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Microstructural brain tissue 
changes contribute to cognitive 
and mood deficits in adults 
with type 2 diabetes mellitus
Bhaswati Roy 1, Sarah E Choi 2, Matthew J. Freeby 3 & Rajesh Kumar 1,4,5,6*

Type 2 diabetes mellitus (T2DM) patients show brain tissue changes in mood and cognitive regulatory 
sites, but the nature and extent of tissue injury and their associations with symptoms are unclear. 
Our aim was to examine brain tissue damage in T2DM over controls using mean diffusivity (MD) 
computed from diffusion tensor imaging (DTI), and assess correlations with mood and cognitive 
symptoms in T2DM. We collected DTI series (MRI), mood, and cognitive data, from 169 subjects 
(68 T2DM and 101 controls). Whole-brain MD-maps were calculated, normalized, smoothed, and 
compared between groups, as well as correlated with mood and cognition scores in T2DM subjects. 
Type 2 diabetes patients showed altered cognitive and mood functions over control subjects. Multiple 
brain sites in T2DM patients showed elevated MD values, indicating chronic tissue changes, including 
the cerebellum, insula, and frontal and prefrontal cortices, cingulate, and lingual gyrus. Associations 
between MD values and mood and cognition scores appeared in brain sites mediating these functions. 
Type 2 diabetes patients show predominantly chronic brain tissue changes in areas mediating mood 
and cognition functions, and tissue changes from those regions correlate with mood and cognitive 
symptoms suggesting that the microstructural brain changes may account for the observed functional 
deficits.

Abbreviation
BAI	� Beck anxiety inventory
BDI-II	� Beck depression inventory
DTI	� Diffusion tensor imaging
FA	� Flip angle
FOV	� Field-of-view
MD	� Mean diffusivity
MNI	� Montreal neurological Institute
MoCA	� Montreal cognitive assessment
PD	� Proton-density
ROI	� Region of interest
SNS	� Sympathetic nervous system
SPM12	� Statistical parametric mapping package
SPSS V28	� Statistical package for social sciences
TR	� Repetition-time
TE	� Echo-time
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Type 2 diabetes mellitus is a chronic metabolic disorder, leading to multi-systemic impairments, including the 
brain with well-known vascular complications, cognitive, and mood dysfunction. Epidemiologic studies have 
shown that individuals with type 2 diabetes have an almost 1.5-fold higher incidence of cognitive deficits1 and a 
two-fold higher risk of mood disorders2,3 Type 2 diabetes mellitus has been recognized as an essential risk factor 
for early vascular dementia and Alzheimer’s disease4 Earlier studies suggest that the underlying mechanisms and 
risk factors for early dementia and Alzheimer’s disease are overlapping in type 2 diabetes patients5 and such risk 
factors are 2-fold higher in type 2 diabetes over healthy individuals6,7

The relationships between type 2 diabetes mellitus and mood, including depression and anxiety have been 
observed in several studies2,8 and these patients have an increased risk of mood dysfunction compared to people 
without diabetes. Depression in type 2 diabetes mellitus presents a major clinical challenge with worsening dia-
betes self-management skills, quality of life, incidence of complications, and life span9 In turn, these issues may 
increase type 2 diabetes treatment cost for patients with symptomatic or asymptomatic depression symptoms10 
In addition, type 2 diabetes patient exhibit clinical and subclinical anxiety more frequently than the general 
population. Previous studies show link between anxiety and type 2 diabetes, with prevalence rates of clinically 
significant anxiety up to 55% in type 2 diabetes11,12 Also, anxiety symptoms are associated with poor metabolic 
outcomes and increased medical complications in this condition.

Cognitive and mood deficits in type 2 diabetes patients can be mediated through tissue changes in regulatory 
sites, and brain imaging studies may help identify markers of risk for psychological comorbidities including cog-
nitive dysfunction, depression, and anxiety and clarify cerebral pathologies in type 2 diabetes condition. Subtle 
brain tissue abnormalities cannot be detected with regular (commonly used) structural magnetic resonance 
imaging (MRI) due to insufficient sensitivity to tissue changes, but can be studied using advanced techniques 
such as diffusion tensor imaging (DTI), a non-invasive technique that shows changes in the microstructural 
organization of the brain, including gray and white matter. Mean diffusivity (MD), which measures the average 
movement of water molecules and represents microstructural integrity, can be calculated from DTI. MD pro-
cedures distinguish acute from chronic stages of tissue change after hypoxia/ischemia, with decreased values in 
acute stages, and increased values in chronic stages, and can reveal the extent and nature of the tissue injury in 
type 2 diabetes condition.

