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Abstract

Magnetization transfer (MT) is a neuroimaging technique that is frequently used to characterize 

the biophysical abnormalities in both gray and white matter regions of the brain. In our study, 

we used MT to examine the integrity of key nodes in frontal-subcortical circuits in four subject 

groups: patients diagnosed with type 2 diabetes with and without major depression (MDD), a 

healthy control group, and a group diagnosed with MDD without diabetes. In the MDD group, 

MT studies demonstrated lower magnetization transfer ratios (MTR), a marker of abnormalities 

in the macromolecular protein pool, in the thalami when compared with the control groups. The 

group with diabetes and MDD showed lower MTR in the globus pallidus when compared with the 

group with MDD. Biophysical measures, in subcortical nuclei, correlated inversely with measures 

of glycemic control, cerebrovascular burden and depression scores. These findings have broad 

implications for the underlying neuronal circuitry and neurobiology of mood disorders.

INTRODUCTION

Diabetes is a common metabolic disorder and it is estimated that ~ 26 million individuals 

had diabetes in 2010 and an additional 79 million had pre-diabetes (1). Diabetes results 

in striking economic consequences and it is estimated that one in five health-care dollars 

is spent to support the care of patients with diabetes (1). Diabetes is associated with 

compromise to multiple organ systems including the brain, heart, and kidney, and is 

associated with several mental health comorbidities including depression, anxiety, and eating 

disorders (2–7). In addition, diabetes is an established risk factor for dementia of the 

Alzheimer type (5, 6).

Clinically significant mood disorders occur in 10–20% of patients diagnosed with type 2 

diabetes (7). Mood disorders associated with diabetes result in poor compliance and poorer 
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medical and psychosocial outcomes (2). These include a decrease in quality of life, poor 

glycemic control, and increased unemployment, disability, health care expenditures, and 

diabetic complications (8, 9). Despite the consistent clinical and economic observations, the 

biological underpinnings of depression in patients with type 2 diabetes remain rudimentary.

Cortical-subcortical circuits have been implicated in several behavioral disorders (10–13). 

Multiple neuroimaging modalities including structural, functional, and microstructural 

approaches have been used to characterize the integrity of specific circuits in psychiatric 

disorders (11–13). The neural substrates underlying mood disorders are widely distributed 

in the brain (14) and connectomics-based approaches, using diffusion tensor imaging, 

have identified the default mode network and the cortical-subcortical network as being 

particularly impaired in a sample of patients with unipolar depression when compared with 

controls (15–18).

Magnetization transfer (MT) is a noninvasive magnetic resonance-related approach that 

permits us to examine the biophysical status of macromolecular proteins in cortical and 

subcortical regions (19–23). MT has been used to characterize the status of macromolecular 

proteins in several clinical brain disorders including mood disorders, schizophrenia, and 

multiple sclerosis (12). In an earlier report using MT, we demonstrated that major depression 

(MDD) in patients with diabetes is associated with lower magnetization transfer ratios 

(MTR) in the head of the caudate nucleus (12), bilaterally, when compared with our two 

comparison groups, healthy and diabetic controls (DC). More recently, we used MT to study 

the biophysical integrity of critical nodes in three cortical-subcortical circuits – the lateral 

dorsolateral prefrontal, the orbitofrontal, and the anterior cingulate circuits in patients with 

type 2 diabetes without any mood disturbance and healthy controls (HC) (23). Biophysical 

abnormalities were identified in the anterior cingulate and the head of the caudate nucleus 

on the right side in patients with type 2 diabetes when compared with controls (23). Further, 

in a study of patients with unipolar MDD without diabetes and comparison subjects without 

depression, we identified significantly lower MTR in the right caudate nucleus in the MDD 

group (11).

