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Abstract
Background—Verbal memory impairment is well documented in type 2 diabetes mellitus
(T2DM) but to date, the neural substrates remain unclear. The present study evaluated verbal
memory and ascertained the degree of frontal and temporal lobe involvement in the anticipated
verbal memory impairment among adults with T2DM.

Methods—Forty-six late middle-aged and elderly adults with T2DM and 50 age-, sex-, and
education-matched adults without T2DM underwent medical evaluation, verbal memory
assessment, and brain MRI evaluations.

Results—As anticipated, participants with T2DM had clear verbal memory impairments.
Consistent with prior reports, we found volume reductions restricted to the hippocampus. Our
diffusion tensor imaging analysis revealed that participants with T2DM had extensive cerebral
gray and white matter microstructural abnormalities predominantly in the left hemisphere, with a
larger concentration present in the temporal lobe. In contrast, we uncovered mostly non-specific
microstructural abnormalities in the absence of tissue loss in the frontal lobe. Of great importance,
we present the first evidence among participants with T2DM linking verbal memory impairment
and compromised microstructural integrity of the left parahippocampal gyrus, a key memory-
relevant structure.

Conclusions—Our results suggest that the hippocampus and parahippocampal gyrus may be
particularly vulnerable to the deleterious effects of T2DM. The parahippocampal gyrus in
particular may play a crucial role in the verbal memory impairments frequently reported in T2DM.
Future studies should employ methods such as resting state functional magnetic resonance
imaging and diffusion tensor imaging tractography to better characterize network connectivity,
which may help further characterize the verbal memory impairment frequently reported in T2DM.
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INTRODUCTION
Type 2 diabetes mellitus (T2DM) has been linked to cognitive impairment in addition to a
multitude of secondary health complications, including stroke, retinopathy, and neuropathy.
Verbal memory in particular, is the cognitive domain most consistently reported to be
affected in T2DM (Allen, Frier, & Strachan, 2004; Strachan, Deary, Ewing, & Frier, 1997).
As a result of these cognitive impairments daily functioning may be compromised (Bruce et
al., 2003), particularly among older individuals with T2DM. The underlying brain substrates
for these impairments remain an issue that has not been systematically explored.

There is a small but growing literature demonstrating cerebral complications in adults with
T2DM, and these include non-specific brain abnormalities, as well as cortical and
subcortical atrophy (Manschot et al., 2006), enlarged ventricles, increased white matter
lesions (WMLs; Manschot, et al., 2006), and an elevated risk for lacunar infarcts (Jongen et
al., 2007). Only a handful of these studies have evaluated the relationship between cerebral
complications and cognitive decline (e.g., Manschot, et al., 2006; Yau et al., 2009); therefore
how these and other brain abnormalities explain the reductions in cognitive performance
reported in patients with T2DM remains unclear.

Declarative or recent memory relies on intact temporal and frontal lobes, therefore, given the
recent memory deficits present, these brain regions may be particularly vulnerable to
damage in T2DM and frequently associated co-morbid conditions (e.g., Gold et al., 2007;
Sahin et al., 2007). For example, volume reductions of medial temporal lobe (MTL)
structures, including the hippocampus and amygdala, and white matter (WM)
microstructural abnormalities have been described in patients with T2DM, but there is very
limited evidence linking these brain anomalies to reduced cognitive performance (Gold, et
al., 2007; Yau, et al., 2009). Other reports of frontal lobe complications, including gray
matter (GM) volume reductions (Kumar, Anstey, Cherbuin, Wen, & Sachdev, 2008), diffuse
WM microstructural abnormalities (Yau, et al., 2009), and altered cerebral metabolism
(Modi et al., 2008; Sahin, et al., 2007) highlight the frontal lobe as another frequently
affected region. Despite these data, the involvement of temporal and frontal lobe pathology
in the recent memory impairments reported in T2DM remains to be better elucidated.

In order to explore possible cerebral substrates underlying verbal memory impairments in
T2DM, the present study assessed regional brain volumes and cortical thickness of frontal
and temporal lobe structures in adults with T2DM relative to age-matched controls.
Furthermore, and in light of our previous reports of cerebral microstructural damage in
adults (Yau, et al., 2009) and adolescents (Yau et al., 2010) with T2DM, we also utilized
diffusion tensor imaging (DTI) methods to assess the microstructural integrity of both gray
and white matter (GM and WM), and, when appropriate, ascertained their relationships to
verbal memory.

