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The brain’s default mode network (DMN), having a high
rate of basal energy metabolism, is vulnerable to altered
glucose metabolism in type 2 diabetes mellitus (T2DM)
due to insulin resistance and chronic hyperglycemia.
Previous studies showed that functional connectivity and
structural connectivity among the DMN nodal regions are
compromised in T2DM. We applied magnetization transfer
imaging to examine the impact of T2DM on the biophysical
integrity of the DMN. The results showed that the biophys-
ical integrity of macromolecular protein pools in the pos-
terior cingulate cortex (PCC), a central DMN hub region,
was selectively compromised in T2DM, whereas the other
nodal regions of the DMN, including the medial prefrontal
cortex, lateral inferior parietal cortex, precuneus, and me-
dial and lateral temporal cortices, were biophysically
intact compared with those of control subjects without
diabetes. Furthermore, the degree of biophysical impair-
ment of the PCC correlated with both hyperglycemia
and vascular compromise, the two physiological hall-
marks of diabetes. These new findings demonstrate that
the PCC is vulnerable in the DMN and may shed light on
the molecular neurobiology of T2DM and help to eluci-
date the pathophysiology of diabetes-related cognitive
comorbidities and increased risk for dementia.

Type 2 diabetes mellitus (T2DM), associated with metabolic
and vascular complications, often is accompanied by brain
changes and behavioral aberrations, including mood disor-
ders, cognitive impairment, and increased risk of developing
dementia, especially Alzheimer disease (AD) (1,2). T2DM,
therefore, is an ideal model for studying the impact of

metabolic and vascular changes on the brain, particularly
the brain regions and networks with a high level of basal
glucose metabolism, such as the default mode network
(DMN) (3-6).

The brain’s DMN is a neural network that is most active
at rest but “deactivated” when the brain is focused on
external, goal-directed, attentionally demanding tasks (6).
It comprises a core set of brain regions that show strong
intrinsic functional correlation, including the areas in the
posterior cingulate cortex (PCC), precuneus (PCu), medial
prefrontal cortex (mPFC), and lateral inferior parietal cor-
tex (3,4,6). Depending on the analytic approach, the net-
work can also include other, less prominent regions in the
DMN map, such as the areas in the medial and lateral
temporal cortices (3,7,8). Activity within this network is
considered to be an intrinsic aspect of brain functioning
and has been posited to be a component of consciousness,
sense of self, self-referential processing, and episodic mem-
ory (3,6,9). Besides possessing an inherently high level of
basal glucose metabolism, the DMN has the highest rate of
aerobic glycolysis (a form of glucose metabolism outside
oxidative phosphorylation) than any other neural networks
in the brain as measured by fluorine-18 fluorodeoxyglucose
positron emission tomography (6,10-12). This highly
metabolically active property sets the DMN apart from
other neural networks (6) and renders it preferentially
vulnerable to altered glucose metabolism in T2DM as the
result of chronic hyperglycemia and insulin resistance.
Compared with healthy control subjects (HCs), patients
with T2DM show compromised functional connectivity
and structural connectivity (i.e., white matter [WM] fibers)
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among the DMN nodal regions (13,14). However, no stud-
ies to date have examined the biophysical integrity of the
nodal regions of the DMN. Maintaining the biophysical
integrity of brain tissue is critical to normal brain function
but highly relies on energy supply from glucose metabo-
lism; thus, it is sensitive to metabolic aberrations, such as
in T2DM. In this study, an alternative, biophysical view of
the impact of T2DM on the brain’s DMN is established.
This information may improve our understanding of the
mechanisms underlying T2DM-related brain alterations
and the neurobiology of diabetes and its heightened risk
for other neurological and psychiatric diseases, such as AD
and depression.

We applied magnetization transfer (MT) imaging to
examine the biophysical integrity of macromolecular pro-
tein pools in the nodal regions of the DMN in patients with
T2DM and HCs. The primary outcome measure of MT
imaging is the magnetization transfer ratio (MTR), which
reflects the biophysical integrity of macromolecular protein
compartments and their local microenvironments (15).
Postmortem MT and histopathology studies revealed that
lower MTR in WM is correlated with myelin compromise
and/or axonal loss (16,17). In gray matter (GM), reduced
MTR is a biophysical measurement that reflects aberrations
in cell membrane proteins and phospholipids (18,19). In-
jury to cell membranes and reductions in dendritic density
as well as neuronal size and number may alone or in com-
bination be responsible for reduced MTR in GM (20).