Most previous studies of type 2 diabetes using DTI have used fractional anisotropy measurements, which are 
nonspecific for acute and chronic tissue changes, to assess microstructural tissue integrity of the whole brain or 
specific regions of white matter tracts13–15 In addition, previous MD studies have shown mixed brain abnormali-
ties in patients with type 2 diabetes14,16 which may be due to limited sample sizes, differences in data acquisition 
parameters and analysis methods. Also, direct associations between brain tissue changes in sites that mediate 
cognition and mood based on MD and mood and cognitive symptom scores have not been documented in type 
2 diabetes patients.

In this study, we sought to examine microstructural tissue changes in patients with type 2 diabetes using 
whole-brain DTI based MD procedures compared to healthy controls, and assess associations between tissue 
integrity in mood and cognitive regulatory areas and depression, cognition, and anxiety scores in type 2 diabetes 
patients. We hypothesized that type 2 diabetes patients show altered MD values in mood and cognition regulatory 
areas compared to healthy control subjects, and tissue integrity of these areas will be associated with cognition 
and mood symptom scores in type 2 diabetes patients.

Results
Demographics, clinical, mood, and cognitive variables.  Demographic, physical, and clinical data 
are outlined in Table  1. No significant differences in age (p=0.24), sex (p=0.62), and handedness (p=0.64) 
appeared between type 2 diabetes patients and healthy control subjects (Table 1). Body-mass-index (p<0.001) 
and systolic blood pressure (p=0.003) values were significantly higher in type 2 diabetes patients over control 
subjects. All type 2 diabetes patients were on oral diabetes medications with 17% also on insulin. Of 68 type 2 
diabetes patients, 6 patients had retinopathy, 13 had neuropathy, and 7 had diabetes kidney disease. In addition, 
one patient had cerebrovascular disease, 3 patients had cardiovascular disease, and 2 had peripheral vascular 
disease. Type 2 diabetes patients had significantly higher depression [increased BDI-II] (p<0.001) and greater 
anxiety [increased BAI] (p<0.001) scores over healthy controls. In addition, global MoCA scores were signifi-
cantly reduced in type 2 diabetes patients compared to controls (p=0.002), with significant differences observed 
in visuospatial (p=0.01), attention (p=0.005), and language cognitive subdomains (p=0.002).

Regional MD changes in type 2 diabetes patients.  Multiple brain areas showed increased regional 
MD values, indicating chronic tissue changes, in type 2 diabetes patients compared to controls (Fig. 1), including 
the bilateral cerebellum, cerebellar vermis, left para-hippocampal gyrus, bilateral anterior and right posterior 
insula, and bilateral mid and right inferior frontal, and right prefrontal cortices. In addition, MD values were 
remarkably increased in the bilateral anterior, and posterior cingulate, left inferior, right superior, and bilateral 
mid temporal gyrus, left superior parietal cortices, bilateral lingual gyrus, and bilateral pre- and post-central 
gyri. Few brain regions showed decreased MD values, suggesting acute tissue changes, and included the bilateral 
thalamus, right putamen, pons, and right pallidum (Fig. 2). Regional brain MD values from sites showing sig-
nificant differences between groups are summarized in Table 2.

Correlations between MD and BDI‑II, BAI, MoCA scores in type 2 diabetes patients.  Depres-
sion (BDI-II) scores showed positive associations with MD values at the right prefrontal cortices, left inferior, 
bilateral mid, and right superior temporal gyrus, left mid and right inferior frontal cortices, left superior pari-
etal cortices, right lingual gyrus, suggesting that the regions that showed chronic tissue changes are associated 
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with higher depressive symptoms. Brain regions that showed decreased MD values in type 2 diabetes patients 
included the thalamus, putamen, and pons, and correlated with negative association with BDI-II scores, sug-
gesting that the regions with acute tissue changes are related to depressive symptoms. Positive relationships were 
observed in the right mid and inferior frontal cortices, right anterior cingulate, bilateral mid temporal gyrus, and 
bilateral lingual gyrus; negative associations in pons between anxiety scores and MD values among the regions 
that showed altered MD values. MoCA scores were negatively correlated with MD values at the bilateral mid 
frontal, left superior parietal cortices, bilateral pre- and left post-central gyrus, and positively correlated with 
the thalamus. MoCA sub-scores, including the visuospatial function, language, attention, and abstraction were 
negatively associated with MD values from the cerebellar cortices, prefrontal cortices, parahippocampal gyrus, 
lingual gyrus, frontal, parietal, and temporal cortices, pre- and post-central gyrus, and positively correlated with 
the thalamus and putamen. The correlation coefficients for sites showing significant associations are summa-
rized in Tables 3 and 4, which are significant based on the Benjamini-Hochberg procedures with false discovery 
rate of 0.05.