METHODS
Participants

Forty-six middle-aged and elderly participants with T2DM (age, M = 58.79 years, SD = 8.20
years) and 50 participants without insulin resistance (age, M = 58.80 years, SD = 7.91) were
consecutively recruited for an ongoing diabetes project. All participants were community-
residing individuals with no impairments in their day to day functioning, medically stable
(other than some of them having diabetes, hypertension, or dyslipidemia), and free of
psychiatric illness or significant vascular disease. Participants had a minimum of a high-
school education. Individuals were excluded if they had a history of or current insulin
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treatment. They were also excluded if they had uncontrolled hypertension (blood pressure
[BP] > 150/90 mm/Hg), significant coronary ischemic disease detected on the
Electrocardiogram or a Modified Hachinski Ischemia Scale (Hachinski, 1983) score > 4, any
focal neurological signs, current diagnosis or past history of stroke or significant head
trauma, or evidence of tumor on the structural MR scan. Control subjects had to have normal
fasting glucose levels (< 3.89 or > 6.99 mmol/L) and show no evidence of obvious insulin
resistance (IR) as demonstrated by their fasting glucose and insulin levels.

Participants received medical, endocrine, psychiatric, neuropsychological, and brain MRI
evaluations during a comprehensive 8-hour evaluation completed over two visits within one
month. The neuropsychological assessment was conducted in the post-prandial state, split
over two sessions with a total time of approximately 2.5 hours. The protocol was approved
by the Internal Review Board of the New York University School of Medicine. All
participants signed informed consent.

Subject classification
Diabetic participants fulfilled one or more of the following: (1) had a fasting blood glucose
> 6.94 mmol/L on two separate occasions, (2) a 2-h blood glucose level >11.10 mmol/L
during a 75-g oral glucose tolerance test, or (3) a prior diagnosis of T2DM. So as to avoid
possible confounding effects of episodes of severe hypoglycemia, none of the participants
with T2DM had ever been on insulin treatment. Control participants had no significant IR,
indicated by a Quantitative Insulin Sensitivity Check Index (QUICKI) score (QUICKI = 1/
[log10(fasting glucose (mg/dL)) + log10(fasting insulin (μU/mL))]; Katz et al., 2000) of
0.350 or above. Sitting BP was determined by averaging two readings obtained during the
second visit. Participants were classified as hypertensive if they received anti-hypertensive
treatment or had a sitting BP above the National Cholesterol Education Program cut-off (a
systolic BP ≥ 130 mmHg or a diastolic BP ≥ 85 mmHg (Expert Panel on Detection of,
Evaluation, and Treatment of High Blood Cholesterol in Adults, 2001).

Neuropsychological assessment
The neuropsychological evaluation was conducted blind to group membership in a
standardized fashion, postprandially, and split into two 1.5-h sessions on separate days. The
Shipley Institute of Living Scale (Shipley, 1940) was used to estimate WAIS-R Full Scale
IQ score stratified by age. Verbal memory was assessed with the Guild Memory Test
(Gilbert, Levee, & Catalano, 1968), the California Verbal Learning Test (CVLT; Delis,
Kramer, Kaplan, & Ober, 1987), and the Logical Memory and Verbal Paired-Associates
subtests of the Wechsler Memory Scale Revised (WMS-R; Wechsler, 1981).

Magnetic resonance imaging (MRI) assessment
Image acquisition—One participant with T2DM did not receive MR evaluation due to
scheduling conflicts, leaving a total of 95 participants with structural MR scans either on the
1.5 T Siemens Avanto machine (59 participants: 32 T2DM and 27 controls) or the 1.5 T
General Electric Vision machine (36 participants: 13 T2DM and 23 controls) using
equivalent sequences. Only participants scanned on the Siemens machine had DTI and other
MR sequences (see below) for supporting assessment of both gray and white matter
microstructural integrity.