To the best of our knowledge, this is the first MT study
to examine the biophysical integrity of macromolecular
protein pools in the DMN of patients with T2DM. We
hypothesized that MTR would be lower in the DMN nodal
regions of patients with T2DM than in HCs. We also
hypothesized that MTR in the DMN nodal regions would
be negatively correlated with clinical measures that reflect
cerebrovascular comorbidities and blood glucose regulation.
Examination of the biophysical integrity of macromolecular
protein pools in the DMN of patients with T2DM may
shed light on the molecular neurobiology of diabetes and
help to clarify the pathophysiology of diabetes-related
neuropsychological and cognitive comorbidities.

RESEARCH DESIGN AND METHODS

Subjects
The study population comprised 21 patients with T2DM
but without mood disorders and 27 HCs without
diabetes (Table 1). The subjects were selected from a
larger sample recruited to a research program that inves-
tigated diabetes and depression at the University of Illi-
nois at Chicago. All participants were age =30 years and
recruited from the greater Chicago area through flyers,
local advertisements, and relevant outpatient clinics.
The study was approved by the University of Illinois at
Chicago institutional review board, and written informed
consent was obtained from all subjects.

The diagnosis of T2DM was made by patients’ primary
care physicians and confirmed using the American Diabetes
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Association guidelines (an elevated nonfasting hemoglobin
A;. [HbA;] level >6.5% [48 mmol/mol]) (21) or the use of
antidiabetic medications (oral hypoglycemic medicine
and/or insulin) on enrollment. The subjects with T2DM
reported using oral hypoglycemic medications and/or
insulin for glycemic control (seven with one oral hypogly-
cemic medication or insulin, seven with two or more hy-
poglycemic medications, two with both medications and
insulin, and five without hypoglycemic medication or in-
sulin). With respect to diabetic vascular complications
(22), 4 subjects had diabetic microvascular complications
(3 diabetic neuropathy, 1 retinopathy), 3 had diabetic
macrovascular complications (2 coronary artery disease,
1 both peripheral arterial disease and coronary artery
disease), 1 had both, and 13 had no vascular complica-
tions. HCs were free of diabetes and had HbA;. levels
within the normal limits. All subjects underwent evalua-
tion with the Mini-Mental State Examination (MMSE)
(23), a Structured Clinical Interview for DSM-IV (24),
and the 17-item Hamilton Depression Rating Scale
(HDRS) (25), which were administered by a trained re-
search assistant and a board certified (A.K.) or board eli-
gible (O.A.) psychiatrist. All subjects denied a history of
depressed mood, obtained scores of =8 on the HDRS, and
were free of unstable medical conditions.

Exclusion criteria were any current or history of neuro-
logical and psychiatric disorders (e.g., dementia, stroke, sei-
zure, transient ischemic attack, and depression), learning
disability or attention deficit hyperactivity disorder, psycho-
tropic medication use, current or history of substance abuse
or dependence (except for tobacco smoking), history of head
injury or loss of consciousness, an MMSE score <26, or any
contraindication to MRI scanning, such as metal in the body,
surgically implanted devices containing metal, daustropho-
bia, and pregnancy.

All subjects were assessed for medical comorbidities with
the Cumulative Illness Rating Scale (CIRS) (26) and for vas-
cular comorbidities with the Framingham Stroke Risk Profile
(FSRP) score (27). We also designed a modified FSRP
(mFSRP) score in which the contribution of T2DM was re-
moved, thereby representing vascular compromise only. All
subjects were also administered the Center for Epidemiologic
Studies of Depression (CESD) scale (28) as an independent
measure of depression severity. All subjects received a non-
fasting blood draw to document the HbA; level, an indicator
of glycemic control, and HDL and LDL cholesterol levels. Sys-
tolic blood pressure (SBP) and diastolic blood pressure (DBP)
and BMI were documented. In addition, the Wechsler Test of
Adult Reading (WTAR) (29) was used to assess subjects’ IQ.

