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ABSTRACT

Objective: The aim of this prospective study was to investigate the relationships between inflam-
mation, cerebral vasoregulation, and cognitive decline in type 2 diabetes mellitus (T2DM) over a
2-year span.

Methods: Sixty-five participants (aged 66 6 9.2 years, 35 with T2DM, 33 women) were enrolled
for this 2-year prospective study. Continuous arterial spin labeling at 3-tesla MRI was used to
measure global and regional cerebral perfusion and vasoreactivity. Neuropsychological measures
were evaluated at the beginning and completion of the study. The associations between serum
inflammatory markers, regional cerebral vasoreactivity, and cognitive functions were examined
using least squares models.

Results: After 2 years of follow-up, participants with T2DM had diminished global and regional
cerebral vasoreactivity and a decline in multiple cognitive tasks compared with baseline
(p , 0.0001–0.012). In the T2DM group, lower cerebral vasoreactivity was associated with a
greater decrease in daily living activities score (r2adj50.35, p50.04), and lower global vasodilation
was associated with a greater decline in executive function (r2adj 5 0.6, p 5 0.047). Higher serum
soluble intercellular and vascular adhesion molecules, higher cortisol, and higher C-reactive protein
levels at baseline were associatedwith greater decreases in cerebral vasoreactivity and vasodilation
only in the T2DMgroup (r2adj5 0.16–0.53, p5 0.007–0.048), independent of diabetes control and
24-hour blood pressure. Higher glycated hemoglobin A1c levels were associated with a greater
increase in vasoconstriction in the T2DM group.

Conclusions: Inflammation may further impair cerebral vasoregulation, which consequently accel-
erates decline in executive function and daily activities performance in older people with T2DM.
Neurology® 2015;85:450–458

GLOSSARY
BMI 5 body mass index; BP 5 blood pressure; CASL 5 continuous arterial spin labeling; CRP 5 C-reactive protein;
HbA1c 5 glycated hemoglobin A1c; Hct5 hematocrit; HVLT-R 5 Hopkins Verbal Learning Test–Revised; IADL 5 Instrumental
Activities of Daily Living; IL-6 5 interleukin 6; MAP 5 mean arterial pressure; MMSE 5 Mini-Mental State Examination;
MP-RAGE5magnetization-prepared rapid-acquisition gradient echo;ROCF5 Rey-Osterrieth Complex Figure; sICAM5 soluble
intercellular adhesion molecule; sVCAM 5 soluble vascular adhesion molecule; T2DM 5 type 2 diabetes mellitus; VF 5 Verbal
Fluency.

Type 2 diabetes mellitus (T2DM) has been recognized as an independent risk for development
of cognitive impairment and dementia.1,2 Endothelial dysfunction and impaired cerebral vaso-
regulation associated with hyperglycemia and elevated proinflammatory cytokine levels have
been linked to functional decline in T2DM.3–5 The aim of this study was to prospectively
determine the associations between inflammation, cerebral vasoregulation, and cognitive per-
formance over a 2-year span in older adults with and without T2DM. We hypothesized that (1)
inflammation and hyperglycemia are associated with impaired vasoregulation in the brain, and
(2) impaired vasoregulation is associated with cognitive decline in T2DM.
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METHODS Participants. This study was conducted in the

Syncope and Falls in the Elderly Laboratory at the Clinical

Research Center and at the MRI Center at Beth Israel Deaconess

Medical Center between August 2009 and July 2013.

Participants with T2DM were treated for diabetes for more

than 5 years. Nondiabetic controls were age- and sex-matched

with normal fasting glucose and glycated hemoglobin A1c

(HbA1c). Exclusion criteria were type 1 diabetes, heart disease,

major surgery in the previous 6 months, stroke, carotid artery

stenosis, liver or renal insufficiency, severe hypertension (systolic

blood pressure [BP].200 mmHg or diastolic BP.110 mmHg

or taking 3 or more antihypertensive medications), seizures,

malignant tumors, recreational drug or alcohol abuse, body mass

index (BMI) $40 kg/m2, dementia, or subthreshold Mini-

Mental State Examination (MMSE) score (#24). MRI exclusion

criteria included incompatible metal implants, pacemakers, and

claustrophobia.

