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Abstract

Objective—Insulin regulates metabolism and influences neural health. Insulin resistance (IR) 

and type II diabetes have been identified as risk factors for Alzheimer’s disease (AD). Evidence 

also suggests that myelinated white matter alterations may be involved in the pathophysiology of 

AD; however, it is unknown whether insulin or IR affect the underlying myelin microstructure. We 

examined the relationships between insulin, IR, and myelin, hypothesizing that IR would be 

associated with reduced myelin.

Methods—Cognitively unimpaired adults enriched for risk factors for AD underwent 

mcDESPOT imaging, a myelin sensitive neuroimaging technique. Linear regressions were used to 

test the relationship between HOMA-IR, insulin, and MWF, as well as interactions with APOE ε4.

Results—Both IR and insulin level were associated with altered myelin content, wherein a 

significant negative association on MWF was observed in white matter regions and a positive 

association on MWF was observed in gray matter.
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Conclusion—The results suggest that insulin and IR influence white matter myelination in a 

cognitively unimpaired population. Additional studies are needed to determine the extent to which 

this may contribute to cognitive decline or vulnerability to neurodegenerative disease.
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INTRODUCTION

Increasing evidence suggests a pathophysiological link between Alzheimer’s disease (AD) 

and type II diabetes. Individuals with type II diabetes have demonstrated significantly 

greater 20-year cognitive decline, a precursor to dementia, compared to individuals without 

type II diabetes.1 Insulin resistance (IR), defined as an altered cellular and systemic response 

to insulin, is an early feature of type II diabetes, and a potential modifiable risk factor for 

AD.2 IR has been associated with a higher risk of developing dementia due to AD3 and is 

associated with neurobiological alterations, including lowered regional glucose metabolism,4 

higher amyloid burden,5 and AD pathology as measured in cerebrospinal fluid (CSF), as 

early as midlife.6 Previous data using diffusion imaging techniques further suggest type II 

diabetes and IR are associated with altered brain white matter.7 Given increasing evidence 

that alterations to oligodendrocytes,8 myelin,9, 10 and white matter in general,11 may be 

associated with AD pathology, understanding the effect of insulin levels and IR on white 

matter microstructure is of particular importance.

Evidence from animal studies provide an underlying link between insulin signaling and the 

myelin sheath, a key constituent of the central nervous system’s white matter. For example, 

insulin and insulin-like growth factor (IGF)-1 promote myelin producing oligodendrocytes 

during development.12 Studies in insulin deficient mice models have reported a direct effect 

of insulin on the synthesis of brain cholesterol, a central element to myelin composition, 

where replenishing insulin restored cholesterol synthetic pathways in neurons and in glia.13 

These data raise the notion that loss of insulin sensitivity may disrupt mechanisms of 

myelination, which in turn, may contribute or mediate vulnerability to neurodegenerative 

diseases, including AD.14

While prior studies have examined the effects of IR on diffusion imaging based measures, 

these metrics are non-specific to myelin.15 Myelin alterations have been observed in 

preclinical and clinical stages of AD,9 however, no studies to date have examined the 

association between IR and insulin and in vivo measures of brain myelin content. We aimed 

to fill this gap by examining the relationship between IR, insulin, and the myelin water 

fraction (MWF), a quantitative imaging measure of myelin content, using multicomponent 

driven equilibrium single pulse observation of T1 and T2 (mcDESPOT).16 We hypothesized 

that elevated insulin and IR would be negatively associated with mcDESPOT-derived MWF. 

A secondary aim of this study was to examine potential interactions between IR and APOE 
ε4 carrier status. APOE ε4 is a major susceptibility gene for late-onset AD and is reported to 

influence underlying brain metabolic and structural relationships17–18. We hypothesized that 
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negative associations between IR and MWF would differ between carriers and non-carriers 

of the APOE ε4 allele.

METHODS

Experimental Design

Participants.—145 cognitively unimpaired late-middle-aged adults (mean age = 61.5 

years [range = 45–74 years], 82 female / 44 male) were recruited into a brain imaging study 

from two ongoing longitudinal cohort studies, the Wisconsin Registry for Alzheimer’s 

Prevention,19 and the Wisconsin Alzheimer’s Disease Research Center (ADRC). 