MT Imaging and MRI Data Acquisition

MT imaging exploits magnetization exchange between
protons bound to macromolecules and free protons in
tissue water (Fig. 1). In the brain, bound protons are
primarily present in myelin in WM and in cell membrane
proteins and phospholipids in GM. Compared with free
protons, bound protons are less mobile and possess a very
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Table 1—Demographic and clinical measures between subject groups
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Statistics
HC (n = 27) T2DM (n = 21) F df P value

Age (years) 63.15 + 12.76 64.81 = 11.70 0.215 1,46 0.645
Sex X2 = 0.762 1 0.383

Male 12 12

Female 15 9
Race x> = 3.892 4 0.421

Black 10 11

Hispanic 2 1

Asian 2 0

White 11 9

Other 2 0
Handedness X2 =2.938 2 0.230

Right 25 16

Left 2 4

Mixed 0 1
Education (years) 14.56 = 1.95 14.86 = 2.24 0.249 1,46 0.620
WTAR IQ 101.68 = 11.63 98.95 = 16.30 0.437 1,442 0.512
MMSE 28.85 + 1.03 28.24 + 1.26 3.457 1,46 0.069
HDRS 0.85 = 1.10 1.76 = 1.87 4.446 1,46 0.040
CESD 5.59 = 4.81 7.19 = 5.38 1.176 1,46 0.284
BMI (kg/m?) 29.83 + 17.23 32.10 + 6.53 0.326 1,46 0.571
SBP (mmHg) 137.96 + 14.06 139.62 + 17.48 0.133 1,46 0.718
DBP (mmHg) 80.26 + 9.96 83.71 = 10.04 1.411 1,46 0.241
T2DM duration (months) — 113.10 = 83.56 - — -
LDL cholesterol 97.52 = 27.72 89.10 + 22.55 1.279 1,46 0.264
HDL cholesterol 72.74 + 22.30 48.00 + 12.95 20.434 1,46 <0.001
CIRS 3.56 + 2.86 7.24 = 3.00 18.775 1,46 <0.001
FSRP 9.00 = 4.71 13.00 = 4.78 8.424 1,46 0.006
mFSRP 9.00 = 4.71 10.57 * 5.02 1.243 1.46 0.271
HbA ¢ 24.711 1,46 <0.001

% 5.67 = 0.35 7.30 = 1.66

mmol/mol 38 = 3.8 56 + 18.1

Data are mean = SD unless otherwise indicated. Boldface indicates significance at P < 0.05. *Two HCs’ WTAR IQ scores were not

recorded.

short T, relaxation time. As a result, the MR signal from
bound protons decays rapidly to noise levels before data
acquisition and is therefore undetectable by regular MRI.
To solve this problem, an off-resonance prepulse is ap-
plied in MT to selectively presaturate bound protons.
Magnetization is then transferred from saturated bound
protons to free protons through chemical exchange or
direct dipolar coupling. This transfer of magnetization leads
to a reduced MR signal of free protons (Fig. 1). The con-
trast between images with and without the off-resonance
saturation prepulse, defined as MTR, indirectly measures
bound protons and, accordingly, informs the biophysical
integrity of macromolecular protein pools and their local
microenvironments in brain tissue (15). As demonstrated
in postmortem brain MT studies (16,17), lower MTR in
WM is associated with demyelination and lower axonal
density. The origins of MTR changes in GM are more
complex and heterogeneous and may reflect multiple

neurobiological aberrations (17-20). The biophysical corre-
lates of lower MTR in GM are believed to be linked to
impaired cell membrane proteins and phospholipids be-
sides neuronal and synaptic loss (20,30-32). Wallerian de-
generation, which is secondary to proximal and/or distal
axonal damage, also has been implicated as a mechanism
contributing to lower MTR (18,20). However, the exact
biochemical and biophysical underpinnings of MTR
in vivo are not well understood. MTR can be altered by
other diseases, such as multiple sclerosis (33) and schizo-
phrenia (34). Additionally, lower MTR is found in WM
lesions (WM loss or leukoaraiosis) (35). The alterations
in MTR in vivo may be due to various mechanisms. Al-
though lacking specificity in its origins, MT imaging provides
an innovative way to probe the integrity of macromolecular
proteins and phospholipids in the brain.

