures of rCBF were obtained using [1°O] water. For each scan, 75 mCi of [1°0]
water were injected as a bolus. Scans were performed on a GE 4096+ scanner, which
provides 15 slices of 6.5 mm thickness. Images were acquired for 60 seconds from the time
total radioactivity counts in the brain reached threshold level. Attenuation correction was
performed using a transmission scan acquired prior to the emission scans.

2.5 PET data analysis

Data from PET scans obtained annually from baseline to the last available follow-up time
points were used in the analyses. The PET scans were realigned and spatially normalized
into standard stereotactic space and smoothed to full width at half maximum of 12x12x12
mm in the X, y, and z planes using a Gaussian filter. Next, the images were thresholded at
0.80 of the mean image intensity value of each scan to exclude peripheral signal scatter, and
the rCBF values at each voxel were ratio adjusted to the mean global flow estimated from
gray matter intensity values and scaled to 50 ml/100g/min for each scan to control for
variability in global flow.

Using all annual scans for each subject, voxel by voxel differences in longitudinal change
between the groups were assessed using group x time interactions. The mean interval
between baseline and last follow-up PET scans was 7.5 (£0.9 SD) years. The results were
adjusted for baseline age, sex and the interval between the last OGTT assessment and the
first PET scan. In secondary analyses, we also included each of the following additional
covariates separately; APOE ¢4 carrier status body mass index (BMI), averaged over the
follow-up interval of the OGTT, and the average 2-hour glucose value over the follow-up
interval of the 1°0-water PET studies. Analyses were performed using Statistical Parametric
Mapping (SPM5; Wellcome Department of Cognitive Neurology, London, England).

In order to reduce the risk of type-I error due to multiple comparisons, we applied the
following procedures. First, we adopted a statistical magnitude threshold recommended by
the PET Working Group of the NIH/NIA Neuroimaging Initiative (http://www.nia.nih.gov/
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about/events/2011/positron-emission-tomography-working-group). Secondly, we applied a
spatial extent threshold of at least 50 voxels within the regions meeting the statistical
threshold of p<0.005.

2.6 MRI volumetric data analysis

Additional analyses were performed to control for the effects of potential differences in
tissue volume between the two groups that could account for differences in rCBF changes.
The MRI scans were segmented into gray matter, white matter and cerebrospinal fluid and
spatially normalized into stereotactic space using a high-dimensional elastic warping method
and a volume-preserving transformation (Shen and Davatzikos, 2002). For each participant,
binary maps of the regions showing significant differences in rCBF over time between the
IGT and NGT groups were registered with the MRI image. Total volumes of gray + white
matter were subsequently calculated for each region. The PET data were then reanalyzed
using the total tissue volume (gray + white matter) of these regions as additional covariates.

3. Results

3.1 Sample characteristics

There were no significant differences between the IGT and NGT groups in their mean age at
first OGTT or first 150-water PET-rCBF scan. The two groups were similar in sex
distribution as well as duration of follow-up. There were also no significant differences
between the groups in educational status or Mini-Mental State Examination scores at either
baseline or the last follow- up (Table-1). Both groups contained a similar proportion of
APOE ¢4 carriers. The IGT group had a slightly greater average BMI than the NGT group
over the time period when the OGTT data were acquired (27.3+3.2 and 25.5£3.0
respectively; p=0.042). The IGT group had a significantly higher average 2-hour post-
glucose load plasma glucose concentration than the NGT group (152.7+£10.6 mg/dl and
119.8+13.2 mg/dI respectively; p<0.0001). The diagnoses of NGT or IGT at midlife
remained stable in most individuals from the time of the OGTT until the 1°0-water PET
studies. Thus 73% of participants in the NGT group and 87% in the IGT group maintained
their diagnostic status until the time of acquisition of the rCBF data.

3.2 Neuropsychological performance

For each task or cognitive domain, a linear mixed effects model adjusting for sex and
baseline age was used to compare changes in performance from baseline to the last follow-
up for IGT versus NGT groups (Table-2). There were no significant intergroup differences
in performance over time on any cognitive task.