Standard protocol approvals, registrations, and patient
consents. Participants were recruited consecutively and provided
written informed consent as approved by the Beth Israel Deacon-

ess Medical Center institutional review board.

Protocol. The study consisted of 2 visits in a 2-year interval.

Participants completed the same protocol at baseline and at the

2-year follow-up visit. They were admitted to the Clinical Research

Center for an overnight stay and completed medical history,

physical and neurologic examinations, and neuropsychological

assessments. The next morning, fasting laboratory chemistries were

obtained and MRI studies were performed. Antihypertensive

medications were withdrawn on the morning of the study;

glycemic control medications were administered as usual. Systolic,

diastolic, and mean BPs were measured every 20 minutes for

3 days using a wearable 24-hour ambulatory BP monitoring device

(DynaPulse, Inc., Vista, CA) before the study visits.

Neuropsychological measures. Neuropsychological assess-

ments included the Hopkins Verbal Learning Test–Revised

(HVLT-R) (verbal learning and memory function, including a

Total Recall Delayed, Retention, and Recognition Discrimination

Index), Rey-Osterrieth Complex Figure (ROCF) test (a measure of

visual-spatial ability and visual memory function, including

Immediate Recall and Delayed Recall tests), Trail Making Test,

Parts A and B (tests for executive function), Verbal Fluency (VF)

(a measure of executive function; dependent variables were number

of items generated for phonemic trials and for the semantic tasks),

MMSE, and Instrumental Activities of Daily Living (IADL) scale.

The neuropsychological test results were analyzed using age-, sex-,

race- and education-adjusted standardized T scores.

Composite learning and memory T score was calculated as an

average of HVLT-R and ROCF T scores. Composite executive

function T score was calculated as an average of VF and Trail

Making Test T scores. A total overall composite T score was cal-

culated as the average of all the T scores.6

Inflammation markers. Laboratory evaluations included fasting
serum glucose, HbA1c , and lipid and renal panels. Inflammation

markers including soluble intercellular adhesion molecule (sICAM)

and soluble vascular adhesion molecule (sVCAM) levels, cortisol,

interleukin 6 (IL-6), and tumor necrosis factor a were measured

from venous samples using the quantitative sandwich enzyme

immunoassay technique (R&D Systems, Minneapolis, MN).

C-reactive protein (CRP) was measured using a high-sensitivity

CRP assay (Immulite-1000; Diagnostic Products, Los Angeles, CA).

MRI. Studies were performed using a 3T GE GHXMRI scanner

(GE Medical Systems, Milwaukee, WI). Anatomical images were

acquired using 3-dimensional magnetization-prepared rapid-

acquisition gradient echo (MP-RAGE) and fluid-attenuated

inversion recovery sequences. Respiratory rate, tidal volume,

and end-tidal CO2 values were recorded during each scan, and

vital signs were measured at 1-minute intervals using an upper-

arm automatic pressure cuff and finger photoplethysmogram.

Three-dimensional continuous arterial spin labeling (CASL)

was used for noninvasive mapping of cerebral blood flow.7,8

Image processing. Images were analyzed using tools devel-

oped in interactive data language (Research Systems, Boulder,

CO) and MATLAB (MathWorks, Natick, MA). Anatomical

MRIs were coregistered to a standard template and segmented

to calculate regional brain volumes using the Statistical Para-

metric Mapping software package (SPM, University College

London, UK).