The MRI scans were performed on a Philips Achieva
3.0T X-Series MRI scanner (Philips Medical Systems, Best,
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Figure 1—Schematic diagram of the basic principles of MT imag-
ing.

the Netherlands) with an eight-channel sensitivity encod-
ing head coil. Subjects were equipped with soft ear plugs,
positioned comfortably in the head coil by using custom-
made foam pads to minimize head motion, and instructed
to remain still. The MT images were acquired using a
three-dimensional spoiled gradient-echo sequence with
multishot echo-planar imaging readout and the following
parameters: repetition time (TR) 64 ms, echo time (TE)
15 ms, flip angle 9°, field of view (FOV) 24 cm, 67
axial slices, slice thickness 2.2 mm without gap, echo-
planar imaging factor 7, reconstructed voxel size 0.83 X
0.83 X 2.2 mm?, with a nonselective five-lobed Sinc-Gauss
off-resonance MT prepulse (B; 10.5 T, Af 1.5 kHz, du-
ration 24.5 ms) optimized for maximum WM/GM con-
trast (36). The image slices were parallel to the anterior
commissure-posterior commissure line. Parallel imag-
ing was used with a reduction factor of 2. Before the
MT scan, high-resolution three-dimensional T;-weighted
magnetization-prepared rapid acquisition gradient echo
(MPRAGE) images were acquired for registration be-
tween different image modalities in postprocessing. The
MPRAGE sequence parameters were TR 8.4 ms, TE
3.9 ms, flip angle 8°, FOV 24 cm, 134 axial slices without
gap, and reconstructed voxel size 0.83 X 0.83 X 1.1 mm°.
In addition, T,-weighted fluid-attenuated inversion recov-
ery images were acquired using turbo spin echo sequence
with the following sequence parameters: TR 11,000 ms,
inversion time 2,800 ms, TE 68 ms, FOV 24 cm, 67 axial
slices without gap, and reconstructed voxel size 0.83 X
0.83 X 2.2 mm? for delineation of hyperintense areas in
the brain.

Image Processing

The images with (M) and without the off-resonance (M)
MT prepulse in the MT scan were coregistered first. The
MTR values were calculated from the coregistered My and
M; on a voxel-by-voxel basis using the equation MTR =
(Mp — M,)/My. The M image was further registered with
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the T;-weighted MPRAGE image for intrasubject align-
ment. Skull stripping was performed on both images (M;
and Ti-weighted images) before the coregistration for
improved accuracy. By using FreeSurfer software
(https://surfer.nmr.mgh.harvard.edu), the cortical sur-
face of individual T;-weighted images was vertexwise
mapped to a common surface based on cortical folding pat-
terns (individual T;-weighted surface — fsaverage surface).
Furthermore, by using the combined volume and surface-
based registration method, individual T;-weighted image
was voxelwise mapped to the standard MNI152 image space
(individual T;-weighted volume — MNI152 volume).

The DMN map can be obtained using resting-state
functional MRI with high reliability and replicability. In
this study, the well-validated and replicated DMN map
(MNI152 standard space) was obtained from the seminal
study of Smith et al. (37) and converted to a binary DMN
mask (threshold P < 0.0001), which was used to derive
the DMN regions in individual MT space. The obtained
DMN mask (Fig. 2) encompasses the medial parietal

PCC/PCu
Inferior Parietal

Inferior Parietal
PCC/PCu

Figure 2—Mask (P < 0.0001) of the core set of brain regions of the
DMN, obtained by independent component analysis of resting
state functional MRI data of healthy adult subjects from a third
party (37).
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(including PCC/PCu), bilateral inferior parietal, and mPFC
regions. With the computed individual T;-weighted sur-
face — fsaverage surface mapping and T;-weighted —
MNI152 volumetric transformation along with the
T;-weighted and MT coregistration, the DMN mask was
mapped into individual T;-weighted surface/volume space
and was further parcellated into DMN regions in the in-
dividual MT space. Additionally, anatomical masks of PCC
and PCu were applied to the DMN mask to obtain indi-
vidual PCC and PCu divisions of the medial parietal part
of the DMN (Supplementary Fig. 1).