Sequences acquired on the Siemens 1.5T Avanto machine—A T1-weighted
magnetization-prepared rapid acquisition gradient echo (MPRAGE) sequence (TR 1300 ms;
TE 4.38 ms; TI 800 ms; FOV 250 × 250; 196 coronal slices; slice thickness 1.2 mm; no gap;
NEX 1; Flip angle 15°) was used for volumetric assessment. A DTI echo planar sequence
(TR 6100 ms; TE 75 ms; delay in TR = 0; b values 0, 1000 s/mm2; 6 diffusion directions;
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FOV 210 × 210; 4 averages and 1 concatenation; 50 axial slices; no gap; voxel size 1.64 ×
1.64 × 3 mm3) was acquired to assess brain microstructural integrity. A T2-weighted (TR
9000 ms, TE 94 ms; TI 2000 ms; FOV 210 × 210; 50 axial slices; slice thickness 3 mm) and
a fluid-attenuated inversion recovery (FLAIR; TR 9000 ms; TE 97 ms; FOV 210 × 210; 1
average and 2 concatenations; 50 axial slices; no gap; Flip angle 145°) sequence were
acquired to support DTI analysis. The FLAIR sequence was also used together with the
MPRAGE to rule out primary neurological disease. To optimize image registration, the DTI,
T2-weighted, and FLAIR sequences were acquired in the same orientation, number of slice,
and thickness and were standardized at a scan angle parallel to a line drawn between the
anterior and posterior commissure (AC-PC line).

Sequences acquired on the General Electric 1.5T Vision machine—The T1-
weighted spoiled-gradient inversion recovery (SPGIR) sequence (TR 30 ms; TE 2 ms; FOV
250×250 mm; 124 coronal slices; slice thickness 1.5 mm; no gap; NEX 1; Flip angle 60°),
equivalent to the T1-weighted MPRAGE sequence acquired on the Siemens scanner, was
also used for volumetric assessment. Notably, participants did not differ demographically
across machines. Validation analysis that was previously conducted on MR structural scans
acquired on both scanners for 10 individuals confirmed no inter-machine volume
differences.

Brain volumetric assessment—Volumetric assessment was done, blind to participants’
identity and diagnosis, using a software developed in-house and called Multimodal Image
Data Analysis System v.1.11 (Tsui, 1995). The structural MPRAGE and SPGIR images
were re-formatted into the standardized “pathological angle” coronal plane, normalized to
correct for signal inhomogeneity, thus ensuring adequate gray–white matter contrast so as to
optimize the volume assessments.

We obtained an estimate of “pre-morbid” brain size by manually tracing the intracranial
vault (ICV) in the sagittal plane of the structural MPRAGE (or SPGIR) image by following
the margins of the dura and tentorium. Using an operator-based intensity threshold, we
identified the cerebral spinal fluid (CSF) voxels of the ICV, which provides an estimate of
the global atrophy. The prefrontal region (PFR), dorsolateral prefrontal region (DLPFR),
hippocampus, and superior temporal gyrus (STG) were manually traced in the coronal plane
using reliable methods previously described (Convit et al., 1997; Convit et al., 2001). To
minimize the number of comparisons, the average volume of the left and right hemispheres
of each structure were utilized in the analyses. In order to adjust for individual variability in
head size, we computed the unstandardized residuals of the brain volumes to the ICV using
linear regression.

DTI-based cerebral white and gray matter microstructural assessment—To
assess WM microstructural integrity we used fractional anisotropy (FA), with values ranging
from 0 (fully isotropic diffusion) to 1 (fully anisotropic diffusion), thus higher values
indicate better microstructural integrity (Basser & Pierpaoli, 1996). The mean diffusivity
(MD), which represents the mean magnitude of water diffusivity, is used to evaluate GM
tissue density (Li et al., 2013) with the lower the MD, the more integral the GM.