Discussion
In the current study, we found that people living with type 2 diabetes mellitus showed widespread microstructural 
disruptions in various brain regions regulating cognition and mood functions compared to control subjects; 
these tissue changes were predominantly in chronic stages, with few sites in the acute stage. Congruent with 
study findings, overall cognitive deficits were observed in patients with type 2 diabetes, with impairment in 
visuospatial, attention, and language cognitive sub-domains. Depression and anxiety scores were significantly 
increased in type 2 diabetes patients over healthy controls, and significant associations were observed between 
microstructural tissue integrity of mood and cognitive regulatory sites and those symptoms, which is a first report 
in type 2 diabetes mellitus, based on our best knowledge. Considering that microstructural tissue impairment 
underlies common mechanisms of cognitive and mood dysfunction and disrupts the large-scale distributed brain 
cognitive and mood regulatory networks, our findings imply that extensive microstructural acute and chronic 
tissue changes in those areas play a distinct role in cognition and mood deficits in type 2 diabetes condition. 
Our investigation provides insight into the nature and extent of microstructural neuropathological changes on 
mood and cognition functions in type 2 diabetes mellitus.

Patients with type 2 diabetes showed extensive disruptions in the microstructural tissue integrity in areas 
predominantly located in the frontal, temporal, and parietal cortices, and subcortical regions reinforced by 
decreased nodal efficiency of these sites based on topological network analysis17 Several studies have shown 
microstructural tissue changes in the para-hippocampal gyrus, insular, prefrontal, and parietal cortices18 as was 

Table 1.   Demographics and other variables of type 2 diabetes patients and control subjects. T2DM Type 2 
diabetes mellitus, SD Standard deviation, BMI Body mass index, BP Blood pressure, BDI-II Beck depression 
inventory II, BAI Beck anxiety inventory, MoCA Montreal cognitive assessment.

Variables

T2DM 
n = 68
(Mean ± SD)

Controls 
n = 101
(Mean ± SD) P values

Age (years) 56.3 ± 7.7 55.0 ± 6.4 0.24

Sex [male] (%) 37 (54%) 51 (50%) 0.62

BMI 29.8 ± 5.0 26.0 ± 4.1 <0.001

Handedness [L/R/ambidex] (n=59) [7/49/3] (n=93) [7/82/4] 0.64

Education level (years) 15.8 ± 2.1 16.4 ± 2.7 0.14

Ethnicity/ Race
White, 21 (31%); Hispanic, 23 (34%); African American 5 (7%); 
Asian, 11 (16%); American Indian 3 (4%); Pacific Islander 1 (1%) 
and Others, 4 (6%)

White, 38 (38%); Hispanic, 21 (21%); African American 12 
(12%); Asian, 27 (27%); and Others, 3 (3%) 0.05

Systolic BP (mm Hg) 127.8 ± 14.1 120.2 ± 17.5 0.003

Diastolic BP (mm Hg) 78.8 ± 10.0 78.7 ± 14.2 0.99

Duration of T2DM (years) 10.9 ± 8.2 –

HbA1c 7.1±1.3 % (54.1±14.2 mmol/mol) –

HDL cholesterol levels (mg/dL) 51.8±18.2 (n=47)