Average MTR values were calculated in each of the core
DMN regions, i.e., PCC, PCu, mPEC, and inferior parietal
regions in the left and right hemispheres. We examined
the MTR in the GM and superficial WM of the DMN
nodal regions. Superficial WM lies immediately beneath
GM, consists of short association fibers, and connects
neighboring gyri within the DMN nodal regions. The
superficial WM component of the DMN nodal regions was
evaluated by the MTR values of the superficial WM
sampled along the WM surface normal from 1 to up to
5 mm of the distance to the WM surface. In this way, we
evaluated the superficial WM immediately beneath the
GM component of the DMN nodal regions rather than the
artifactual spreading into the WM from the blood oxygen
level-dependent signal in the GM or as a result of the
smoothing procedure during preprocessing.

In the literature, the DMN often also includes the
hippocampus and surrounding areas (e.g., parahippocam-
pus) in the medial temporal lobe and areas in the lateral
temporal cortex, which are less prominent in the DMN
maps than the core set of DMN regions (3). Consistent
with the literature, there were no areas in the medial and
lateral temporal cortices in the DMN mask (P < 0.0001)
as used to define the clusters of the core DMN nodal
regions. To define DMN regions of interest in the medial
and lateral temporal lobes, we reduced the threshold to
P < 0.05 and calculated the MTR in the DMN clusters of
these two regions. For exploratory purposes, we also cal-
culated the MTR in the core set of DMN regions within
the DMN mask at the reduced threshold P < 0.05 (Sup-
plementary Fig. 2).

Statistical Analysis

Clinical and demographic measures were analyzed using
univariate ANOVA for continuous variables and x° tests
for categorical variables. Group differences in MTR in bi-
lateral DMN regions were assessed using mixed-model
analysis with diagnostic group as the between-group fac-
tor and hemisphere and tissue type (GM or WM) as the
within-subject factors. Correlations between MTR and
FSRP score, HbA;. level, or other T2DM-related clinical
measures were analyzed using partial Pearson product
moment correlations, controlling for age and/or other
covariates. In the correlation analysis of MTR and HbA,,
a natural logarithm transformation was first performed
on HbA;  (i.e., log-transformed HbA; ) to minimize the
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skewness of this variable in the combined sample from
the HC and T2DM groups. Correction for multiple com-
parisons was performed by using the false discovery rate
approach (38-40), with the maximum acceptable false
discovery rate threshold set at 0.1. All statistical analyses
were carried out with SPSS version 22 software (IBM
Corporation, Chicago, IL).

RESULTS

Demographic and Clinical Characteristics of the T2DM
and HC Groups
Table 1 summarizes the demographic and clinical charac-
teristics of the T2DM and HC groups. There were no sig-
nificant group differences in age, sex, race, handedness,
education, WTAR 1Q, MMSE, CESD, BMI, SBP, DBP, LDL
cholesterol, and mFSRP. Although there was a group dif-
ference in HDRS, both groups were free of depression, with
very-low mean scores (<2). As expected, there were signif-
icant group differences in diabetes-related clinical measures
(HDL cholesterol: F = 20.434 [df = 1,46], P < 0.001; CIRS:
F =18.775 [df = 1,46], P < 0.001; ESRP: F = 8.424 [df =
1,46], P = 0.006; HbA; . F = 24.711 [df = 1,46], P < 0.001).
Obesity, hypertension, vascular disease, and/or ele-
vated LDL cholesterol level often are seen in patients with
T2DM. Each comorbidity has been reported to exert its
own effects on the brain. In this study, these comorbid-
ities, represented by BMI, SBP, DBP, mFSRP, and LDL,
were of comparable levels between the two subject groups
(P > 0.24), so the possible effects of these comorbidities
on the group difference in MTR have been minimized and
the findings are primarily attributable to T2DM.