The diffusion tensor is estimated using the algorithm detailed in Koay et al. (2006). To
create the group maps in standard (Talairach) space for voxelwise group comparisons, we
utilized a three-step approach with the Automated Registration Toolkit 2 (ART2; Ardekani
et al., 2005), a published and well described method. Briefly, the skull-stripped structural
native MPRAGE image was normalized to the standard Montreal Neurological Institute
brain template using a 3D non-linear warping algorithm. Second, a rigid-body linear
transformation optimized the registration between T2 and MPRAGE by iteratively
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correcting for subject motion. Third, with a non-linear 2D warping algorithm, the non-
diffusion-weighted b0 image was iteratively warped to correct for spatial distortions inherent
in echo planar acquisitions using the skull-stripped T2 image as a guide. Finally, to reduce
interpolation errors, we applied the transformation parameters obtained from previous steps
to spatially correct and normalize the native FA maps to Talairach space.

FreeSurfer-based cortical thickness measurement—Cortical reconstruction and
volumetric segmentation of the structural images were performed using standard procedures
in the FreeSurfer Image Analysis Suite, Version 4.0.2, which is documented and freely
available for download online (http://surfer.nmr.mgh.harvard.edu). The structural MPRAGE
or SPGIR scans were first subjected to an affine transformation to Talairach space and was
then segmented into cortical gray and white matter (Desikan et al., 2006). The segmented
brain was subjected to topological correction and smoothing (Fischl, Liu, & Dale, 2001).
The cortex was inflated, flattened and registered to a spherical atlas (Fischl, Salat, et al.,
2004; Fischl, Sereno, & Dale, 1999). An anatomical label is assigned to each vertex on the
cortical sheet based on stored prior statistics about cortical structures (Fischl, Van der, et al.,
2004). The average cortical thickness for each anatomical label is represented by the
distance between the gray/white boundary to the gray/CSF (pial) boundary at each vertex
(Fischl & Dale, 2000).

FreeSurfer generates extensive number of brain regions, however, for this study only the
frontal and temporal regions that corresponded to the results from the automated DTI-based
analysis described below were selected for the statistical analysis. The average cortical
thickness of each selected region was determined by the average of the cortical thickness,
weighted by the surface areas of both the left and right sides.

Statistical analyses
Group differences were evaluated using the independent samples t-test for continuous
variables and the chi-square test for independence for categorical variables. The memory
variables were organized into immediate and delayed memory recall domains. The brain
variables were separated into frontal and temporal lobe domains. For variables that were
non-normally distributed, the data were evaluated with t-tests and the results were confirmed
with the Mann-Whitney U test. By domain, the Bonferroni-Holm step-down test (Holm,
1979) was used to control for Type 1 error across the t-tests.

Group FA and MD maps in standard space were subjected to a two-tailed voxelwise analysis
of covariance (VANCOVA) within the ART2 package, with age as a covariate. WM and
GM masks created from the average of the MPRAGE images of all participants in standard
space were used to restrict group FA and MD comparisons, respectively. For the group
comparisons of WM FA, we also used the FLAIR image as a covariate to ascertain the
subtle reductions in WM integrity in addition to the obvious WM damage that can be
determined from the FLAIR images. To minimize the chance of Type I errors, we restricted
the accepted cluster size to those having at least 100 contiguous voxels (each voxel is 1
mm3, thus, a minimum cluster size of 0.1 cc in volume) and derived an adjusted p-value
threshold to ensure that the false discovery rate would be kept below 1% (Benjamini &
Hochberg, 1995).

Spearman’s correlation analyses were conducted to identify the brain measures among
volumes, cortical thickness, and DTI that were associated with domain-specific memory
performance among participants with T2DM. To derive a composite score for each of the
two memory domains, we first z-score transformed (using the mean and standard deviation
of the control group) the raw scores of each individual measure that showed at least a
statistical trend in the group contrast after controlling for multiple comparisons. The
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resulting z-scores were then averaged for each of the two domains to yield a composite score
to be evaluated in the correlation analyses. To derive the FA or MD value for each chosen
significant cluster at the subject level, the clusters that were derived in Talairach space were
then mapped onto the case level DTI maps from which the mean FA or MD value was
derived for the chosen clusters.