The MP-RAGE image and perfusion and vasoreactivity

CASL images were coregistered and normalized to a standard

template. Baseline perfusion, vasoreactivity, vasodilation, and

vasoconstriction measures were calculated for global brain and

also for the frontal, temporal, parietal, occipital, and insular re-

gions. Within each region, perfusion was normalized for tissue

volume. Vasodilation was defined as an increase in perfusion from

baseline to CO2 rebreathing, normalized to the change in CO2

between these 2 conditions. Vasoconstriction was defined as the

decrease in perfusion from baseline to hyperventilation, normal-

ized to the change in CO2 between these 2 conditions. Vaso-

reactivity was calculated as the slope of the best-fit line produced

by linear regression of perfusion and CO2 values (mL/100 g/min/

mm Hg) across the 3 conditions during normal breathing, CO2

rebreathing, and hyperventilation3,9,10 (figure 1, A and B).

Statistical analysis. All analyses were performed using JMP soft-

ware (SAS Institute, Cary, NC). Variables were summarized using

descriptive statistics. Demographic data, laboratory results, and cog-

nitive functions were compared between groups using 1-way

analysis of variance and nonparametric tests. Matched-pairs t tests
were used to compare changes in glycemic control, cerebral

perfusion, and cognitive scores between baseline and at the 2-year

follow-up visit within each group. A correlation matrix was used to

determine significant associations among multiple variables (i.e.,

age, sex, BMI, glucose, HbA1c, hematocrit [Hct], hypertension,

cognitive functions, and perfusion). Those with r2 . 0.1,

p , 0.05 were included in the modeling approach. Least squares

models were used to assess relationships between serum

inflammatory markers, changes of cognitive function, and

vasoreactivity. The models were adjusted for age, sex, years of

education, and 24-hour mean arterial pressure (MAP) or the

presence of hypertension. For perfusion measurement, the model

effect was adjusted for Hct because this variable is inversely

correlated with blood viscosity and is higher in men than in

women.11 Modeling was performed for each brain region separately.

RESULTS Characteristics of the study cohort. Of 131
participants that signed an informed consent, 65 par-
ticipants, aged 50 to 85 years, 33 women, and 35 with
T2DM, were eligible and included in baseline analyses;
of those, 40 participants (19 with T2DM) who com-
pleted the 2-year follow-up visit were enrolled in the
final analyses. Participants were excluded from baseline
analyses for the following reasons: withdrew consent
(n 5 11), lost to follow-up (n 5 10), smoking
(n 5 1), arrhythmia (n 5 4), cancer (n 5 2),
MMSE score (n 5 3), stroke or TIA (n 5 2), heart
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failure (n 5 1), MRI-incompatible implants (n 5 1),
renal insufficiency (n5 1), T2DM,5 years (n5 3),
poorly controlled hypertension (n5 3), poor glycemic

control (n 5 4), unidentified neurologic disorders
(n 5 2), adverse event (n 5 1), and incomplete
datasets (n 5 17). Participants were excluded from

Figure 1 Associations between cerebral vasoregulation and decline in cognition

(A and B) Perfusion maps for 2 representative participants using a 3T, 3-dimensional CASL MRI. (A) Participant with T2DM
who has lower global vasoreactivity. (B) Participant without T2DM who has higher global vasoreactivity. (C) Lower baseline
global vasoreactivity is associated with greater decline in IADL scores, and (D) lower baseline global vasodilation is associ-
ated with greater decline in composite executive function T scores after the 2-year follow-up in the T2DM group only. No
similar effect was observed for the IADL scores (E) and executive function (F) in the control group. Best fit 5 red solid line;
confidence interval 5 red dashed lines; mean 5 blue dashed line. CASL 5 continuous arterial spin labeling (mL/100 g/min/
mm Hg); IADL 5 Instrumental Activities of Daily Living; T2DM 5 type 2 diabetes mellitus.
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final analyses for the following reasons: withdrew
consent (n 5 5), lost to follow-up (n 5 25),
dementia (n 5 1), and incomplete datasets (n 5 4).