A limitation of our earlier MT study was the lack of a control group with MDD 

without diabetes (12). This limitation precluded us from commenting on the biological 

underpinnings of depression associated with diabetes when compared with patients 

diagnosed with unipolar depression without diabetes. The purpose of our current study 

was to use MT imaging to study the integrity of the macromolecular protein pool in 

the anterior cingulate, lateral orbitofrontal, and dorsolateral prefrontal circuits – the three 

major cortical-subcortical circuits that have been implicated in the control and regulation 

of behavior. We proposed to examine distinct structures – cortical and subcortical nodes 

– associated with these circuits in four groups of patients: patients diagnosed with type 2 

diabetes with and without MDD, a HC group, and a group diagnosed with MDD without 

diabetes. This design would permit us to examine the impact of depression and diabetes on 

regional MTR independently, and thereby comment on the differential involvement of brain 

regions and circuits in specific subtypes of MDD.
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MATERIALS AND METHODS

Subjects

The subjects belonged to four primary groups: patients with type 2 diabetes with (Diabetic 

Depressed; DD) and without MDD (DC), a non-diabetic control group (HC), and a group of 

patients with unipolar depression without diabetes (depressed, MDD) (Table 1). The study 

was approved by the UIC Institutional Review Board and written informed consent was 

obtained from all participants. Established clinical criteria were used to diagnose MDD.

The diagnosis of type 2 diabetes mellitus in patients was made by their primary-care 

physicians and was confirmed using the American Diabetes Association guidelines (an 

elevated non-fasting hemoglobin A1c level [>6.5% (48 mmol mol−1)] or the use of 

antidiabetic medications (oral hypoglycemic and/or insulin) when enrolled for this study. 

Type 2 diabetes mellitus patients reported using oral hypoglycemic medications and/or 

insulin for glycemic control. HC subjects were free of diabetes and had hemoglobin 

A1c levels within normal limits. All clinical methods, including inclusion and exclusion 

criteria, have been previously reported (12, 23) and are available online (see Supplementary 

eMethods).

MT Image Data Acquisition

Magnetic resonance imaging was performed on a Philips Achieva 3T scanner (Philips 

Medical Systems, Best, the Netherlands). MT images were acquired using a three-

dimensional spoiled gradient-echo sequence with multi-shot echo-planar imaging readout: 

TR/TE = 64/15 ms, flip angle = 9°, field of view = 24 cm, 67 axial slices, slice thickness/gap 

= 2.2 mm/no gap, echo-planar imaging factor = 7, voxel size = 0.83 × 0.83 × 2.2 mm3, 

with a nonselective five-lobed Sinc-Gauss off-resonance MT prepulse (B1/Δf/dur=10.5μT/

1.5kHz/24.5ms) optimized for maximum white matter/gray matter contrast (24). Parallel 

imaging was utilized with a reduction factor of 2 (25). Before the MT scan, high-resolution 

three-dimensional T1-weighted magnetization prepared rapid acquisition gradient echo 

images and T2-weighted fluid-attenuated inversion recovery images were also acquired 

for image registration and delineation of hyperintense areas in the brain (Supplementary 

eMethods).

Image Processing

T1-weighted magnetization prepared rapid acquisition gradient echo image, T2-weighted 

fluid-attenuated inversion recovery image, and MT images (with and without the MT 

prepulse: Ms and M0) were co-registered. MTR values were calculated on a voxel-by-voxel 

basis using the formula MTR = (M0-Ms)/M0. Regions of interest (ROIs) were placed on 

the co-registered T1-weighted image at the nodes of fronto-striato-thalamic circuits (10), 

including four subcortical regions, that are, head of caudate nucleus, putamen, globus 

pallidus, and thalamus, and three cortical regions, that are, anterior cingulate cortex, 

dorsolateral prefrontal cortex, and lateral orbitofrontal cortex in both hemispheres (see Fig. 

1). Care was taken to ensure consistent placement of the subcortical ROIs for the MTR 

analysis; see Supplementary eMethods. During the placement of the subcortical ROIs, the 

co-registered fluid-attenuated inversion recovery image was closely examined to ensure 
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that the ROIs were not placed in hyperintense areas. Moreover, we used constant volumes 

of ROIs in all of the defined subcortical regions, that is, 73.3 mm3 for head of caudate 

nucleus, putamen and thalamus, and 55 mm3 for globus pallidus. These two volumes 

were selected so that the MTR calculation in each subcortical ROI could be devoid of 

any partial volume effects from adjoining brain regions on all the involved subjects. For 

the three cortical ROIs, that are, anterior cingulate cortex, dorsolateral prefrontal cortex, 

and lateral orbitofrontal cortex (see Figs. 1c, d, and e), we used the FreeSurfer package 

(https://surfer.nmr.mgh.harvard.edu/) to parcellate these structures and evaluated MTR in 

each region. Generation of ROI masks and calculation of MTR were performed using 

in-house developed programs.