RESULTS
Demographic and endocrine results

The groups were comparable in age, sex (T2DM, 24F/22M; controls, 29F/21 M; χ2[1, n=96]
= 0.33, n.s.), years of education, and ethnicity distributions (T2DM, 27 Caucasians, 15
Hispanic/African Americans, and 4 Asians; controls, 40 Caucasians, 9 Hispanic/African
Americans, and 1 Asian, χ2[96] = 5.67, p < .10); see Table 1). By definition, participants
with T2DM had significantly worse glycemic control than control subjects and their mean
diabetes duration was 7.48 years (SD = 6.69; range, 0.07 – 29.88 years). Overall, 26/46
participants with T2DM and 6/50 controls were obese. Although more participants with
diabetes (32/46 T2DM vs. 17/50 controls) were also classified as hypertensive, χ2[1, n=96]
= 12.13, p < .001, the groups did not differ in systolic or diastolic BP, likely due to the fact
that individuals with T2DM are more likely to receive antihypertensive treatment (29/32
T2DM vs. 5/17 controls). Participants with T2DM had significantly lower HDL and higher
triglycerides than controls. Conversely, participants with T2DM had significantly lower
levels of total cholesterol and LDL, which is not surprising as 26/46 participants with T2DM
vs. 6/50 controls were on cholesterol lowering (statin) treatment.

Neuropsychological results
Relative to controls, participants with T2DM had significantly lower estimated IQ scores
and scored consistently lower across all verbal memory measures, with small-medium to
medium-large effect sizes (see Table 2). For measures of immediate verbal memory, all
except the WMS-R Verbal Paired Associates Immediate Recall attained statistical
significance. After controlling for multiple comparisons, all remained significant with the
exception of the CVLT Short Delay Cued Recall and WMS-R Verbal Paired Associates
Immediate Recall measures.

For delayed memory performance, participants with T2DM scored significantly worse for
the WMS-R Logical Memory Delayed Recall, Guild Paragraph Delayed Recall measures,
and CVLT Long Delay Free Recall, and trended lower for WMS-R Verbal Paired
Associates Delayed Recall. After controlling for multiple comparisons, the WMS-R Logical
Memory Delayed Recall score remained significant and the Guild Paragraph Delayed Recall
score became a statistical trend (p-value threshold = 0.013), but the group difference for the
CVLT Long Delay Free Recall score was no longer significant.

DTI voxelwsie results
Of the 59 cases with DTI data, three scans (all individuals with T2DM) were excluded due
to extensive movement artifacts or spatial distortions, leaving a total of 56 DTI scans
(T2DM, n = 29, age, M = 57.87 years, SD = 7.14, 15 F/14 M; controls, n = 27, age, M =
58.22 years, SD = 7.42, 15 F/12 M) for analysis.

White matter FA results
The VANCOVA analysis identified a total of 15 significant WM clusters (3,471 voxels or
3.47 cc in volume, p < .01), 13 of which demonstrated significant FA reductions among
participants with T2DM (3,228 voxels or 3.23 cc in volume), independent of age and WM
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hyperintensities seen on the FLAIR image. More clusters were identified in the left
hemisphere, with a large concentration located in the temporal regions involved in auditory
and memory processing, including bilateral arcuate fasciculi, left superior temporal WM,
and right middle temporal WM. Three clusters were found in the parietal lobe, where the
largest WM FA cluster was identified; three were in the frontal lobe and two in the occipital
lobe. Six of these 13 clusters of significant FA reduction remained significant at the next
more conservative p-value of 0.005 (FDR < 0.005; marked with a “*” on Figure 1). Given
the extensive number of clusters of abnormality, we chose to only display the largest 10
clusters on Figure 1.

The two clusters demonstrating significant WM FA elevations among participants with
T2DM (right anterior limb of the internal capsule [132 voxels], and right frontal WM [111
voxels]) were among the smallest four clusters identified and neither remained significant at
p < .005.