Participants in these cohorts are enriched for parental history of AD. Inclusion criteria were: 

blood insulin and glucose levels available from prior fasting blood draw, mcDESPOT data, 

no self-reported history of diabetes diagnosis, in addition to no clinical diagnosis of a 

memory disorder or other major medical condition. Presence of type II diabetes was 

assessed by reviewing self-report diagnoses, usage of diabetes medication such as metformin 

or glipizide from self-reported medication records, and/or by using American Diabetes 

Association (ADA) criteria for type II diabetes.20 Neuroimages and participant data were 

evaluated, and participants were excluded as outlined in Figure 1. Briefly, participants taking 

medications for diabetes (n=2); with a fasting blood glucose level more than three standard 

deviations above the mean (n=2); or with neuroimaging data that failed to register to the 

standardized template due to enlarged ventricles or motion artifacts (n=12), were excluded. 

One participant with fasting blood glucose of 127 mg/dL was retained in the analysis as they 

were not taking medication for type II diabetes.

The method for determining parental family history (FH), overnight fasting blood sample 

collection and processing, and height and weight recording have been previously described.6 

To control for effects of body mass, we included “A Body Shape Index” (ABSI), which 

assesses body mass as calculated using waist circumference, body mass index (BMI), and 

height.21 APOE ε4 genotype determination has been described previously.22 Genetic testing 

was performed at the Waisman Center at the University of Wisconsin-Madison, and 

participants were categorized as non-carriers (zero ε4 alleles) or carriers (one or two ε4 

alleles). Participants also underwent neuropsychological assessment. The Mini-Mental State 

Examination (MMSE) was used to screen out participants with impaired cognition, using a 

cut score of 27.23 Three participants were excluded from analyses based on a MMSE score 

lower than 27, resulting in a final sample of 126 participants (Table 1).

Calculations of IR and ABSI.—Insulin resistance was indexed by HOMA-IR 

[(glucose*insulin)/405] determined from fasting blood glucose and insulin levels. Body 

mass index (BMI) [weight in kilograms / height in meters2] was calculated and used to 

calculate ABSI [(waist circumference in meters) /BMI2/3 * height in meters1/2)].21

MRI Data Acquisition and Processing.—Participants underwent imaging on a 3T 

General Electric MR750 Discovery scanner (GE Healthcare, Waukesha, Wl, USA) with an 

8- channel receive-only head coil. mcDESPOT image acquisition (12 minutes total) 

consisted of spoiled gradient echo (SPGR) and balanced steady-state free precession 

(bSSFP) sequences acquired with eight flip angles.9,16 bSSFP images were acquired twice, 
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with and without radiofrequency phase cycling, for correction of magnetic field (B0) 

inhomogeneities.24 Actual Flip-angle Imaging (AFI) was acquired for correction of transmit 

field (B1) inhomogeneities.25 Images were acquired in the sagittal orientation, with a field of 

view of 25.6 cm by 25.6 cm by 16.8 cm and an isotropic voxel resolution of 2 mm. A high-

resolution 3D Brain Volume Imaging (BRAVO) T1-weighted inversion-prepared sequence 

[repetition time (TR) = 8.1 ms, echo time (TE) = 3.2 ms, inversion time (TI) = 450 ms, flip 

angle = 12 degrees, field of view (FOV) = 256 mm, matrix = 256 × 256× 156, slice thickness 

= 1.0 mm], and a fluid-attenuated inversion recovery (FLAIR) sequence [TR=6000 ms, 

TE=123 ms, TI=1869 ms, flip angle=90 degrees, FOV = 256 mm, matrix = 256 × 256, slice 

thickness = 2.0 mm] were also acquired to identify white matter hyperintensities (WMH).

SPGR and bSSFP data were fitted voxelwise to the mcDESPOT model using in-house 

software to estimate myelin water volume fraction (MWF), T1 and T2 of fast and slow-

relaxing components, exchange rate, and the relative signal fraction of intra/extra-axonal 

water compartment.16 A third nonexchanging CSF compartment was included in the model 

to minimize the bias from CSF signal contamination.26 Only MWF maps were considered in 

this study. The highest flip-angle SPGR image was aligned to the MNI (Montreal 

Neurological Institute) template using the Advanced Normalization Tools software.27 This 

transformation was applied to each MWF map, aligning MWF to the MNI template. 

Registered MWF maps were smoothed using a 6mm full-width-at-half-map kernel.