3.3 Longitudinal changes in rCBF

Analysis of group differences in longitudinal change from baseline to last follow-up
revealed several regions of rCBF decline that differed significantly between the IGT and
NGT groups (Table-3, Figure-1). The brain regions exhibiting significantly greater rCBF
decline over time in individuals with IGT included the right orbitofrontal cortex (Brodmann
area; BA 11), right superior frontal gyrus (BA 9), left superior temporal gyrus (BA 22), left
postcentral gyrus (BA 40), right inferior parietal lobule (BA 40) and the brainstem.
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Significantly greater increases in longitudinal change in rCBF in the IGT relative to NGT
groups were observed in the left inferior frontal (BA 47), left middle temporal (BA 22), and
left precentral (BA 6) gyri as well as the left globus pallidus. In secondary analyses we
confirmed that these observed longitudinal changes in rCBF were independent of both
APOE &4 carrier status as well as the average 2-hour glucose values during the follow-up
interval of the 1°0-water PET studies. Moreover, except for the longitudinal increases in
rCBF in the left globus pallidus, all observed changes in rCBF over time were also
preserved after correcting for tissue volume in each of the above regions.

In a subsequent analysis, when we included average BMI acquired during the OGTT as a
covariate, we observed that the longitudinal decreases in rCBF within the right orbitofrontal
cortex, left post-central gyrus and right inferior parietal lobule were no longer statistically
significant. Regions that remained statistically significant in showing the observed
longitudinal decrements in rCBF were the right superior frontal gyrus, left superior temporal
gyrus and brainstem. All regions showing significant longitudinal increases in rCBF
between the IGT and NGT groups in the primary analysis remained so even after covarying
for average BMI. When we examined the relationship between the average BMI acquired
during the OGTT and the average 2-hour glucose values over the same interval, we found
that these two measures were significantly correlated (R=0.33; p=0.0069)

4. Discussion

Our main objective in the current study was to investigate whether midlife IGT is associated
with subsequent longitudinal changes in brain function, assessed by serial measurements of
resting state rCBF using 1°0-water PET. Few studies have addressed the association of early
abnormalities in insulin function with later longitudinal changes in brain function during
aging in individuals who remain cognitively normal. This question assumes increasing
importance in light of data from epidemiological studies that show an association between
glucose dyshomeostasis and dementia, as well as emerging evidence that modulating insulin
function may be a viable approach to disease modification in patients at risk for AD
(Bourdel-Marchasson, et al., 2010,0Ohara, et al., 2011,Schrijvers, et al., 2010,Watson and
Craft, 2003, Yaffe, et al., 2012)

Our findings suggest that there are significant longitudinal changes in brain function during
aging in individuals diagnosed with impaired glucose tolerance in midlife. The predominant
pattern appears to be that of greater longitudinal decreases in rCBF in several brain regions
including the frontal, parietal and temporal cortices in the IGT relative to NGT groups. We
also observe significantly greater longitudinal increases in rCBF in some brain regions in the
IGT group. Given previous evidence suggesting that IGT and diabetes are both associated
with accelerated age-related cognitive decline as well as with increased risk of dementia
{Ohara, 2011 #8;Schrijvers, 2010 #4;Yaffe, 2012 #11, our current findings reveal possible
neural signatures associated with the modulation of cerebral function by IGT during aging.

The longitudinal changes in rCBF we observe may represent very early perturbations in
brain function during aging in individuals with IGT who remain cognitively normal.
However, it is also plausible that these changes represent robust compensatory responses
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that are recruited in order to maintain normal cognition during aging. In this context, it is
interesting to compare our current findings with an earlier report where we investigated
longitudinal changes in rCBF in cognitively normal older individuals carrying the APOE &4
allele (Thambisetty, et al., 2010). Similar to our current observations, the predominant
pattern in the previous study was greater and widespread decreases in rCBF over time in
APOE ¢4 carriers relative to non-carriers. The brain regions showing similar patterns of
greater longitudinal decreases in rCBF in the “at risk” groups (i.e. IGT in the present study
and APOE &4 carriers in the prior report) include the right orbitofrontal cortex and left
superior temporal gyrus. The corresponding rCBF declines in the IGT group and the
cognitively normal APOE &4 carriers in these regions suggest that changes in brain function
associated with IGT may share some common mechanisms with those related to increased
risk for AD in APOE &4 carriers.