Participants with T2DM were treated with insulin
(n5 9), oral glucose-control agents (n5 29), or diet
only (n 5 3), and for hypertension (n 5 30) and

Table 1 Characteristics of the study cohort at baseline and follow-up

Baseline Two-year follow-up

Control (n 5 30) T2DM (n 5 35) p Control (n 5 21) T2DM (n 5 19) p

Demographics

Age 67.1 6 10.4 65.1 6 8.0 NS 69.4 6 9.6 69.7 6 8.1 NS

Sex, men/women 16/14 16/19 NS 11/10 7/12 NS

T2DM duration, y 13.1 6 7.0 15.8 6 7.2

Education, y 15.9 6 2.9 15.7 6 3.9 NS 16.1 6 2.6 15.3 6 5.0 NS

Body mass index, kg/m2 25.1 6 6.3 29.2 6 7.2 0.02 24.3 6 3.1 29.3 6 5.3 0.0007

Cardiovascular and metabolic outcomes

Hemoglobin A1c, % 5.7 6 0.3 7.3 6 1.2 ,0.0001 5.6 6 0.3 7.8 6 1.8 ,0.0001

Fasting glucose 91.2 6 9.0 115.2 6 29.5 ,0.0001 91.0 6 8.2 112.7 6 31.8 0.0058

Total cholesterol, mg/dL 181.8 6 37.4 159.2 6 40.4 0.02 176.3 6 45.2 154.2 6 39.5 NS

Triglycerides, mg/dL 108.7 6 55.3 139.1 6 88.4 NS 94.3 6 39.6 125.3 6 58.5 NS

Systolic blood pressure, mm Hg 129.0 6 7.6 133.3 6 8.5 NS 128.8 6 13.0 136.9 6 21.6 NS

Diastolic blood pressure, mm Hg 69.9 6 8.9 70.9 6 7.3 NS 71.3 6 8.5 67.9 6 9.4 NS

Hematocrit, % 39.8 6 3.8 38.7 6 3.5 NS 39.1 6 3.5 38.6 6 3.2 NS

Hypertension, % 23 80 ,0.0001 24 79 0.001

MRI measures

Global gray matter volume, cm3 646.2 6 88.3 620 6 72.4 NS 665.4 6 95.0 606.6 6 68.7 0.03

Global vasoreactivity, mL/100 g/min/mm Hg 1.1 6 0.7 1.0 6 1.0 NS 0.69 6 0.43 0.39 6 1.50 NS

Global vasodilation, mL/100 g/min/mm Hg 20.09 6 2.3 0.5 6 3.4 NS 20.06 6 0.26 20.02 6 0.32 NS

Global vasoconstriction, mL/100 g/min/mm Hg 2.2 6 4.3 1.5 6 3.4 NS 0.73 6 4.22 1.25 6 3.44 NS

Cognitive outcomes

Composite learning and memory T score 54.9 6 10.5 46.7 6 11.6 0.007 55.1 6 12.0 40.5 6 11.6 0.0005

Hopkins Verbal Learning T score 60.9 6 9.7 53.6 6 11.4 0.01 53.7 6 8.9 44.0 6 12.3 0.006

Rey-Osterrieth Complex Figure Test T score 49.1 6 15.0 40.7 6 15.9 0.039 56.5 6 18.8 38.1 6 15.0 0.002

Composite executive function T score 52.1 6 7.6 47.5 6 8.3 0.028 56.3 6 9.9 44.6 6 10.5 0.001

Verbal Fluency T score 53.1 6 10.2 46.9 6 9.9 0.02 57.2 6 9.2 49.1 6 12.1 0.027

Trail Making Test T score 51.1 6 9.2 48.1 6 11.6 NS 55.5 6 15.2 40.1 6 13.0 0.002

Overall composite T score 53.4 6 8.5 47.1 6 7.0 0.004 55.4 6 8.7 42.5 6 9.6 0.0001

Mini-Mental State Examination 28.9 6 1.6 28.7 6 1.4 NS 29.0 6 1.1 26.7 6 2.2 0.0004