Statistical Analysis

We used a mixed-effects linear model with random subject effects to incorporate within-

subject correlations. Multiple MTR observations are nested within the same subject, hence 

it is expected that there will be within-subject correlations. Fixed covariates, age and sex, 

are added in the model because we see that age negatively impacts MTR (t = −4.45, 

P-value<0.001) and females have higher MTR (t = 2.23, P-value = 0.026) compared with 

males across all groups. Therefore, group comparisons are adjusted for age and sex. In 

addition, group comparisons are made using region-specific group means and standard 

deviations (s.d.) of MTR data. The random subject variance of our model is significant (z-

value = 5.73, P-value < 0.0001), which justifies the effectiveness of our approach compared 

with analysis of covariance.

RESULTS

Model-based MTR adjusted mean values (with standard errors) for all regions are provided 

in Table 2. In Table 2, we find that estimated standard error remains the same in all regions 

within a group; however, it varies from one group to the other because of different sample 

sizes. Region-specific group comparisons in Table 2 reveal that mean MTR values adjusted 

for age and sex in the bilateral thalamus were significantly smaller (P-value ≤ 0.05) in the 

MDD group when compared with the HC and DC groups. In addition, adjusted mean MTR 

in the right thalamus of the DD group was lower than the DC group. Adjusted mean MTR 

in the right caudate was significantly lower in DD when compared with the HC group. 

Adjusted mean MTR was significantly lower in the DD when compared with the DC group 

in the bilateral pallidus and, in addition in the right pallidus, MTR was significantly lower in 

the DD when compared with the MDD group.

We present region-specific comparisons in box plots (see Figure 2). The box plots are 

constructed using adjusted means and empirical Bayes estimates of random effects.

Pairwise comparisons were made for each region using both sided t-tests (level of 

significance = 0.05) to detect region-based group differences using raw, uncorrected data.

In Table 3, we provide region-specific adjusted (by age and sex) correlations of MTR in 

regions where there were statistically significant group differences with the Framingham 

Stroke Risk Profile total score (26)), hemoglobin A1c levels, and the Center for 
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Epidemiological Study of Depression (27). All significant relationships were in biologically 

expected directions. Adjusted correlations between MTR and Framingham Stroke Risk 

Profile total score are statistically significant in the right caudate and the right globus 

pallidus and approach significance in the left globus pallidus. MTR in the right caudate 

correlates inversely with hemoglobin A1c levels, and MTR in the bilateral thalami show an 

inverse correlation with Center for Epidemiological Study of Depression scores across the 

entire sample.

DISCUSSION

Our study demonstrates biophysical compromise to several subcortical structures in the 

frontal-subcortical circuits in patients with MDD with and without type 2 diabetes when 

compared with non-depressed control subjects. Notably, patterns of regional biophysical 

compromise differed in the two subtypes of depression. In patients with unipolar MDD 

without diabetes, the thalamus, bilaterally, demonstrated biophysical changes with lower 

MTR when compared with the control groups. In the group with diabetes and MDD, the 

globus pallidus was compromised biophysically, bilaterally, when compared with the DC 

and additionally on the right side when compared with the group with unipolar depression. 

Further, we partially replicated our earlier observation of lower MTR in the right caudate 

in the group with type 2 diabetes mellitus and depression when compared with our HC. 

We did not detect any biophysical changes in cortical regions between any of the groups 

studied. Across the entire sample, MTR values in key subcortical nuclei declined with 

greater cerebrovascular risk, poor glycemic control, and higher depression scores.