White matter hyperintensity (WMH), presumed to be due to ischemia, may confound 

interpretation of mcDESPOT MWF results. Thus, WMH, as a ratio to total intracranial 

volume (ICV), was included as a covariate in all regression models. WMH segmentation was 

achieved using the T1-weighed BRAVO and T2-weighted FLAIR images and the Lesion 

Segmentation Toolbox version 1.2.2 in SPM8 (http://www.fil.ion.ucl.ac.uk/spm/).28 Lesions 

were seeded based on spatial and intensity probabilities from the T1-weighted BRAVO 

images and hyperintense outliers on the T2-weighted FLAIR images, a method that has been 

validated with high agreement (R2 = 0.94) to manual tracing.28 ICV was calculated from T1-

weighted BRAVO images using a “reverse brain masking” method. Using segmentation 

procedures in Statistical Parametric Mapping 12 (SPM12), gray, white, and CSF 

International Consortium for Brain Mapping (ICBM) probability maps were created and 

then summed to produce an ICV probability map. The inverse deformation field from 

unified segmentation was applied to the ICV probability map, to produce an ICV mask in 

native space. A threshold of 90% was applied to this participant-specific ICV probability 

map, and the total volume was extracted. WMH was divided by ICV and multiplied by 100 

to give a ratio (WMHr) in units of percent of ICV and then log base 10 transformed.

Statistical Analysis.—Multiple voxelwise regression analysis using Statistical Parametric 

Mapping (SPM, Version 12) software was conducted to test for an association between IR 

and MWF. Further analyses explored the specific effect of insulin on MWF, as well as 

testing for potential interactions with APOE ε4 status. Covariates included age, sex, APOE 
ε4 status, ABSI, log10 of WMHr, with predictors of interest either being IR, insulin, or 

APOE ε4 × IR. Monte Carlo simulations (AlphaSim, AFNI, https://afni.nimh.nih.gov) were 

performed to determine the minimum cluster-extent necessary for significance when 

correcting for multiple comparisons using the family-wise error rate (FWE) with a primary 
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voxel level threshold of p < 0.005. Contiguous clusters of a minimum extent of 174 voxels 

were determined to be significant (p<0.05, corrected). An MRI Atlas of Human White 

Matter was used to identify regions of significant effect,29 while SPM 12 was used to warp 

results to Montreal Neurological Institute (MNI) space for reporting. Multiple regression 

analyses were restricted to gray and white matter regions using a whole-brain mask.

RESULTS

Main effect of IR on MWF.

Voxelwise regressions between IR and MWF revealed widespread associations. Higher IR 

was associated with lower MWF in areas localized within areas of the deep white matter, 

including the parieto-occipital white matter, posterior thalamic radiation, superior occipital 

gyrus white matter and white matter of the cuneal cortex (see Figure 2 and Table 2). Higher 

IR was also associated with higher MWF in several cortical white matter regions (see Figure 

2 and Table 2). Inspection of these results suggested that this effect may be due in part to 

participants with extreme IR; thus, we tested these associations in participants with IR less 

than 2 standard deviations of the mean (n=121). Similar to the previous analysis, higher IR 

was associated with higher MWF in fronto-temporal regions (Figure S1 and Table S1). 

Higher IR was also associated with lower MWF in parieto-occipital white matter (Figure S2 

and Table S2), however, this cluster did not survive multiple comparison correction. Similar 

associations were observed between insulin concentration and MWF (see Figure 3 and Table 

3).

APOE ε4 × IR on MWF.

No significant APOE ε4 × IR interactions on MWF were observed after correction for 

multiple comparisons. However, a notable uncorrected (p<0.05) interaction within the 

middle frontal and precentral gyri and lateral occipital cortex was observed (Figure S2), 

suggesting APOE ε4 carriers may have a differential relationship between IR and MWF than 

non-carriers.

Hormone Therapy

Hormone therapy may impact brain structure and white matter.30 In order to rule out 

potential confounds due to hormone therapy, a follow-up analysis to test whether insulin or 

IR differed among individuals on hormone therapy was performed. We found no difference 

in insulin and IR levels between participants on hormone therapy (n=23) versus those who 

were not on therapy (n=103) in our sample.

DISCUSSION

White matter alterations have been previously reported among individuals affected by type 2 

diabetes,31–35 however, the effect of IR on myelin specifically has been unclear. In this 

study, we used a quantitative MRI technique known as mcDESPOT to examine the effect of 

IR on MWF, a neuroimaging proxy of myelin content, in a population of cognitively 

unimpaired middle-aged adults. Higher IR and insulin were observed to be associated with 

lower MWF in parieto-occipital white matter, posterior thalamic radiations, superior 
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occipital gyrus white matter and cuneus white matter, while higher IR and insulin were 

associated with higher MWF in several cortical regions, including frontal, parietal, and 

temporal cortices. This study is the first, to the best of our knowledge, to demonstrate insulin 

and IR to have a significant influence on the brain’s myelin content and further complements 

an increasing literature that draws attention to the impact of insulin resistance on the brain in 

late-middle age.