Instrumental Activities of Daily Living 25.9 6 3.2 26.1 6 1.4 NS 26.4 6 0.9 25.3 6 1.6 0.01

Inflammatory markers

sICAM, ng/mL 222.1 6 55.4 206.0 6 53.2 NS

sVCAM, ng/mL 803.7 6 38.0 739.2 6 35.2 NS

Cortisol, mg/dL 17.5 6 4.7 16.4 6 5.8 NS

CRP, mg/L 1.5 6 1.6 3.2 6 4.9 NS

IL-6, pg/mL 3.0 6 1.8 3.2 6 1.7 NS

TNF-a, pg/mL 1.4 6 0.5 2.7 6 5.7 NS

Abbreviations: CRP 5 C-reactive protein; IL-6 5 interleukin 6; NS 5 not significant; sICAM 5 soluble intercellular adhesion molecule; sVCAM 5 soluble
vascular adhesion molecule; TNF-a 5 tumor necrosis factor a; T2DM 5 type 2 diabetes mellitus.
Data 5 means 6 SD; p 5 between-group comparisons. One-way analysis of variance was used for continuous variables, and Fisher exact test was used for
categorical variables. NS 5 comparison is not significantly different if p . 0.05.
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hypercholesterolemia (n 5 19). Control participants
were treated for hypertension (n 5 7) and hypercho-
lesterolemia (n 5 6).

At baseline, the T2DM group had higher glycemic
indices (HbA1c and glucose), higher BMI, and higher
prevalence of hypertension. Participants with T2DM
had worse performance on the composite learning
and memory, HVLT-R, ROCF, composite executive
function, VF, and overall composite T scores com-
pared with the controls (p 5 0.004–0.039; table 1).

Two-year follow-up visit. At the 2-year follow-up, the
T2DM and control groups remained similar in
demographic characteristics. However, the T2DM
group had lower global gray matter volume and
lower composite learning and memory, HVLT-R,
ROCF, composite executive function, VF, TM,
overall composite T scores, and MMSE and IADL
scores compared with controls (p 5 0.0001–0.03;
table 1).

Progression of decline in vasoreactivity and cognition.

After 2 years of follow-up, participants with T2DM
had lower global and regional cerebral vasoreactivity
and worse glycemic controls, as compared with
baseline (table 2).

Cognitive function declined in the T2DM group,
as measured by the T scores of composite learning

and memory, HVLT-R, TM, overall composite,
and MMSE (p , 0.0001–0.012; table 2). In the
control group, vasoreactivity declined only in the
insular cortex (p5 0.02) and there was no significant
cognitive change except for worse performance in
HVLT-R T score (p 5 0.017).

Relationship between vasoregulation and cognitive

function.We investigated the relationship between cog-
nitive function and cerebral vasoregulation between the
2 visits. In the T2DM group, those with lower global
vasoreactivity at baseline had a greater deterioration in
IADL scores after 2 years (r2adj 5 0.35, p 5 0.04),
independent of their age, education, and Hct (figure
1C). A decrease in global vasodilation was associated
with a decline in the composite executive function T
score in participants with T2DM (r2adj 5 0.6,
p 5 0.047), independent of age, education, Hct, and
24-hourMAP (figure 1D). Similar interactions between
regional vasodilation and executive function were also
observed in the frontal (r2adj 5 0.59, p 5 0.047) and
parietal lobes (r2adj 5 0.63, p 5 0.034) in the T2DM
group only. There were no similar effects in the control
group (figure 1, E and F). The least squares models
controlled for BMI did not reveal similar associations.