Gray matter MD results
The VANCOVA analysis revealed a total of 26 clusters of MD elevation in GM among
participants with T2DM relative to controls (p < .01); three of those clusters demonstrating
GM MD elevations among participants with T2DM were discarded due to significant CSF
contamination. The largest cluster also had some CSF contamination that was proportionally
small relative to its overall size of 1,034 voxels of the cluster; it was therefore retained.
Twenty-two of the remaining clusters (totaling 5,694 voxels or 5.69 cc in volume)
demonstrated significant MD elevation among participants with T2DM relative to controls.
Ten were located in the temporal regions, including bilateral Heschl’s gyri, bilateral
parahippocampal gyrus (PHG), bilateral fusiform areas, and right insular cortex; five
clusters were located in the occipital lobe, mostly along the calcarine fissure bilaterally; five
clusters were also identified in the frontal lobe, primarily in the prefrontal cortex; only two
clusters were found in the parietal lobe. Figure 2 displays the largest 10 clusters in order of
size. Thirteen (including all 10 clusters displayed on Figure 2) of the 22 clusters remained
significant at the next more conservative p-value of 0.005 (FDR < 0.005). The only cluster
(113 voxels or 0.113 cc in volume) demonstrating significant MD reduction among
participants with T2DM was located in the occipital lobe and was among the three smallest
clusters.

Brain volume and cortical thickness
The groups did not differ in ICV volume or ICV-adjusted global atrophy. Among the
operator-defined regional volume measures, only average ICV-adjusted hippocampal
volume was significant, showing smaller volumes among participants with T2DM and the
result remained significant even after accounting for multiple comparisons (p-value
threshold = 0.01; see Table 3). Cortical thickness in the temporal lobe was also assessed in
selective regions that are either relevant to memory function or were identified as having
microstructural alterations in the voxelwise MD analyses (see Table 3). The average MTL
cortical thickness was the only temporal lobe measure that attained a statistical trend, which
did not remain so after controlling for multiple comparisons (p-value threshold = 0.013). For
the cortical thickness in the frontal lobe domain, only the overall frontal lobe thickness was
evaluated. None of the frontal lobe measures differentiated the groups (see Table 3).

The brain volume and cortical thickness and cognitive results remained the same even after
controlling for age and sex. To rule out inflammation, commonly associated with obesity, as
a potential confounding factor for the cognitive and brain observations, we repeated the
analyses using General Linear Model controlling for CRP and confirmed that the results
remained essentially unchanged.
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Associations between temporal lobe structures and verbal memory in T2DM
Given that the most prominent findings were restricted to temporal lobe structures,
exploratory analyses were conducted to examine, only among participants with T2DM,
possible associations between verbal memory performance, both immediate and delayed
recall, and temporal lobe measures including ICV-adjusted average hippocampal volume
and the DTI measures that differentiated the groups.

Given the extensive findings of brain microstructural damage from the voxelwise analysis,
only selective temporal lobe clusters demonstrating significant FA reduction or MD
elevation in those subjects with DTI scans were included in the analyses. Those clusters
were located in the left and right arcuate fasciculi (368 and 286 voxels, respectively), left
superior temporal WM FA (223 voxels), left temporal stem FA (161 voxels), left PHG MD
(442 voxels), and left (118 voxels) and right (227 voxels) Heschl’s gyri MD.

Spearman’s correlation analyses found no relationship between ICV-adjusted average
hippocampal volume and composite scores for verbal memory immediate or delayed recall
among participants with T2DM (see Table 4). No correlation was found even when
examining left or right hippocampal volume separately. Of the selected FA and MD clusters,
only the MD value of the left PHG MD cluster (the 3rd largest showing GM MD elevation in
T2DM illustrated in Figure 2) correlated negatively and significantly with verbal memory
immediate, rs(25) = −0.54, p < .01 (see Figure 3a) and delayed recall composite scores,
rs(25) = −0.44, p < .05 (see Table 4 and Figure 3b). These associations remained significant
even after controlling for age and sex.

DISCUSSION
Consistent with our hypotheses, late middle-aged and elderly adults with T2DM present
clear verbal memory impairment, and supporting the cognitive results, we found brain
volume reductions restricted to the hippocampus as well as extensive microstructural
abnormalities of temporal lobe GM and WM, while the frontal lobe is largely spared. It is of
note that this is the first preliminary evidence linking verbal memory impairment in patients
with T2DM and compromised microstructural integrity of the left PHG, a region key in
recent memory.