BAI 5.0 ± 4.3 2.7 ± 4.3 <0.001

BDI-II 6.6 ± 5.1 3.4 ± 5.1 <0.001

Total MoCA scores 25.9 ± 2.4 27.1 ± 2.4 0.002

MoCA: visuospatial 4.2 ± 0.8 4.5 ± 0.8 0.01

MoCA: naming 2.9 ± 0.2 3.0 ± 0.2 0.37

MoCA: attention 5.1 ± 0.9 5.5 ± 0.9 0.005

MoCA: language 2.2 ± 0.8 2.6 ± 0.8 0.002

MoCA: abstraction 1.9 ± 0.3 2.0 ± 0.3 0.05

MoCA: delayed Recall 3.4 ± 1.5 3.5 ± 1.5 0.80

MoCA: orientation 6.0 ± 0.2 6.0 ± 0.2 0.19
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also demonstrated in our study with widespread changes in those areas with major sites showing chronic changes 
and a few regions with acute tissue injury. Brain fiber connectivity analyses from previous studies showed reduced 
connectivity in both cerebellar and cerebro-cerebellar circuits in patients with type 2 diabetes relative to control 
subjects15 These encompassed fibers connecting the cerebellum to vermis, and anterior crus to cortical areas, 
including the precentral, frontal, and superior parietal gyri, the regions that showed chronic tissue changes with 
increased MD values in type 2 diabetes patients in our study.

Previous studies have demonstrated that adults with type 2 diabetes have an increase in cognitive deficits com-
pared to healthy controls in multiple domains, including attention, psychomotor efficiency, executive function, 
verbal/emotional/working memory, and information processing speed17,18 Our study showed similar findings 
with deficits in visuospatial processing, attention, and language domains. Prominent cognition and mild cogni-
tive impairments are more likely to develop in individuals with type 2 diabetes, and the risks for Alzheimer’s 
disease and vascular dementia are increased19,20 Reduced functional connectivity in patients with type 2 diabetes 
has been reported between regions of the default mode network, highly connected regions in the brain, includ-
ing the frontal gyrus and medial temporal gyrus21 implicating an important role in global cognitive processing, 
memory, executive functioning, and processing speed. Such regions showed altered MD values and significant 
correlations with cognitive scores in type 2 diabetes patients in this study. Earlier studies have demonstrated that 
cognitive impairment in patients with type 2 diabetes is associated with more disruption in neural structures, 

Figure 1.   Brain sites with increased regional mean diffusivity (MD) values in patients with type 2 diabetes 
compared to control subjects. Brain regions showed increased MD values in the bilateral insula (a, b), bilateral 
anterior (c, h), and posterior (d, i) cingulate, left superior parietal cortices (e), bilateral cerebellum (f, g), right 
inferior frontal cortices (j), right prefrontal cortices (k), left para-hippocampal gyrus (l), and bilateral lingual 
gyrus (m, n).
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including the fronto-temporal regions and thalamic radiations22 fewer white matter connections, and altered 
nodal network efficiency in temporal lobe13,23 these regions appeared to show abnormal MD values, which were 
significantly correlated with cognition scores in our study.

Depression and anxiety symptoms may result from difficulties in coping with chronic disease. However, the 
chronic metabolic consequences of type 2 diabetes may disturb cerebral neurotransmitters and impair brain 
tissue, thus predisposing people to depressive and anxiety symptoms24 In addition, mood changes in patients 
with type 2 diabetes might result from brain vascular damage25,26 On the other hand, the relationships between 
type 2 diabetes and mood deficits may be bidirectional, as these mood changes may even further contribute 
to enhanced brain tissue changes in patients with type 2 diabetes27 Neuroimaging studies have identified a 
consistently altered network of brain regions in anxious and depressed patients28,29 including the basal ganglia, 
prefrontal, and frontal cortices, anterior cingulate cortex, and thalamus, and these areas showed altered regional 
MD values and associations with BDI and BAI scores here. The cortico-striatal-pallidal-thalamic circuit, which 
comprises of neuroanatomical loops that connect various brain sites including anterior cingulate cortex, prefron-
tal cortex, basal ganglia and thalamus in a highly organized and integrated manner, supports diverse cognitive 
and emotional processes that are shown dysfunctional in depressed patients. In this study, we observed aberrant 
MD changes and correlations with BDI-II and BAI scores in these regions in patients with type 2 diabetes, which 
might be suggestive of bidirectional changes for patients with higher mood deficits.