Associations between glycemic control, inflammation,

and perfusion. The relationships between glycemic

Table 2 Changes in vasoreactivity and cognitive function after 2 years in the T2DM group

Diabetes group (n 5 19) Baseline
Two-year
follow-up

Percentage
change p

HbA1c 7.22 7.82 8.2 0.04

Vasoreactivity

Global 1.16 6 0.78 0.4 6 1.5 265.5 0.046

Frontal 1.15 6 0.89 0.3 6 1.6 273.9 0.046

Temporal 1.13 6 0.73 0.5 6 1.0 255.8 0.024

Parietal 1.34 6 0.85 0.5 6 1.8 262.7 NS

Occipital 1.54 6 0.84 0.9 6 0.9 241.6 0.034

Insula 0.99 6 0.79 0.1 6 1.7 289.9 0.031

Composite learning and memory T score 46.0 6 11.4 40.5 6 11.6 212.0 0.0018

Hopkins Verbal Learning Test T score 54.5 6 11.0 44.0 6 12.3 219.3 ,0.0001

Rey-Osterrieth Complex Figure Test T score 40.1 6 14.7 38.1 6 15.0 25.0 NS

Composite executive function T score 50.4 6 8.5 44.6 6 10.5 211.5 0.052

Verbal Fluency T score 48.7 6 9.1 49.1 6 12.1 0.8 NS

Trail Making Test T score 50.9 6 12.4 40.1 6 13.0 221.2 0.012

Overall composite T score 48.1 6 2.1 42.5 6 9.6 211.6 0.0019

Mini-Mental State Examination 28.8 6 1.3 26.7 6 2.2 27.3 0.0022

Instrumental Activities of Daily Living 26.0 6 1.3 25.3 6 1.6 22.7 NS

Abbreviations: HbA1c 5 glycated hemoglobin A1c; NS 5 not significant; T2DM 5 type 2 diabetes mellitus.
Data 5 means 6 SD; p5 matched pairs t test used for comparison of the mean difference within groups (2-tailed t test for
HbA1c and cognitive functions; 1-tailed t test for vasoreactivity measures). NS5 comparison is not significantly different if
p . 0.05.
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control, serum inflammatory markers, vasoreactiv-
ity, vasodilation, and vasoconstriction were exam-
ined separately for each group. In the T2DM
group, higher HbA1c levels were associated with a
greater increase in global (r2adj 5 0.44, p 5 0.035;
figure 2A) and regional vasoconstriction (temporal
lobes: r2adj 5 0.58, p 5 0.006; insular cortex:
r2adj 5 0.40, p 5 0.01), independent of age, Hct,
and 24-hour MAP.

In the T2DM group, inflammation markers were
predictive of a decline in regional vasoreactivity.
Higher baseline sICAM levels were associated with
a greater decrease in global (r2adj50.45, p 5 0.007;
figure 2B) and regional cerebral vasoreactivity
in the frontal (r2adj 5 0.45, p 5 0.006), temporal
(r2adj 5 0.42, p 5 0.01), parietal (r2adj 5 0.53,
p5 0.0045), occipital lobes (r2adj 5 0.44, p5 0.012),
and insular cortex (r2adj 5 0.31, p 5 0.027), indepen-
dent of age, Hct, HbA1c, and 24-hour MAP. Higher
baseline sICAM levels were also associated with a
greater decrease in vasodilation in the frontal lobes
(r2adj 5 0.40, p 5 0.048), independent of age, Hct,
HbA1c, and 24-hour MAP. Higher baseline sVCAM
levels were associated with a greater decrease in global
(r2adj 5 0.21, p 5 0.042; figure 2C) and regional