However, to confirm that the changes in rCBF in the IGT group were not driven by APOE
genotype, we entered the APOE ¢4 carrier status as a covariate in secondary analyses and
confirmed that these results remained statistically significant. Similarly, given that midlife
overweight and obesity are an independent risk factor for dementia (Xu, et al., 2011), we
also entered the average BMI of the subjects obtained during their OGTT as a covariate in
secondary analyses. In these analyses we find that some of the observed longitudinal
decreases in rCBF in the IGT group may be related, in part to an increase in midlife BMI.
However, this observation must be interpreted with caution as both BMI and the 2-hour
glucose values at midlife appear to be correlated measures in our sample. Moreover, in the
light of a recent study that showed regional brain atrophy associated with midlife insulin
resistance (Willette, et al., 2013), we also performed a secondary analysis controlling for the
effects of potential differences in brain tissue volume between the IGT and NGT groups that
could account for the observed changes in rCBF. We confirmed that the observed
longitudinal differences in rCBF between the IGT and NGT groups were preserved after
correcting for tissue volume in each of the brain regions showing these changes.

Few previous studies have used functional neuroimaging to investigate changes in brain
function associated with IGT. A recent small cross-sectional study reported an “Alzheimer-
like” pattern of reduction in CMRglu associated with insulin resistance, but no significant
inter- group differences in CMRglu between the IGT and NGT groups (Baker et al., 2011).
Equally importantly, Craft and colleagues examined the associations between IGT and brain
function concurrently (Baker, et al., 2011) and not in a longitudinal study design as in the
current report.

A methodological consideration that is important in the design of our study was its focus on
early abnormalities in insulin signaling, as reflected by impaired glucose tolerance. We
therefore chose the 2-hour plasma glucose values from the OGTT which are thought to
reflect abnormalities in insulin action rather than fasting plasma glucose values that are more
indicative of abnormal insulin secretion (Carnevale Schianca, et al., 2003).

A recent study estimated that more than 35% of the US population between 60 and 74 years
of age is prediabetic, highlighting the considerable public health burden conferred by insulin
resistance (Cowie, et al., 2009). By excluding participants with type-1I diabetes, we were
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able to avoid confounding effects of treatment with insulin and/or oral hypoglycemic agents
on the observed longitudinal changes in rCBF. It must also be noted in this context that the
BLSA represents a highly educated, healthy sample of older individuals who maintained
their cognitive status during follow up. Our observed findings on rCBF changes in relation
to IGT merit confirmation in future studies within samples with a higher burden of co-
morbities including cardiovascular risk factors. Equally importantly, as the main focus of
this study was to examine longitudinal changes in rCBF during aging, we excluded AD/MCI
individuals after the onset of symptoms. Whether or not identical changes in rCBF occur in
relation to midlife IGT in individuals progressing to AD/MCI remains to be addressed. A
limitation that must be acknowledged in interpreting our results is that the study was not
designed to delineate a clear mechanistic explanation for the observed changes in
longitudinal rCBF. Although we propose that together, the decreases and increments in
rCBF may be suggestive of early perturbations and/or compensatory changes respectively,
in brain function in those at increased risk of diabetes and AD, this possibility remains to be
conclusively established. It is also unclear whether the observed changes in rCBF associated
with impaired glucose tolerance reported herein are related to established measures of AD
pathology such as neuritic plaques and neurofibrillary tangles. In ongoing studies within the
autopsy cohort of the BLSA (O’Brien, et al., 2009), we are studying the relationship
between insulin resistance in life and severity of AD pathology assessed in post-mortem
brain tissue. In this context, the recent demonstration of an “insulin resistant brain state”
even in the absence of diabetes, in MCI and AD within brain regions vulnerable to AD
pathology is especially relevant (Talbot, et al., 2012).