Although the underlying mechanisms responsible for tissue changes in cognitive and mood regulatory areas 
contributing to functional deficits in type 2 diabetes mellitus are not fully elucidated, they may include hyper-
glycemia, insulin resistance, oxidative stress, and neuroinflammation-induced processes30,31 In addition, other 
common causes for depressive symptoms in type 2 diabetes may include lack of physical exercise, poor sleep, and 
diet changes, a common pathway that could activate and disturb the stress system, contributing to further brain 
tissue changes in cognition and mood regulatory areas. Chronic depressive and anxiety symptoms, components 
of stress leads to increased production of cortisol levels and inflammatory cytokines due to activated sympathetic 
nervous system (SNS), which is an integrative system that reacts to stress and a component of the autonomic 
nervous system and activated hypothalamus-pituitary-adrenal axis32 Glucocorticoid receptors are distributed 
in the hippocampus, hypothalamus, and other regions33 and increased cortisol levels can further contribute to 
tissue changes in those areas34,35 In addition, prolonged SNS activation and chronic hypercortisolemia elevate 
insulin resistance, visceral obesity, and lead to the metabolic syndrome; all factors leading to oxidative stress 
and inflammatory response contributing to type 2 diabetes mellitus. Also, chronic stress induced inflammatory 
responses interact with neurotransmitter metabolism, neuroendocrine function, synaptic plasticity, and behavior, 
and activate the fear system emerging anxiety and depression symptoms.

Figure 2.   Brain regions with reduced regional MD values in type 2 diabetes compared to control subjects. 
These sites with reduced MD values included the bilateral thalamus (a, b), right putamen (c), right pallidum (d), 
and pons (e).
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One of the limitations of our study is that some control subjects (50%) self-confirmed that they did not have 
type 2 diabetes, which may have contaminated data diluting findings. However, although their HbA1c levels were 
not available, those control subjects had normal cognitive and mood functions indicating very less influence, if 
any, in this study. Also, some of our T2DM adults had retinopathy, neuropathy, and hypertension, and the brain 
tissue changes observed in our study might be impacted with these comorbidities, and need to be explored in 
future with larger sample size.

Conclusions
In conclusion, people living with type 2 diabetes condition show widespread microstructural chronic brain tissue 
changes primarily in sites that mediate mood and cognition functions, and tissue integrity in those areas correlate 
with mood and cognitive symptoms. The data suggest that type 2 diabetes mellitus leads to an alteration in the 
microstructural chronic and acute cerebral tissue changes that may account for the observed impaired mood 
and cognition. The findings indicate that MRI-based biomarkers, such as MD, can be used for early detection of 
brain tissue changes in cognitive and mood regulatory regions in patients with type 2 diabetes.

Materials and methods
We recruited 68 people with type 2 diabetes mellitus from the University of California Los Angeles (UCLA) 
Gonda Diabetes Center, as well as from the surrounding community and all type 2 diabetes patients were on 
medications. 101 healthy, non-diabetic controls were recruited through flyer advertisement at the UCLA campus 
and the West Los Angeles area. Demographic, physiologic, mood, and cognitive data are summarized in Table 1. 
Inclusion criteria for type 2 diabetes patients included ages 40-65 years, on stable medications, and able to lay 

Table 2.   Regional brain mean diffusivity values (mean ± SD; Unit, ×10−3 mm2/s) of T2DM patients and 
control subjects. SD Standard deviation, T2DM Type 2 diabetes mellitus, Parahipp Para-hippocampal, Inf 
Inferior, Mid Middle, Temp Temporal, Sup Superior.