Congruent with data from both manual (den Heijer et al., 2003; Gold, et al., 2007) and
automated (Brundel, van den Heuvel, de Bresser, Kappelle, & Biessels, 2010) brain
assessments in T2DM, the current report represents part of the small literature documenting
bilateral hippocampal atrophy in addition to clear evidence of diminished hippocampal-
based declarative memory performance in a group of mostly late middle-age individuals
with T2DM. Together with our prior reports (Bruehl et al., 2009; Gold, et al., 2007), the
current data provide solid evidence highlighting the hippocampus as the brain structure
particularly vulnerable to damage not only in adults but also in adolescents with T2DM
(Bruehl, Sweat, Tirsi, Shah, & Convit, 2011).

Although we have previously found an association between hippocampal volume and both
immediate and delayed memory performance, this was among individuals in the pre-clinical
stages of Alzheimer’s disease, a condition with very specific and early hippocampal
degeneration (Convit et al., 1993). More recently we reported weak associations between
hippocampal volume and memory, but the findings were limited to individual verbal
memory measures, and the weak associations were observed for diabetics and controls
combined (Gold, et al., 2007). Our current findings differ from those of our previous reports
in that we utilized composite scores, rather than scores of individual measures. Also, our
correlation analyses were restricted to individuals with T2DM.
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Nonetheless, the lack of a connection between hippocampal volume and verbal memory
impairment is not surprising as a meta-analysis of results from 33 studies of various
conditions found little evidence supporting a relationship between hippocampal volume and
memory ability (Van Petten, 2004). It is possible that different subregions in the
hippocampus have distinct cognitive roles (Brickman, Stern, & Small, 2011), which may
help explain why hippocampus-memory associations have been inconsistent so far. Other
dimensions of hippocampal abnormalities, such as altered cellular metabolism (Ajilore et al.,
2006; Kantarci et al., 2002; Sahin, et al., 2007) and impaired functional connectivity
between the hippocampus and other memory-relevant structures (Zhou et al., 2010), are
among other possible mechanisms.

In the absence of obvious structural changes, the DTI analysis identified widespread GM
and WM microstructural abnormalities, with more clusters of abnormality identified
bilaterally in the temporal lobe, and 70% of the WM clusters of FA reduction were located
in the left hemisphere. Specifically, we found extensive reductions of microstructural
integrity in WM tracts possibly involved in language, auditory processing, and verbal
memory, namely prefrontal WM, superior longitudinal fasciculus, and arcuate fasciculus.
Although information regarding brain functional connectivity is unavailable in the current
study, extrapolating from the existing literature documenting gross WM abnormalities
(Manschot et al., 2007; Novak et al., 2006; Sahin, et al., 2007) and our previous (Yau, et al.,
2009) and current findings of extensive reductions of microstructural WM integrity among
adults with T2DM, it is possible that subtle disruptions in fiber connectivity within the
memory network is another contributing factor.

Of the temporal cortical clusters shown to be affected on the DTI analyses, only the MD
values of the left PHG, which represented the most extensive GM microstructural
abnormalities found in the temporal lobe, correlated significantly with both immediate and
delayed recall of verbal memory. This is the first evidence of an association between verbal
memory decline and microstructural abnormality of the temporal cortex in T2DM. Given
that we did not find cortical thinning in this region on the FreeSurfer analyses, the
parahippocampal abnormalities associated with T2DM are restricted to microstructural
deficits. Our finding of microstructural abnormality in the left temporal stem, known to be
involved in memory processing (Kier, Staib, Davis, & Bronen, 2004) replicates those
reported previously (Yau, et al., 2009; Yau, et al., 2010), suggesting that this dense fiber
bundle, like the hippocampus, may also be particularly vulnerable to damage in T2DM.

In contrast to our extensive temporal lobe findings, we found non-specific frontal lobe
microstructural abnormalities among participants with T2DM in the absence of obvious
tissue loss. Our evidence of subtle frontal GM and WM damage among participants with
T2DM was primarily in the prefrontal region, which is implicated in memory encoding
(Golby et al., 2001). The limited presence of frontal lobe involvement in the current study is
somewhat unexpected, considering that disproportionately more participants with T2DM
also had hypertension, which is often linked to specific frontal lobe abnormalities, such as
reduced frontal lobe volume and increased occurrences of WML (Raz, Rodrigue, & Acker,
2003). It is possible that our participants with diabetes, despite being of a similar age to
those studied previously, have considerably shorter disease durations (Last et al., 2007).