Frontal-subcortical circuits have been consistently implicated in the pathophysiology of 

psychiatric disorders (11, 28). Three of the five circuits – the anterior cingulate, lateral 

orbitofrontal, and the dorsolateral prefrontal circuits – have an established role in the 

regulation of behavior and cognition and our findings underscore the importance of 

subcortical structures in the pathophysiology of MDD (11, 12, 28). In our earlier reports, we 

emphasized biophysical impairments in the caudate in both patients with type 2 diabetes and 

MDD and in patients diagnosed with unipolar depression without diabetes when compared 

with appropriate comparison groups (11, 12). In those studies, whereas MTR differences 

between MDD and control groups in the caudate were striking and statistically significant, 

lower MTR was also detected in other subcortical regions, though the patient-control 

differences did not reach statistical significance. In the earlier study comparing patients with 

unipolar depression and HC, MTR values in the left thalamus were lower in the MDD group, 

with a moderate effect size, though the differences were not statistically significant (11). In 

the study that compared patients with diabetes, with and without MDD, to controls, MTR 

values in the putamen were also lower in the group with MDD when compared with the 

control groups, though statistically insignificant (12). Our current study extends our earlier 

observations to include a broader range of subcortical structures in the pathophysiology 

of MDD. They demonstrate that multiple nodes in cortical-subcortical circuits might be 

impaired in patients with mood disorders, though the magnitude of compromise varies 

across regions. The inclusion of the group with unipolar depression without diabetes makes 

our current study a more complete one and permits us to compare and characterize the 

regional biophysical correlates of two subtypes of depression detected using MT.
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Molecular imaging approaches help to identify alterations in key protein macromolecules 

in the gray and white matter (19–22). The primary outcome measure of MT imaging in 
vivo is the MTR, which reflects the underlying compromise to the protein compartment 

(19, 22). Post mortem MT and histopathology studies reveal that lower MTR in the white 

matter is associated with axonal loss and myelin compromise (29, 30). The origin of the 

MTR changes in the gray matter is more complex and heterogeneous and may reflect 

multiple neurobiological aberrations (31–34). In the gray matter cell membrane, proteins 

and phospholipids contribute to the macromolecular density that contributes to the signal 

(32). Injury to cell membranes, reductions in dendritic density and in neuronal size and 

numbers may, alone or in combination, be responsible for the decrease in MTR in the gray 

matter (32). Lower MTR has been reported across a spectrum of behavioral and neurological 

disorders as it represents underlying changes in neurochemistry and opens a window to the 

study of proteins and phospholipids in the brain.

Information from diffusion tensor imaging studies of specific white matter tracts has been 

used to examine the connectomics of the brain in mood disorders (15, 35, 36). A recent 

study using a connectomics-based, whole-brain analysis identified tracts associated with 

frontal-subcortical circuits and the default mode network as biophysically compromised in 

patients with unipolar depression when compared with controls (15). Zhang et al. (35) from 

our laboratory demonstrated lower FA and higher radial diffusivity in the anterior limb of the 

internal capsule in patients with MDD when compared with HC. The anterior limb of the 

internal capsule is the primary white matter bundle that connects the cortex with subcortical 

structures and nuclei. In that study, diabetes additionally contributed to the lower FA in our 

sample. Our current data indicate that frontal-subcortical circuit dysfunction is not limited 

to white matter tracts but includes biological dysfunction in specific subcortical structures 

including the thalamus, head of the caudate nucleus, and the globus pallidus.

All three of the frontal-subcortical circuits examined have anatomical connections from 

the globus pallidus/substantia nigra complex to specific nuclei in the thalamus (10, 37, 

38). Efferents from the thalamus to specific cortical regions – the anterior cingulate, 

orbitofrontal, and the dorsal prefrontal regions – complete the frontal-striatal-pallidal-

thalamic-cortical loops (10). Abnormalities in the thalamus have been demonstrated in 

neuroimaging and histological studies of patients with psychiatric disorders (39, 40). 