Group Differences in Biophysical Integrity of DMN
Regions Measured by MTR

By using the mixed-model analysis, we analyzed the MTR
measures of both GM and WM in the nodal regions of the
DMN, with diagnostic group as the between-group factor
and hemisphere and tissue type (GM or WM) as the
within-subject factors. We found that the MTR of PCC
was significantly lower in patients with T2DM than in
HCs (F = 5.853 [df = 1,46], P = 0.020), which survived the
multiple comparisons correction. In contrast, there were
no significant group differences in the other core DMN
regions (inferior parietal: F = 1.352 [df = 1,46], P = 0.251;
mPFC: F = 0.229 [df = 1,46], P = 0.634; PCu: F = 1.150
[df = 1,46], P = 0.289). Post hoc analyses revealed that
compared with HCs, patients with T2DM exhibited sig-
nificantly lower MTR in PCC WM (F = 7.443 [df = 1,46],
P = 0.009) (Fig. 34) and PCC GM (F = 4.069 [df = 1,46],
P = 0.050) (Fig. 3B). The reduced level of significance in
the PCC GM may be due to larger partial volume effects
(from the cerebrospinal fluid) of the MTR measurement
in the GM than that in the WM.

Because no areas in the medial and lateral temporal
regions survived in the DMN mask at P < 0.0001 (Fig. 2),
a second DMN mask was generated at a reduced threshold
of P < 0.05 to define the DMN areas in the medial and
lateral temporal cortices (RESEARCH DESIGN AND METHODS).
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Figure 3 —Biophysical integrity of macromolecular protein pools as measured by MTR in the PCC within the DMN mask (P < 0.0001) in 21 patients
with T2DM and 27 matched HCs. A: Mixed-model analysis (with diagnostic group as the between-group factor and hemisphere as a within-subject
factor) of MTR in the WM portion of the PCC within the DMN mask (F = 7.443 [df = 1,46], P = 0.009). B: Mixed-model analysis of MTR in the GM
portion of the PCC within the DMN mask (F = 4.069 [df = 1,46], P = 0.050). Individual data points are shown; red points represent group means.

We found no group differences in MTR in the DMN areas
in either the medial temporal cortex (F = 0.320 [df = 1,46],
P = 0.574) or the lateral temporal cortex (F = 0.293 [df =
1,46], P = 0.591). In contrast, with the DMN mask at a
reduced threshold of P < 0.05, the significant group dif-
ference of MTR in the PCC still held (F = 6.846 [df = 1,46],
P =0.012) (post hoc analysis results presented in Supple-
mentary Fig. 2) and survived the multiple comparisons
correction, whereas no group differences were found in
the other core regions of the DMN (P > 0.32).

Correlation Between Biophysical Integrity of PCC and
Clinical Measures

Hyperglycemia and vascular compromise are two biolog-
ical hallmarks of T2DM. We found that in the combined
group, MTR negatively correlated with the log-transformed
HbA, level in the left-side PCC WM (r = —0.310 [df = 45],
P = 0.034) (Fig. 4A) and approached significance in the
right-side PCC WM (r = —0.248 [df = 45], P = 0.093)
(Fig. 4B). Additionally, MTR in bilateral PCC WM was neg-
atively correlated with the FSRP score across the entire
sample (left-side PCC: r = —0.367 [df = 45], P = 0.011;
right-side PCC: r = —0.383 [df = 45], P = 0.008) (Fig. 5A
and B). We found a trend to significance in the correlation
between MTR in the PCC GM and the FSRP score (P >
0.07). In contrast, there were no significant associations
between MTR and SBP, DBP, BMI, CIRS, and CESD (P >
0.12). Although correlations do not prove causality, these
correlations suggest that both hyperglycemia and cerebro-
vascular compromise contribute to the biophysical impair-
ments of macromolecular proteins pools in the PCC.