Brain regions

Sites with increased MD values in T2DM over controls

T2DM (n = 68) Control (n = 101) P values

Left cerebellar cortex 0.94±0.08 0.88±0.08 <0.001

Right cerebellar cortex 0.90±0.06 0.84±0.06 <0.001

Cerebellar vermis 1.10±0.10 1.00±0.10 <0.001

Left anterior insula 0.98±0.07 0.93±0.07 <0.001

Right anterior insula 0.97±0.08 0.92±0.08 <0.001

Right posterior insula 1.32±0.14 1.24±0.14 <0.001

Right prefrontal cortex 0.86±0.05 0.82±0.05 <0.001

Left anterior cingulate 0.82±0.05 0.79±0.05 <0.001

Right anterior cingulate 0.88±0.05 0.85±0.05 <0.001

Left posterior cingulate 1.07±0.10 1.01±0.10 <0.001

Right posterior cingulate 1.00±0.09 0.95±0.09 <0.001

Left Parahipp Gyrus 0.89±0.07 0.86±0.07 <0.001

Left lingual gyrus 1.12±0.08 1.07±0.08 <0.001

Right lingual gyrus 1.17±0.09 1.11±0.09 <0.001

Left precentral gyrus 0.96±0.07 0.91±0.07 <0.001

Right precentral gyrus 0.99±0.09 0.94±0.09 <0.001

Left postcentral gyrus 0.95±0.07 0.91±0.07 <0.001

Right postcentral gyrus 0.94±0.07 0.90±0.07 <0.001

Right inf frontal gyrus 0.96±0.10 0.90±0.10 <0.001

Left inf temp gyrus 0.91±0.06 0.87±0.06 <0.001

Left mid frontal cortex 1.14±0.15 1.04±0.15 <0.001

Right mid frontal cortex 0.93±0.10 0.87±0.10 <0.001

Left mid temp gyrus 0.86±0.04 0.83±0.04 <0.001

Right mid temp gyrus 0.95±0.06 0.91±0.06 <0.001

Left sup parietal cortex 1.11±0.15 1.01±0.15 <0.001

Right sup temp cortex 0.96±0.07 0.92±0.07 <0.001

Areas with reduced MD values in T2DM over controls

Left thalamus 0.63±0.04 0.66±0.04 <0.001

Right thalamus 0.66±0.04 0.69±0.04 <0.001

Right putamen 0.64±0.05 0.67±0.05 <0.001

Right pallidum 0.60±0.07 0.65±0.07 <0.001

Pons 0.73±0.08 0.79±0.08 <0.001
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supine for MRI. Most of the control subjects were assessed for HbA1c levels using the point-of-care tests utiliz-
ing fingerstick blood, and some controls self-confirmed normoglycemia. Control subjects were 40-65 years of 
age, without hypertension, and diabetes mellitus. The exclusion criteria for type 2 diabetes patients and control 
subjects included psychiatric disease (clinical depression, schizophrenia, manic-depressive), diagnosed brain 
condition (seizure disorder, head trauma), history of stroke, heart failure, airway or chest deformities that would 
interfere with breathing, mechanical ventilator support, and renal failure (requiring dialysis). Subjects were also 
excluded if there was presence of sleep disordered breathing, dementia, cystic fibrosis, chronic obstructive pul-
monary disease, brain mass lesions, or dependency on drugs (e.g., tobacco or cocaine use) that would introduce 
brain tissue changes, or the presence of claustrophobia, body weight more than 160 kg (limitations of scanner 
table), or metallic implants. The Diabetes Complications Severity Index (DCSI) was assessed from each patient’s 
clinical record to document complications including retinopathy, nephropathy, neuropathy, cerebrovascular, 
cardiovascular, and peripheral vascular disease. Written informed consent was obtained from all subjects prior 
to the study; the UCLA Institutional Review Board approved the entire protocol. All methods were performed 
in accordance with the relevant guidelines and regulations.

Depression and anxiety assessment.  The Beck Anxiety Inventory (BAI)36 was administered in type 2 
diabetes patients and control subjects to evaluate anxiety symptoms. Depression was measured by self-reported 
questionnaire using the Beck Depression Inventory (BDI-II)37 These self-administered questionnaires consisted 
of 21 questions per inventory, with scores ranging from 0-3 for each question and a total score for each inventory 
ranging from 0-63, depending on the severity of symptoms. Type 2 diabetic patients or healthy control subjects 
with BDI-II or BAI values > 9 were considered to have symptoms of depression or anxiety, respectively.

Cognition assessment.  We administered Montreal Cognitive Assessment (MoCA)38 on patients with type 
2 diabetes and control subjects. Multiple aspects of cognition, including visuospatial skills, attention and focus, 
executive function, concentration, delayed memory recall, naming, and language was assessed using the MoCA. 

Table 3.   Correlation between regional mean diffusivity values and mood and cognition in type 2 diabetes 
subjects. BDI-II Beck depression inventory II, MD Mean diffusivity, BAI Beck anxiety inventory, MoCA 
Montreal cognitive assessment.