Increased thalamic functional activity has been demonstrated in the thalamus in patients 

with MDD (41) and increase thalamic metabolism pre-operatively predicted a positive 

response to cingulotomy in patients with refractory depression (42). Attenuated functional 

connectivity between the striatum and the ventromedial prefrontal cortex and stronger 

functional connectivity between the dorsal caudate and dorsoprefrontal cortex have been 

demonstrated in patients with MDD when compared with controls (13). Collectively, our 

findings are consistent with earlier reports that identify the thalamus and related subcortical 

structures as physiologically and biophysically compromised in patients with MDD during 

the acute episode (43). Abnormalities detected using functional magnetic resonance imaging 

studies should incorporate the underlying biophysical and related abnormalities for a more 

complete understanding of the biological integrity of these circuits in humans. Preferential 

connectivity, wherein some nuclei of the thalamus have stronger connectivity with key 

frontal regions, has been described anatomically (39). Improved resolution, with high-field 
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magnets, will make it possible to obtain more precise information on specific nuclei in 

subcortical structures in the future using in vivo imaging.

The pathophysiology of diabetes includes both hyperglycemia and vascular compromise. 

Changes to the macro and microvasculature provide the basis for serious end-organ 

damage seen in patients with type 2 diabetes (44). This includes myocardial infarction, 

stroke, and renal and retinal damage. In our sample, the predicted correlations 

between regional MTR values in subcortical regions and measures of glycemic control 

and total cerebrovascular burden in the entire group are consistent with established 

pathophysiological findings and suggest that both mechanisms may be contributing to the 

mood changes observed in our patient groups. These observations are consistent with our 

finding that depression, when associated with diabetes, may impact different subcortical 

regions when compared with unipolar depression without diabetes. Striatal neurons are 

particularly vulnerable to biological insults including hypercortisolemia, excitatory amino 

acids, and neurodegeneration (45). The lower MTR in the striatum may, in part, be a 

reflection of the vulnerability of these neurons to metabolic injury associated with diabetes 

(45).

Depression is a heterogeneous behavioral syndrome that lacks etiologically specificity (46). 

There are many clinically recognized subtypes of depression such as post-stroke depression, 

depression associated with degenerative and medical disorders, and postpartum depression. 

The underlying neuronal abnormalities that lead to depression likely reside in several 

neuronal circuits with overlapping functions and may vary with the subtype of depression. 

The term ‘disconnection syndrome’ (47) has been broadly applied to neurobehavioral and 

psychiatric disorders on the premise that the primary abnormalities in psychiatric disorders 

reside in the connectivity between regions as opposed to the specific gray matter regions 

themselves. Voxel-based diffusion tensor imaging studies of patients with mood disorders 

and our findings demonstrating biological abnormalities in patients with MDD in key 

subcortical regions indicate that the biological abnormalities in frontal-subcortical circuits in 

patients with MDD reside in both subcortical nuclei and the white matter tracts that connect 

them.

Our data suggest that the differential involvement of the thalami and globus pallidus varies 

in our patients with MDD as opposed to patients with type 2 diabetes and MDD. The 

neurobiological mechanisms mediating depression in the context of diabetes may differ from 

the depression that is unassociated with diabetes. The differential involvement of subcortical 

nuclei in these two groups supports this preliminary assertion. Studies using larger samples 

of subtypes of MDD are needed to more directly address this question. Nonetheless, our 

data demonstrate significant biophysical compromise to key components of specific cortical-

subcortical circuits. These findings have broad implications for the pathophysiology of 

mood disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Regions of Interest (Head of Caudate Nucleus, Putamen, Thalamus, Globus Pallidus, lOFC, 

DLPFC, ACC) for MTR Analysis

ACC, anterior cingulate cortex; DLPFC, dorsolateral prefrontal cortex; lOFC, lateral 

orbitofrontal cortex.
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Figure 2. 
Regional MTR Distributions by Group

L, left; Lpall, left pallidus; Lthal, left thalamus; R, right; Rcaud, right caudate; Rpall, right 

pallidus; Rthal, right thalamus.
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Table 1.