Group Differences in Other Related MRI Measures

T2DM reportedly is linked to leukoaraiosis or WM hyper-
intensities (41,42) and brain atrophy (42), which are par-
ticularly relevant in this study because MTR may be altered
in the presence of these conditions. Therefore, we evaluated
the possible differences in WM hyperintensities (43) and

brain atrophy between the HC and T2DM groups and found
no significant group differences in WM hyperintensities
(P > 0.18) and regional cortical atrophy (P > 0.26).

DISCUSSION

The main finding of this study is that the biophysical
integrity of macromolecular protein pools in the PCC, the
central hub region of the brain’s DMN, is compromised in
patients with T2DM compared with HCs, whereas no sig-
nificant group differences were found in the biophysical
integrity of macromolecular protein pools in the other
nodal regions of the DMN. Furthermore, the biophysical
integrity of macromolecular protein pools in the PCC, as
assessed by MTR, are negatively correlated with two key
T2DM-related clinical measures: HbA . level, which reflects
glycemic control, and vascular risk factors as assessed by
ESRP score.

The PCC, which consists of Brodmann areas 23 and 31,
has dense structural connectivity to widespread regions of
the brain and is involved in heterogeneous functions,
including default mode-related, internally directed
thoughts (e.g., autobiographic memory recollection) and
active control of cognition and behaviors by integrating
information through the hub and regulating the balance
between internally and externally directed brain activity
(44). Other studies revealed that the PCC itself consists of
functionally distinct, but spatially partially overlapping
subdivisions, which is in line with its complex, highly het-
erogeneous functional organization and constant interac-
tion with various neural networks, including executive,
attentional, language, and default mode-related networks
(44). For example, during an attentionally demanding task,
the ventral division of the PCC displays “deactivation” typ-
ically associated with the DMN, whereas the dorsal division
of the PCC is continuously active, controlling the focus of
attention and keeping the brain in a vigilant attention state
(45,46). The observed high metabolic rate of oxygen and
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Figure 4—Associations between the biophysical integrity of mac-
romolecular protein pools measured by MTR in the PCC and
diabetes-related clinical measure HbA;. level (log-transformed)
in the combined groups. Negative correlation between MTR across
groups and log-transformed HbA;. level in the left-side PCC WM
(r = —0.310 [df = 45], P = 0.034) (A) and the right-side PCC
WM (r = —0.248 [df = 45], P = 0.093) (B).
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Figure 5—Associations between the biophysical integrity of mac-
romolecular protein pools measured by MTR in the PCC and
diabetes-related clinical measure vascular risk factor assessed by
FSRP score in the combined groups. Negative correlation between
MTR across groups and vascular risk factor assessed by FSRP score
in the left-side PCC WM (r = —0.367 [df = 45], P = 0.011) (A) and the
right-side PCC WM (r = —0.383 [df = 45], P = 0.008) (B).

glucose in the PCC (6,10) are consistent with this contin-
uous activity and may partly explain the persistently high
level of blood flow and volume within the PCC, as mea-
sured by perfusion MRI, during a task or at rest (9).

PCC plus PCu, referred to as “PCC/PCu” in the literature,
often are treated as an integrated hub region of the DMN
(3,47,48). However, some have suspected that the PCu (con-
sisting of Brodmann area 7m) is not a core component of
the DMN (3), whereas others emphasize that the PCu
should be a distinct functional core of the DMN (48). Be-
cause of these contradictory arguments, we separated PCC
and PCu by applying the anatomic masks of PCC and PCu to
the DMN mask (RESEARCH DESIGN AND METHODS). The PCC
possesses extremely high baseline metabolism, which read-
ily distinguishes itself from PCu. More specifically, the re-
gional cerebral blood flow (rCBF) and cerebral metabolic
rate for glucose (CMRglc) in the PCC are ~40% higher
than in the combined PCC/PCu area of the DMN (6,47),
indicating a significantly higher rate of baseline metabo-
lism in the PCC than in the PCu. Furthermore, although
the metabolism in the PCC changes with cognitive state,
the fluctuations of rCBF or CMRglc induced by the change
of cognitive state are only ~6% of the baseline levels

(6,9,47). Therefore, compared with the PCu, the PCC
maintains exceptionally high levels of metabolism both
at baseline and during active cognitive states. In line with
the difference in the level of glucose metabolism, we ob-
served significantly reduced MTR in the PCC (Fig. 3) but
not in the PCu in patients with T2DM compared with HCs.
The exceptionally high level of metabolism reflected by
CMRglc and rCBF and continuously changing activity in
the PCC possibly render this region preferentially vulnera-
ble to the metabolic aberrations of T2DM.