Variables Associations Brain regions Correlation coefficients (r) P values

BDI-II vs MD values

Positive

Right prefrontal cortices 0.36 0.003

Right lingual gyrus 0.32 0.009

Left mid frontal cortices 0.32 0.008

Right inferior frontal cortices 0.34 0.005

Left inferior temporal gyrus 0.36 0.003

Left mid temporal gyrus 0.36 0.003

Right mid temporal gyrus 0.36 0.003

Right superior temporal gyrus 0.36 0.003

Left superior parietal cortices 0.37 0.003

Negative

Left thalamus − 0.33 0.008

Right putamen − 0.37 0.003

Pons − 0.39 0.001

BAI vs MD values
Positive

Left anterior cingulate 0.36 0.003

Right anterior cingulate 0.35 0.004

Left lingual gyrus 0.32 0.008

Right lingual gyrus 0.34 0.005

Right mid frontal cortices 0.35 0.004

Right inferior frontal cortices 0.37 0.003

Left mid temporal gyrus 0.40 <0.001

Right mid temporal gyrus 0.35 0.004

Negative Pons − 0.40 <0.001

MoCA vs MD values

Negative

Left mid frontal cortices − 0.37 0.002

Right mid frontal cortices − 0.33 0.006

Left superior parietal cortices − 0.36 0.003

Left precentral gyrus − 0.36 0.003

Right precentral gyrus − 0.38 0.002

Left postcentral gyrus − 0.36 0.003

Positive
Left thalamus 0.35 0.004

Right thalamus 0.33 0.008
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The MoCA is widely used as a screening test for cognitive impairment, with scores ranging from 0 to 30 (≥ 26 
normal).

Table 4.   Correlations between regional brain mean diffusivity values and MoCA sub-scores in T2DM adults. 
Visuosp = MoCA Visuospatial, Neg Negative, Inf Inferior, Sup Superior; Lang = MoCA Language, Pos Positive, 
Attn = MoCA Attention, Parahipp Parahippocampal, Abstr = MoCA Abstraction.