The results of the present study align with previous findings using alternative neuroimaging 

techniques to assess the white matter microstructure. For example, previous studies using 

diffusion tensor imaging (DTI) have detected significant associations between IR and 

measures of white matter microstructure in cognitively unimpaired individuals, with 

decreased axial diffusivity observed in individuals with high HOMA-IR in parietal and 

temporal lobe white matter.36 Though, mcDESPOT-derived MWF differ from measures of 

DTI, the negative associations between MWF and IR observed are consistent and 

complement with these results, suggesting that higher IR and insulin concentrations may 

contribute to underlying myelin microstructure alterations. Furthermore, positive 

associations observed in cortical brain regions, suggest that the effect of insulin and IR on 

cortical myelin may be different than the effect in deeper myelin rich brain regions.37 

Cortical gray matter contains a significant number of myelinated fibers, however, the 

composition of cortical myeloarchitecture differs to that of deep white matter, which may 

underlie this observed differential effect. Additionally, individuals with higher IR often have 

higher concentrations of insulin as the body produces more to combat the insulin resistance. 

As previously noted, insulin has been reported to promote myelin producing 

oligodendrocytes during development;12 thus, we might speculate that higher insulin 

concentrations, as a result of higher IR, could foster myelination in some brain regions. 

Nevertheless, additional animal and human studies are necessary to further elucidate these 

neurobiological mechanisms.

Lower MWF in relation to higher insulin and IR were largely localized to posterior brain 

regions; while higher MWF in relation to higher insulin and IR were primarily observed in 

frontal, parietal, and temporal cortical brain regions (Figs 2 and 3). Posterior localization of 

white matter abnormalities have also been observed among individuals with mild cognitive 

impairment,38 and other aging populations39; while several of these regions have been 

previously been shown to be altered in type 2 diabetes.40 We and others have also shown 

frontal and temporal white matter regions to exhibit extensive white matter alterations in 

aging populations9–11, however, less is known about how myelinated fibers of these regions, 

particularly within the cortex, are affected by insulin and IR. While the results from the 

current study are in line with findings within the literature, our findings also suggest that 

myelin content in different brain regions may be differentially susceptible to the effects of 

insulin and IR. Importantly, while many of these brain regions are associated with the 

convergence of multimodal inputs and processing of memory, spatial, and semantic 

information,41–42 the functional significance of lower and/or higher MWF in these regions is 

unknown. The population evaluated here was cognitively unimpaired (MMSE score equal to 

or greater than 27,23), and thus it is presently unclear whether the impact of IR or insulin on 

myelin has behavioral relevance or will contribute to vulnerability for neurodegenerative 

disease. Longitudinal follow-up is necessary to address this.
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While the mechanisms by which IR and insulin impact myelin in humans are largely 

unknown, IR-induced alterations to cholesterol metabolism may be a possible mechanism 

behind the myelin changes observed in this study. Rodent studies directly link brain 

cholesterol synthesis to insulin-deficiency,13 and insulin has been shown to regulate activity 

of neuronal and glial sterol regulatory element-binding protein (SREBP)-2 activity,13 the 

transcription factor that regulates expression of genes involved in cholesterol synthesis. In 

the periphery, insulin is involved in stimulating the activity of 3-hydroxy-3-methylglutaryl-

CoA reductase, an enzyme that helps in the synthesis of mevalonate, the rate-limiting step of 

cholesterol biosynthesis.43 Data from this study indicate that myelin content is related to 

peripheral insulin sensitivity; however, additional studies are needed to link these findings to 

brain cholesterol synthesis.

Serum insulin and CSF insulin are positively correlated in normyglycemic subjects, however 

lower CSF insulin concentrations are observed among insulin-resistant subjects, suggesting 

altered transport of insulin across the blood-brain barrier in people with higher peripheral 

insulin resistance.3 Interestingly, patients with AD have lower CSF insulin levels, as well as 

higher plasma insulin levels compared to unimpaired controls.2 Both insulin and IGFs 

receptors are expressed abundantly in the brain and relay signaling to a shared downstream 

intracellular pathway.12 Ablation of the IGF-1 receptor gene in transgenic mice leads to 

deficiencies in myelination and a reduction in the populations of neurons.12 Little is yet 

known about the effects of IR on brain myelin in humans in vivo, but these studies, taken 

together with our findings, suggest that peripheral IR is associated with myelin content. This 

in turn could negatively affect neural signaling and potentially contribute to axonal 

degeneration. Studies from our group suggest that IR is associated with neurodegeneration 

as shown on neuroimaging,7 and CSF biomarkers, particularly among APOE ε4 carriers.6 

Though an interaction between IR and APOE ε4 genotype on MWF did not withstand 

correction for multiple comparisons, uncorrected interaction analyses suggest APOE ε4 

allele carrier status may be a contributing factor. Future studies with larger sample sizes may 

be informative for elucidating such interactions.