The current study has significant strengths. Our operator-derived ICV and hippocampal
segmentation method has excellent inter-rater reliability (Convit, et al., 1997) and has been
validated against post-mortem histological volume evaluations (Bobinski et al., 2000). Our
cortical thickness and DTI analysis methods provide automated and unbiased brain
assessments. With that said, future work should incorporate other imaging techniques such
as functional MRI, MR spectroscopy, and DTI tractography to clarify hippocampal and
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frontal lobe involvement or possible interactions of fronto-temporal microstructural
abnormalities. Additionally, impaired vascular reactivity reported in T2DM (Last, et al.,
2007; Novak et al., 2011) is another possible mechanism underlying the observed memory
decline.

The current study has a few limitations. The overall sample size was reasonably large, but
for analyses of participants with T2DM alone, the sample size was more limited, perhaps
resulting in some negative findings due to insufficient power. Regrettably, we do not have
records of our participants’ prior glucose control. For this study we excluded individuals
with a history of insulin treatment, as severe hypoglycemic episodes could confound our
results. Although it is possible that individuals on oral agents could also have episodes of
hypoglycemia, this is much less likely. The relatively broad range of age (early 40’s to mid
70’s) and of diabetes duration (0.07 years up to 29.88 years) add further variability to the
data. In spite of these concerns, the solid findings obtained in these study participants, who
were relatively younger and better educated than those previously studied, allowed us to
show that brain and cognitive complications also apply to younger patients with T2DM.
Although our use of six gradient orientations for DTI based evaluations is a limitation for
more targeted analyses utilizing tractography, our acquisition is sufficient for robust tensor
estimation (Basser & Jones, 2002; Lebel, Benner, & Beaulieu, 2012). Future studies should
employ 30 diffusion orientations with improved signal-to-noise ratio to perform tract-based
analysis so as to better delineate the neural mechanisms underlying the memory impairments
frequently reported in T2DM.

Future studies should also employ longitudinal designs to track pathological changes from
the pre-clinical stages of insulin resistance into T2DM. In particular, studying children and
adolescents would give us the advantage of characterizing brain structural and functional
changes from the pre-diabetes stages to manifest T2DM without the confounding effects of
clinically significant vascular complications, which in contrast to older subjects, are less
likely to develop at such a young age.
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Figure 1. Ten Largest Clusters Demonstrating Significant White Matter FA Reduction among
Participants with T2DM (p < .01)
The significant clusters of FA reduction (blue) are displayed in order of size (cluster size in
parentheses), from left to right. In each of the two panels, the three rows of images, each
showing an orthogonal orientation (axial, coronal, and sagittal), display the clusters with an
arrow pointing to the cluster. The displayed clusters that remained significant at p < .005 are
marked with an “*”.
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Figure 2. Ten Largest Clusters Demonstrating Significant Gray Matter MD Elevation among
Participants with T2DM (p < .01)
The significant clusters of MD elevation (yellow/orange) are displayed in order of size
(cluster size in parentheses), from left to right. In each of the two panels, the three rows of
images, each showing an orthogonal orientation (axial, coronal, and sagittal), display the
clusters with an arrow pointing to the cluster. All displayed clusters remained significant at p
< .005.
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Figure 3.
Inverse Relationships between MD Values in the Left PHG Cluster and Verbal Memory (a)
Immediate and (b) Delayed Recall Composite Scores among Participants with T2DM
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Table 4

Spearman’s Correlation between Verbal Memory and Temporal Lobe Structures in T2DM

Verbal Memory
Immediate Recall
Composite Score
Spearman’s rho

Verbal Memory
Delayed Recall

Composite Score
Spearman’s rho

ICV-Adj. Average Hippocampal Volume 0.02 −0.01

MD - Left PHG −0.54* −0.44*

MD - Left Transverse Temporal Gyrus −0.12 −0.04

MD - Right Transverse Temporal Gyrus −0.10 0.10

FA - Left STG 0.28 0.11

FA - Left Arcuate Fasciculus 0.16 0.11

FA - Right Arcuate Fasciculus −0.01 −0.14

FA - Left Temporal Stem 0.03 −0.19

*
p < .05
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