Variables Associations Brain regions Correlation coefficients (r) P values

Visuosp vs MD values Negative

Left cerebellar cortex − 0.35 0.004

Right cerebellar cortex − 0.34 0.005

Left inf temp gyrus − 0.36 0.003

Left lingual gyrus − 0.33 0.007

Left mid frontal cortices − 0.39 0.001

Left mid temp gyrus − 0.32 0.008

Right mid temp gyrus − 0.43 <0.001

Right precentral gyrus − 0.37 0.002

Left postcentral gyrus − 0.33 0.006

Left sup parietal cortices − 0.35 0.005

Lang vs MD values

Negative

Left cerebellar cortex − 0.39 0.001

Right cerebellar cortex − 0.43 <0.001

Left inf temp gyrus − 0.33 0.008

Left mid frontal cortices − 0.35 0.004

Right mid frontal cortices − 0.33 0.006

Left mid temp gyrus − 0.39 0.001

Right mid temp gyrus − 0.33 0.007

Right precentral gyrus − 0.32 0.009

Left postcentral gyrus − 0.39 0.001

Left sup parietal cortices − 0.33 0.007

Right sup temp gyrus − 0.34 0.006

Positive

Left thalamus 0.35 0.004

Right thalamus 0.38 0.002

Right putamen 0.36 0.003

Attn vs MD values
Negative

Right cerebellar cortex − 0.37 0.002

Right prefrontal cortex − 0.37 0.002

Left mid frontal cortices − 0.41 <0.001

Right mid frontal cortices − 0.33 0.007

Left mid temp gyrus − 0.34 0.006

Right inf frontal gyrus − 0.38 0.002

Left parahipp gyrus − 0.33 0.008

Left precentral gyrus − 0.42 <0.001

Left postcentral gyrus − 0.36 0.003

Right postcentral gyrus − 0.33 0.007

Right sup temp gyrus − 0.36 0.003

Positive Left thalamus 0.35 0.005

Abstr vs MD values Neg

Right cerebellar cortex − 0.37 0.002

Left anterior cingulate − 0.34 0.005

Right anterior cingulate − 0.37 0.003

Right prefrontal cortex − 0.40 <0.001

Right lingual gyrus − 0.35 0.004

Left mid frontal cortices − 0.44 <0.001

Right mid frontal cortices − 0.45 <0.001

Left mid temp gyrus − 0.32 0.009

Right mid temp gyrus − 0.35 0.004

Right inf frontal gyrus − 0.37 0.002

Left precentral gyrus − 0.34 0.006

Left postcentral gyrus − 0.34 0.006
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Magnetic resonance imaging.  Brain imaging studies were performed using a 3.0-Tesla MRI scan-
ner (Siemens, Magnetom Prisma, Erlangen, Germany). High-resolution T1-weighted images were col-
lected using the magnetization-prepared rapid acquisition gradient-echo pulse sequence [repetition-time 
(TR) = 2200 ms; echo-time (TE) = 2.4 ms; inversion time = 900 ms; flip angle (FA) = 9°; matrix size = 320 × 320; 
field-of-view (FOV) = 230 × 230 mm2; slice thickness = 0.9 mm)]. Proton-density (PD) and T2-weighted images 
(TR = 10,000 ms; TE1, 2 = 17, 134 ms; FA = 130°; matrix size = 256 × 256; FOV = 230 × 230 mm2; slice thickness = 
3.5 mm) were collected using a dual-echo turbo spin-echo sequence in the axial plane. DTI data were collected 
using a single-shot echo planar imaging with twice-refocused spin-echo pulse sequence (TR = 12,200 ms; TE = 
87 ms; flip angle = 90°; bandwidth = 1,345 Hz/pixel; matrix size = 128×128; FOV = 230×230 mm; slice thickness 
= 1.7 mm, diffusion values = 0 and 800 s/mm2, diffusion directions = 30, separate series = 2). The parallel imag-
ing technique, generalized auto-calibrating partially parallel acquisition (GRAPPA), with an acceleration factor 
of two, was used for DTI data collection.

Data processing.  This study used the SPM12 software package (Department of Cognitive Neurology, Well-
come, UK), Diffusion Toolkit (TrackVis.org, Massachusetts General Hospital, USA), MRIcroN, and MATLAB-
based software for data processing, analysis, and visualization. We performed visual assessment of T1-, T2-, 
and PD-weighted images of all subjects for any major pathology (e.g., cystic lesion, infarct, or tumor) and sub-
sequently excluded subjects if any abnormalities were found. Diffusion and non-diffusion weighted images of 
all type 2 diabetes patients and healthy control subjects were also assessed for any head-motion related or other 
imaging artifacts before quantifying MD maps.

MD calculation & processing.  Diffusion tensor matrices were quantified with the Diffusion Toolkit soft-
ware using diffusion-weighted (b=800 s/mm2) and non-diffusion weighted images (b=0 s/mm2)39,40 The diffu-
sion tensor matrices were diagonalized, and principal eigenvalues (λ1, λ2, and λ3) were calculated. The principal 
eigenvalues were then used to calculate MD [MD = (λ1+λ2+λ3)/3] values at each voxel, with voxel intensities on 
the MD maps showing the corresponding diffusion values. A fixed threshold value was used to mask-out back-
ground noise and non-brain regions on MD maps in Diffusion Toolkit.

We used the MATLAB-based SPM12 software for pre-processing of the MD maps. The MD maps, derived 
from each DTI series, were realigned to remove any potential variation from head motion and averaged. Similarly, 
non-diffusion weighted images were also realigned and averaged. The averaged MD maps were normalized to 
Montreal Neurological Institute (MNI) space. Non-diffusion weighted (b0) images were normalized to MNI 
space using a unified segmentation approach41 and the resulting normalization parameters were applied to cor-
responding MD maps. The normalized MD maps were smoothed with a Gaussian filter (8 mm).

Statistical analyses.  We used the statistical package for social sciences (SPSS V28) for assessment of 
demographic, physiological, mood, and cognitive data. The numerical demographic and clinical variables were 
compared between groups with independent samples t-tests, and categorical characteristics were compared 
using the Chi-square test. Mood and cognition data were compared between type 2 diabetes patients and con-
trol subjects using ANCOVA (covariates, age and sex). Statistical threshold values of p<0.05 were considered as 
significant differences.

For regional brain MD differences between type 2 diabetes patients and control subjects, the smoothed MD 
maps were compared voxel-by-voxel using ANCOVA (SPM12; covariates, age and sex; false discovery rate, 
p<0.05). The statistical parametric maps showing brain sites with significant MD differences between groups were 
superimposed onto a mean anatomical image for structural identification using MRIcroN software. Regions of 
interest (ROI) values were obtained from brain regions with significant differences between T2DM and controls 
(ANCOVA, SPSS, covariates, age and sex, Bonferroni corrected).

Whole-brain MD maps were correlated voxel-by-voxel with mood and cognition scores including BAI, BDI-
II, MoCA, and MoCA sub-scores in type 2 diabetes patients using partial correlations (SPM12; covariates, age 
and sex; p<0.005). The ROI values were obtained from brain sites showing significant associations with mood 
and cognition values. The Benjamini-Hochberg method was used to determine if the associations survived for 
multiple corrections, controlling for the false discovery rate with p<0.05.

Data availability
The data that support the findings of this study are available on request from the corresponding author. The data 
are not publicly available due to privacy or ethical restrictions.
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