Multicomponent relaxometry techniques, such as mcDESPOT, are relatively new to the field 

and aim to decompose the measured MRI signal into contributions from discrete 

microstructural water compartments and quantify characteristics from these water pools, to 

provide a specific measure of myelin content. MWF estimates from mcDESPOT have been 

shown to provide sensitive measures of myelin content in a cuprizone mouse model,44 track 

early myelin development in infants and children,17 and reveal myelin alterations in 

preclinical AD populations.9 While such studies give confidence that mcDESPOT is 

strongly sensitive, if not specific, to myelin content, future histological studies are critical 

for evaluating the microstructural imaging techniques. Furthermore, additional analyses 

combining MWF with other imaging measures, such as those acquired from DTI or 

magnetization transfer imaging (MTI), may provide greater insight about the relationship of 

myelin content to other microstructural changes that co-occur with changes to insulin 

sensitivity. Such investigations are likely to be beneficial for future investigations.

A few limitations deserve note. In our study, fasting glucose and insulin measurements were 

plasma based, and thus were indicative of peripheral IR, not a direct measurement of central 
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IR. Future studies will examine participants longitudinally to elucidate the temporal 

relationship between IR and myelin changes over time, especially in high risk subjects that 

have potential to go on to develop AD. Including participants with high IR yielded a 

significant effect of IR, but this effect was attenuated when examining more moderate levels 

of IR. It’s possible that there is a threshold at which negative impacts are observed, or 

possibly that those individuals with the highest IR have also had a longer duration of 

metabolic dysregulation. Another important consideration will be to incorporate 

histopathological and immunohistochemical methods to quantify white matter in post-

mortem analyses.45 A noteworthy model of myelin involvement in AD pathogenesis 

highlights the observation that medications targeting type II diabetes may have myelin 

protecting effects, which in turn may translate into efficacy in some neurodegenerative 

diseases including AD.10
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STUDY IMPORTANCE QUESTIONS

• The inability to respond to insulin, known as insulin resistance (IR), has been 

recognized as a possible risk factor of Alzheimer’s disease (AD); however, 

little is yet known about how insulin or IR shape the brain’s underlying 

microstructure in humans in vivo.

• The results of this study indicate that both insulin and IR are negatively 

associated with myelin content in white matter, and positively associated in 

gray matter. Alterations to myelinated white matter microstructure may confer 

vulnerability to neurodegenerative disease, although additional study is 

needed.
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Figure 1: Participant Exclusion Flowchart
Collected data were screened for exclusionary factors. In particular, two participants were 

excluded for taking medications for diabetes; two participants were excluded for having 

fasting blood glucose levels greater than three standard deviations above the mean; and 

twelve participants were excluded due to incomplete mcDESPOT imaging data, enlarged 

ventricles, or motion artifacts which prevented post-scan processing.
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Figure 2: Main Effect of Insulin Resistance on MWF
Main Effect of Insulin Resistance on MWF- Multislice rendering of statistically significant 

results relating IR and MWF. Negative relationships are shown in blue and positive 

relationships in red, overlaid on the MNI template. For visualization, scatter plots show the 

overall association between mean MWF and HOMA-IR from the significant clusters. 