Clinical and Demographic Characteristics

HC DC DD MDD

n 38 21 22 32

Age (years) 62.6±12.1 65.1±11.6 56.1±10.0 58.5±12.6

Male : Female 16 : 22 12 : 9 10 : 12 9 : 23

Education years 15.4±2.5 14.8±2.2 15.3±2.2 15.4±2.5

CIRS 3.7±2.7 7.3±3.1 11.8±4.4 8.2±3.5

MMSE 29±1 28.43±1.2 29.0±1.1 28.8±1.4

HbA1c 5.7±0.3 7.4±1.7 8.6±2.5 5.8±0.4

Abbreviations: CIRS, Cumulative Illness Rating Scale; DC, diabetic control; DD, diabetic depressed; HbA1c, hemoglobin A1c level; HC, healthy 
control; MDD, depressed; MMSE, mini-mental state examination.
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Table 2.

Regional Estimated MT Means and Standard Errors Adjusting for Age and Sex

Region
HC

(n=38)
DC

(n=21)
DD

(n=22)
MDD
(n=32)

L Caudate 0.448 ± .011 0.439 ± .013 0.440 ± .012 0.446 ± .011

R Caudate 0.450 ± .011a 0.431 ± .013 0.426 ± .012a 0.438 ± .011

L Thalamus 0.524 ± .011b 0.526 ± .013c 0.512 ± .012 0.497 ± .011b,c

R Thalamus 0.513 ± .011b 0.528 ± .013c,d 0.496 ± .012d 0.490 ± .011b,c

L Pallidus 0.473 ± .011 0.478 ± .013 0.457 ± .012e 0.479 ± .011e

R Pallidus 0.462 ± .011 0.470 ± .013d 0.446 ± .012d,e 0.475 ± .011e

L Putamen 0.450 ± .011 0.460 ± .013 0.456 ± .012 0.444 ± .011

R Putamen 0.448 ± .011 0.454 ± .013 0.444 ± .012 0.445 ± .011

L lOFC 0.455 ± .011 0.450 ± .013 0.444 ± .012 0.443 ± .011

R lOFC 0.436 ± .011 0.431 ± .013 0.422 ± .012 0.426 ± .011

L DLPFC 0.404 ± .011 0.410 ± .013 0.409 ± .012 0.404 ± .011

R DLPFC 0.404 ± .011 0.406 ± .013 0.407 ± .012 0.400 ± .011

L ACC 0.439 ± .011 0.441 ± .013 0.434 ± .012 0.438 ± .011

R ACC 0.428 ± .011 0.429 ± .013 0.418 ± .012 0.422 ± .011

Abbreviations: ACC, anterior cingulate cortex; DC, diabetic control; DD, diabetic depressed; DLPFC, dorsolateral prefrontal cortex; HC, healthy 
control; lOFC, lateral orbitofrontal cortex; L, left; MDD, depressed; R, right.

a
Significant difference between HC and DD.

b
Significant difference between HC and MDD.

c
Significant difference between DC and MDD.

d
Significant difference between DC and DD.

e
Significant difference between MDD and DD.

Regions with significant group differences in MTR are highlighted in boldface.
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Table 3.

Correlation Matrix for Significant Results Adjusting for Age and Sex [r(p)]

Left Pallidus Right Caudate Right Pallidus Left Thalamus Right Thalamus

FSRP TOTAL −0.18 (0.0655) −0.31 (0.0008) −0.22 (0.0233) 0.02 (0.8612) −0.01 (0.9270)

HbA1c −0.09 (0.3592) −0.31 (0.0009) −0.04 (0.6609) −0.03 (0.7953) −0.02 (0.8605)

CESD 0.01 (0.9330) −0.14 (0.1566) 0.00 (0.9731) −0.19 (0.0500) −0.24 (0.0135)

Abbreviations: CESD, Center for Epidemiological Study of Depression; FSRP, Framingham Stroke Risk Profile; HbA1c, hemoglobin A1c level.

Mol Psychiatry. Author manuscript; available in PMC 2022 December 28.


	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Subjects
	MT Image Data Acquisition
	Image Processing
	Statistical Analysis

	RESULTS
	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Table 1.
	Table 2.
	Table 3.