vasoreactivity (frontal: r2adj5 0.16, p5 0.05; temporal:
r2adj 5 0.32, p 5 0.022; insular cortex: r2adj 5 0.23,
p 5 0.04) and a greater decrease in vasodilation in the
insular cortex (r2adj5 0.31, p5 0.027), independent of
age, Hct, HbA1c, and presence of hypertension in
participants with T2DM. Higher cortisol levels were
linked to a greater decrease in regional vasoreactivity
in the temporal (r2adj 5 0.22, p 5 0.04), parietal
(r2adj 5 0.18, p 5 0.05), and occipital (r2adj 5 0.48,
p5 0.009) lobes, independent of age, Hct, HbA1c and
24-hour MAP (figure 2D). Higher baseline CRP levels
in the T2DM group were associated with a greater
decrease in global (r2adj 5 0.44, p 5 0.015; figure
2E) and regional vasodilation (frontal: r2adj 5 0.35,
p 5 0.04; temporal: r2adj 5 0.38, p 5 0.02; parietal:
r2adj 5 0.48, p 5 0.01; occipital: r2adj 5 0.39,
p 5 0.02) during the follow-up visit, independent
of age, Hct, HbA1c, and presence of hypertension.
IL-6 was associated with lower global vasodilation
(r2adj 5 0.33, p 5 0.036; figure 2F) and in the
parietal lobes (r2adj 5 0.32, p 5 0.048). However,
the association between IL-6 and vasodilation, as well
as its effect, became nonsignificant after adjusting for
HbA1c. None of these relationships was observed in
the control group.

Figure 2 Associations between serum inflammatory markers and cerebral vasoregulation in the T2DM group

(A) Higher baseline HbA1c is associated with greater increase in global cerebral vasoconstriction after 2-year follow-up, and (B) higher sICAM at baseline is
associated with greater decrease in global vasoreactivity. Similar associations can be observed between the cerebral vasoregulations and serum sVCAM (C),
cortisol (D), CRP (E), and IL-6 (F). Best fit 5 red solid line; confidence interval 5 red dashed lines; mean 5 blue dashed line. CRP 5 C-reactive protein;
HbA1c 5 glycated hemoglobin A1c; IL-6 5 interleukin 6; sICAM 5 soluble intercellular adhesion molecule; sVCAM 5 soluble vascular adhesion molecule;
T2DM 5 type 2 diabetes mellitus.
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Effects of hyperglycemia on cognitive decline. In the
entire cohort, a higher HbA1c level at baseline was
associated with a greater decline in MMSE scores
(r2adj 5 0.53, p 5 0.009; figure 3), composite exec-
utive function T score (r2adj 5 0.09, p5 0.028), and
overall composite T score (r2adj 5 0.11, p 5 0.044),
independent of age, sex, education, and baseline
MMSE scores.

DISCUSSION This study has shown that T2DM is
associated with an accelerated impairment of cerebral
vasoregulation and a greater decline in cognitive func-
tion as compared with nondiabetic controls matched
for age, sex, and comorbidity. In the T2DM group,
impaired cerebral vasoreactivity at baseline was associ-
ated with worse performance of daily activities, and the
worsening in vasodilation was correlated with greater
decline in executive functions. In participants with
T2DM, higher baseline sICAM and sVCAM levels
were associated with a greater decrease in cerebral vaso-
reactivity and vasodilation after 2 years of follow-up.
Higher cortisol and CPR levels were associated with
greater decline in cerebral vasoregulation.

The mechanisms behind cognitive decline in
T2DM are multifactorial,12–18 reflecting the meta-
bolic complexity involved in T2DM, and the wide
diversity of mechanisms lead to cognitive impair-
ments. Our previous study3 linked the adhesion mol-
ecules (i.e., sICAM and sVCAM) to altered
vasoregulation and brain atrophy in T2DM cross-
sectionally. This prospective study provided further

evidence for the progression of decline in cognitive
function in participants with T2DM and its relation-
ships with cerebral vasoregulation and inflammation.

Our results suggest that hyperglycemia imposes a
chronic negative effect on cognitive functions in the
T2DM population. These findings are consistent
with previous studies that demonstrated that higher
HbA1c levels are associated with faster cognitive
decline.3,19–21

Normal cerebral vasoreactivity enables redistribu-
tion of cerebral blood flow to areas of increased neu-
ronal activity during the performance of different
tasks, including cognitive function.9,22 Its normal
activity relies on the intact endothelium in the neu-
rovascular unit responding to changes of CO2 and
other metabolites.23,24 Impaired vasoreactivity is a
marker of microangiopathy in T2DM25 and is linked
to impaired cognitive function in the aging diabetic
brain3 and Alzheimer disease.22 However, whether
impaired cerebral vasoreactivity is directly associated
with cognitive performance in individuals with
T2DM remains unclear.