Regions where a negative association between MWF and HOMA-IR were observed 

localized in myelinated bilateral regions of the parieto-occipiatal projections of the corpus 

callosum and white matter surrounding the cuneus. Regions exhibiting a positive association 

between MWF and HOMA-IR localized in cortical regions, including frontal, occipital and 

temporal cortices.
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Figure 3: Main Effect of Insulin on MWF
Main Effect of Insulin on MWF- Multislice rendering of statistically significant results 

relating insulin and MWF. Negative relationships are shown in blue and positive 

relationships in red, overlaid on the MNI template. For visualization, scatter plots show the 

overall association between mean MWF and insulin from the significant clusters. Results 

were localized in similar brain regions as the associations between MWF and IR.
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Table 1

Demographic, glucoregulatory, genetic, and cognitive data

Whole Sample (n=145) Mean (SD), 
Range

Analysis Sample (n=126) Mean (SD), 
Range

Sex 96 women, 49 men 82 women, 44 men

Age (yrs) 61.4 (6.2), 45 - 74 61.5 (6.3), 45 - 74

Education (yrs) 16.9 years (2.6) 16.8 years (2.5)

Waist Circumference (cm) 96.1 (15.0), 63 - 144 95.1 (14.3), 63 - 142

Insulin 10.9 (7.6) 10.3 (5.9)

HOMA-IR (FG × FINSL) / 405 2.7 (2.8), 0.24 - 27.0 2.42 (1.5), 0.59 - 7.7

Number and Range of Days Separating MRI date and 
Blood Draw date

4.4 (15.9), 0 - 135 4.7 (16.7), 0 - 135

Race

White 135 121

Black or African American 8 3

Cuban 1 1

Asian 1 1

Diabetes Status

Normoglycemic (FG < 100 mg/dL) 111 (76.6%) 100 (79.4%)

Impaired Fasting Glucose (FG > 100mg/dL) 34 (23.4%) 26 (20.6%)

Diabetes Diagnosis 2 0

APOE ε4 genotype

APOE ε4 (hetero- or homozygous) 56 (38.6%) 46 (36.5%)

Parental family history AD 102 (70.3%) 93 (73.8%)

Cognitive Function

MMSE 29.3 (1.0), 25 - 30 29.4 (0.8), 27 - 30

HOMA-IR= Homeostatic Model Assessment of Insulin Resistance; FG=fasting glucose; FINSL=fasting insulin; MMSE = Mini-mental state 
examination; Means (std deviations).

Normoglycemic ranges determined from American Diabetes Association guidelines.
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Table 2.

The association of insulin resistance on MWF in brain regions

Region Coordinates (millimeters) T-Value Observed extent 
threshold

Cluster level p-value

IR positive direction cluster data (n=126)

Right superior precentral region 54, 14, 30 4.29 1027 .001

Right superior temporo-parietal region 28, −102, 0 4.24 1185 .000

Right inferior temporal region 34, 12, −42 4.11 892 .001

Right superior temporo-parietal region 50, −58, 26 4.03 621 .005

Left occipito-parietal region −22, −106, 0 4.00 509 .009

Left inferior middle region −40, −68, 2 3.81 427 .015

Left superior temporal region −56, −60, 22 3.74 286 .040

Right middle superior frontal region 32, 20, 58 3.73 294 .038

Left superior medial-frontal region −52, −2, 46 3.54 405 .017

Right superior temporal region 68, −8, −2 3.60 640 .004

Right superior frontal region 24, 62, −6 3.57 398 .018

IR negative direction cluster data (n=126)

Parieto-occipital projections of corpus callosum −10, −84, 14 4.80 3801 .000

Cuneus White Matter 10, −76, 14 4.22 657 .004

Extent threshold (k) = 174 voxels, p<.005, uncorrected for positive and negative directional multiple regression analyses. All significant voxel-level 
p-values were less than .005.

Abbreviations: MWF = myelin water fraction; IR = insulin resistance.
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Table 3.

The association of insulin on MWF in brain regions

Region Coordinates (millimeters) T-Value Observed extent 
threshold

Cluster level p-value

Insulin positive direction cluster data (n=126)

Right inferior frontal gyrus 54, 14, 30 4.52 911 .001

Right cuneus region 52, −60, 24 4.18 748 .002

Right inferior temporal pole region 30, 4,−42 4.10 832 .001

Right occipital region 36, −88, 6 4.08 1046 .000

Left occipital region −40, −68, 2 3.86 427 .015

Left cuneus region −22, −106, 0 3.85 326 .030

Right superior frontal region 32, 20, 58 3.76 323 .031

Right superior temporal gray matter region 68, −8, 0 3.57 430 .015

Insulin negative direction cluster data (n=126)

Parietal-occipital projections of corpus 
callosum

−10, −84, 14 4.69 3980 .000

Cuneus white matter 10, −76, 14 4.19 556 .007

Parietal white matter −10, −46, 56 4.04 263 .048

Extent threshold (k) = 174 voxels, p<.005, uncorrected for positive and negative directional multiple regression analyses. All significant voxel-level 
p-values were less than .005.

Abbreviation: MWF = myelin water fraction.
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