In T2DM, functional connectivity, commonly measured
as the synchrony of spontaneous blood oxygen level-
dependent signal fluctuations, is compromised between
the PCC and other nodal regions of the DMN (14). A
more recent report indicated that the compromise in func-
tional connectivity within the DMN was probably due to
impaired WM tracts connecting the DMN nodal regions
(13). The current findings suggest that in addition to
impaired structural connectivity within the DMN (13),
the biophysical integrity of macromolecular protein pools
in the PCC also is compromised in T2DM, which may
independently or synergistically contribute to the compro-
mised functional connectivity within the DMN (14). Be-
cause energy support from glucose metabolism is required
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to maintain the biophysical integrity of brain tissue, includ-
ing cell membrane turnover in GM and preservation of
myelin integrity in WM, the compromised biophysical in-
tegrity of macromolecular protein pools in the PCC may be
due to altered glucose metabolism in T2DM, including pre-
diabetes and early stages of disease (1).

Although correlations do not prove causality, those
observed between lower MTR in the PCC and higher
HbA; . levels and increased vascular risk factors suggest
that both hyperglycemia and vascular compromise, the
two biological hallmarks of T2DM, contribute to the ab-
normalities of the PCC. In contrast, no significant associ-
ations were found between MTR and blood pressure, BMI,
CIRS, and CESD in the current sample, suggesting that
the impairment of biophysical integrity of macromolecu-
lar protein pools in the PCC was more related to T2DM
than the comorbidities of the disease.

Individuals with T2DM are at higher risk of the later
development of AD or other dementias (2). The mecha-
nism underlying the connection between T2DM and AD,
however, is not completely understood. Patients in the
preclinical or early stage of AD show a characteristic re-
duction (~20%) of CMRglc and rCBF in the PCC (12,49).
The reduction can begin many years before clinical man-
ifestations (50), suggesting that hypometabolism of the
PCC in the DMN is an early biomarker of pathology (12).
On the other hand, the findings from the current study
indicate that the biophysical integrity of macromolecular
protein pools in the PCC of the DMN is impaired in
patients with T2DM. This similarity in vulnerability of
the PCC in patients with T2DM and with AD may suggest
a critical link between the two conditions. That biophys-
ical impairment of macromolecular protein pools in the
PCC may be the result of a metabolism-dependent mech-
anism in the development of AD is intriguing.

Several limitations of this study should be considered.
First, the study had a modest sample size, which may not
have sufficient power to detect subtle, if any, changes in
the biophysical integrity of macromolecular protein pools
in the other nodal regions of the DMN besides the PCC.
Second, although we recruited subjects from age =30
years, the age range of our subject sample was 34-82
years, with a mean age of 63.8 years and a median age
of 67 years; therefore, the findings may apply more to
middle-aged and older individuals. Third, several subjects
with diabetes had different micro- and macrovascular
complications, which might have had a potential impact
on the results, although no significant group difference in
vascular compromise was measured by the mFSRP. Fi-
nally, the T2DM group was taking a range of medications
for glycemic control. Because these medications were as-
sociated with the status or level of hyperglycemia, the
main outcome, MTR, might have been influenced.

In conclusion, using MT imaging, we provide a new
biological window into the impact of metabolic aberra-
tions in T2DM on the brain’s DMN. We report that
among the nodal regions of the DMN, the biophysical
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integrity of macromolecular protein pools in the PCC, a
central hub node of the DMN, is compromised in T2DM
and that the degree of biophysical impairment of the PCC
correlates with both hyperglycemia and vascular compro-
mise. The broad implications of the findings will help us
to better conceptualize the relationship between the met-
abolic abnormalities observed in diabetes and behavioral
aberrations, such as mood disorders, cognitive impairment,
and increased risk for dementia.
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