In the T2DM group, global and regional cerebral
vasoreactivity decreased more than 50% over the
2-year period (table 2). In addition, vasoreactivity
and vasodilation were positively correlated with per-
formance on executive function tests and daily living
activities. These correlations provided the link
between altered cerebral vasoregulation and cognitive
deterioration in participants with T2DM that can be
tracked prospectively even over a relatively short time
period of 2 years. Furthermore, the association
between serum inflammatory markers and the subse-
quent decrease in vasoregulation was exclusively
observed in the T2DM group (figure 2, B–E). These
relationships were not observed in nondiabetic con-
trols who did not show a significant decrease of vaso-
reactivity and cognition, underscoring the effects of
hyperglycemia and glycemic variability on brain tissue
and function. These correlations suggest that inflam-
mation has a critical role in degradation of cerebral
vasoregulation in the milieu of chronic hyperglycemia
regardless of glycemic control.

In T2DM, hyperglycemia and insulin resistance
lead to oxidative stress in the mitochondria and endo-
plasmic reticulum that triggers the release of proin-
flammatory cytokines and activation of proapoptotic
pathways.26 This cascade ultimately leads to endothe-
lial dysfunction. Adhesion molecules are expressed
concomitantly with altered endothelial cell motility
through nitric oxide–dependent pathways, angio-
genic activity, and neovascularization, indicating an
ongoing inflammation-remodeling process of endo-
thelium.23,27–29 A combination of hyperglycemia and
inflammation appears to accelerate neuronal loss and
atrophy in the affected regions. Vasoreactivity in the

Figure 3 Association between HbA1c level and decline in the MMSE

Across groups, a higher level of HbA1c at baseline is associated with a greater decline in
MMSE score after the 2-year follow-up, independent of the age, sex, years of education, and
baseline MMSE score. Squares 5 participants with type 2 diabetes mellitus; triangles 5

control participants. Best fit 5 red solid line; confidence interval 5 red dashed lines;
mean 5 blue dashed line. HbA1c 5 glycated hemoglobin A1c; MMSE 5 Mini-Mental State
Examination.
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cerebral cortex is negatively affected by increased cap-
illary thickness, microangiopathy,30,31 and altered endo-
thelial permeability.14,25 A shift in the balance between
vasodilation and vasoconstriction may be an important
factor in the pathophysiology of hyperglycemia-
mediated microangiopathy. As a result, metabolic vas-
cular reactivity diminishes.24 These associations also
suggest that endothelial derangement of the cerebral
microvasculature may happen early in the course of
hyperglycemic damage, before structural changes.9,13

Early detection and monitoring of cerebral blood flow
regulation may be a critical predictor of cognitive
decline acceleration in T2DM.

Our protocol excluded individuals with cognitive
impairment at baseline because they may have a high-
er risk of cognitive decline. The study design allowed
only for a relatively short follow-up of 2 years, and
diabetes-related complications and cognitive decline
are associated with unsuccessful follow-up32; there-
fore, the overall impact of T2DM on cognition may
be even greater. A study with a larger sample size and
a longer follow-up period is warranted to establish the
time sequence of the relationship between blood flow
regulation and functional outcomes in T2DM.

Our study provided prospective data about the asso-
ciations between glycemic control, serum inflammatory
markers, cerebral vasoregulation, and cognitive function
in individuals with and without T2DM, as well as about
the time course of their changes by direct measurement
of cerebral blood flow based on CASL-MRI. We
observed that higher levels of inflammatory markers
are associated with greater impairment in cerebral vaso-
regulation and linked altered vasoregulation to faster
cognitive decline in older adults with T2DM. This
study provides clinical evidence regarding the mecha-
nisms of long-term effects of diabetes on the brain and
has implications for health care and future treatments
for the growing population of older people with T2DM.
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