In summary, we have demonstrated that the development of impaired glucose tolerance in
midlife is associated with subsequent longitudinal changes in brain function during aging
even in cognitively normal older individuals. Our findings complement the growing
evidence linking glucose dyshomeostasis with AD risk and age-related cognitive decline.
They are also relevant to accruing data suggesting that the insulin signaling pathway may be
a promising target for disease modification and prevention in those at risk for AD.
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Figure-1.
Differences in longitudinal change in regional cerebral blood flow between IGT and NGT

groups. Blue areas indicate significantly greater longitudinal decreases in regional cerebral
blood flow in the IGT group; yellow areas, greater longitudinal increases in regional
cerebral blood flow in the IGT group; R, right; and L, left
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Demographic characteristics of IGT and NGT groups. Data are expressed as mean (standard deviation).

Table 1

Whole Sample | NGT IGT Diff (pvalue)
N 64 49 15
Sex (Females) 26 (41%) 19 (39%) 7 (47%) 0.59
Age at 15t OGTT(years) 57.2 (11.1) 56.5 (10.6) 59.7 (12.8) 0.33
Number of OGTTavailable 3.6 (2.1) 3.7(2.1) 3.5 (2.1) 0.76
Interval betweenfirst and lastOGTT (years) 7.6 (6.5) 7.7 (6.3) 7.2(7.5) 0.80
Intervalbetween1st OGTT and 15t PET (years) 12.4(6.3) 12.7 (5.9) 11.2(7.8) 0.41
Interval betweenlast OGTT and 1%t PET (years) 4.8 (2.7) 5.1(2.8) 4.0(1.8) 0.17
Age at 1t PET (years) 69.6 (7.5) 69.2 (7.4) 70.8 (8.0) 0.47
Education (years) 16.1 (2.8) 16.0 (2.6) 16.6 (3.5) 0.47
Average 2-hrpost-glucose load plasma glucose (mg/dl) | 127.5 (18.9) 119.8 (13.2) | 152.7 (10.6) | <.0001
APOE ¢4 carriers 21 17 4 0.76
Average BMI during OGTT 25.9 (3.1) 25.5 (3.0) 27.3(3.2) 0.042
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Change over time in neuropsychological performance for IGT and NGT groups after controlling for sex and

Table-2

baseline age. Data are expressed as mean + (standard error).

Page 13

Whole Sample NGT IGT Diff (pvalue)
CVLT Sum of 5 Immediate Recall Trials | 0.48 (0.31) 0.027 0.44 (0.23) 0.056 0.60 (0.33) 0.076 -0.16 (0.32) 0.63
CVLT Long- Delay Free Recall 0.14 (0.057) 0.018 0.15 (0.061) 0.017 0.096 (0.090) 0.29 0.053 (0.089) 0.56
Benton Visual Retention Test Errors -0.14 (0.066) 0.044 | -0.14 (0.070) 0.051 | -0.13 (0.096) 0.17 | —0.0063 (0.088) 0.94
CARD Rotations Total 4.23 (0.60) <.0001 4.13 (0.62) <.0001 | 4.66 (0.81) <.0001 | -0.53 (0.68) 0.44
Category Fluency 0.086 (0.057) 0.14 0.081 (0.059) 0.17 | 0.069 (0.077) 0.38 | 0.013 (0.067) 0.85
Letter Fluency 0.16 (0.077) 0.043 0.15 (0.080) 0.068 0.18 (0.10) 0.079 -0.032 (0.083) 0.70
Trails A Seconds -0.092 (0.18) <.0001 | —0.94 (0.19) <.0001 | —0.89 (0.29) 0.0030 | —0.046 (0.30) 0.88
Trails B Seconds -2.02 (0.55) 0.0003 -2.02 (0.57) 0.0005 | -1.92(0.83)0.021 | -0.10(0.78) 0.90
MMSE 0.017 (0.024) 0.47 0.018 (0.026) 0.49 | 0.012(0.038)0.75 | 0.0059 (0.039) 0.88

*
Indicates significant change within groups (p<0.05). For each task or cognitive domain, a linear mixed-effect model,
baseline age, was used to compare changes from the baseline to the last follow-up time points for IGT versus NGT groups. For BVRT and Trails A

adjusting for sex and

and B tasks, positive slopes indicate improvement and negative slopes indicate decreased performance over time respectively.
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