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Context: Growing evidence implicates hypothalamic inflammation in the pathogenesis of diet-
induced obesity and cognitive dysfunction in rodent models. Few studies have addressed the
association between obesity and hypothalamic damage in humans and its relevance.

Objective: To determine markers of obesity-associated hypothalamic damage on diffusion tensor
imaging (DTI) and to determine whether DTI-metrics are associated with performance on cognitive
testing.

Design and Participants: This cross-sectional study analyzed DTI-metrics (primary (�1), secondary
(�2), and tertiary (�3) eigenvalues; fractional anisotropy (FA); and mean diffusivity (MD)) in the
hypothalamus of 24 consecutive middle-aged obese subjects (13 women; 49.8 � 8.1 years; body
mass index [BMI] 43.9 � 0.92 Kg/m2) and 20 healthy volunteers (10 women; 48.8 � 9.5 years; BMI
24.3 � 0.79 Kg/m2).

Outcome: measures: Hypothalamic damage assessed by DTI-metrics and cognitive performance
evaluated by neuropsychological test-battery.

Results: �1 values in the hypothalamus were significantly lower in obese subjects (P�0.0001). The
sensitivity, specificity, and positive and negative predictive values for obesity-associated hypotha-
lamic damage by �1�1.072 were 75%, 87.5%, 83.3%, and 80.7%, respectively. Patients with hy-
pothalamic �1�1.072 had higher values of BMI, fat mass, inflammatory markers, carotid-intima
media thickness, and hepatic steatosis and lower scores on cognitive tests. Combined BMI and
alanine aminotransferase had the strongest association with hypothalamic damage reflected by
�1�1.072 (AUC�0.89).

Conclusions: DTI detects obesity-associated hypothalamic damage associated with inflammatory
markers and worse cognitive performance. This study highlights the potential utility of �1 as a
surrogate marker of obesity-associated hypothalamic damage.
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Little is known regarding how brain systems that pro-
mote weight stability are altered in obesity (1). Grow-

ing evidence implicates immune-cell-mediated tissue in-
flammation as a mechanism linking obesity to insulin
resistance and comorbidities such as cardiovascular dis-
ease (2). In animals, high-fat diets lead to increased in-
flammatory signaling in body-weight-regulating areas of
the hypothalamus critical for energy homeostasis, con-
tributing to leptin resistance and weight gain, (3–5) with
reactive gliosis in the hypothalamic arcuate nucleus and
median eminence (6).

Magnetic resonance imaging (MRI) can help study hy-
pothalamic cytoarchitecture. Lee et al (7) found high-fat
diets increased T2 relaxation times in rats’ mediobasal
hypothalamus, reflecting increased astrocytosis and mi-
croglial accumulation. Conventional MRI sequences,
such as T2-weighted sequences, show signal changes in
brain tissue related to pathophysiological phenomena
such as astrocytosis or microglial accumulation.

Diffusion tensor imaging (DTI), an MRI technique that
uses information on the predominant direction and degree
of water diffusion, reveals microstructural brain-tissue
damage after ischemia, infection, or inflammation (8). The
degree that diffusion is direction-dependent (anisotropy)
depends on the level of tissue organization and integrity
and on the degree of freedom of water diffusion along
axons, across cell membranes, and in extracellular space.
The magnitude of diffusion characteristics can be calcu-
lated as eigenvectors/eigenvalues. Three eigenvalues are
used to calculate fractional anisotropy (FA), a DTI-metric
of the relative difference in water diffusivities along mul-
tiple axes: �1 (principal axis or axial diffusivity), repre-
senting water motion along axons, and �2 and �3 (shorter
perpendicular axes or radial diffusivity), representing dif-
fusion across the axon (8). Gray-matter density and mi-
crostructure can be assessed by mean diffusivity (MD) or
other DTI-metrics (9). DTI can provide new and more
precise information about possible changes in the micro-
structure of the hypothalamus.

Few studies have evaluated brain-tissue diffusion in
obesity. Hypothalamic apparent diffusion coefficients
(ADC) are higher in obese than nonobese subjects, (10)
suggesting microstructural damage. Body mass index
(BMI) correlates with FA in cerebral white matter (11–13).
Hypothalamic gray-matter loss correlates with cognitive
impairment in multiple sclerosis (MS); (14) however, obe-
sity-associated hypothalamic damage’s impact on cogni-
tive function is poorly understood. We assessed obesity-
associated hypothalamic damage by DTI and examined its
impact on cognitive performance.

Subjects and Methods

Subjects
From January to September 2012, we recruited 24 consecu-

tive obese subjects undergoing MRI in a study evaluating the role
of intestinal microflora in nonalcoholic fatty liver disease. We
included subjects aged 30 to 65 years with BMI � 30 kg/m2 and
excluded those with systemic disease, infection in the previous
month, serious chronic illness, ethanol intake � 20g per day, or
taking medications that might interfere with insulin action. We
enrolled 20 healthy subjects (BMI � 25 kg/m2) as controls. Con-
trol subjects were normotensive and selected on the basis of sim-
ilarity in age and sex compared to obese subjects and the absence
of a personal history of inflammatory diseases or current drug
treatment. The institutional review board (IRB) approved the
study, and all subjects provided informed written consent.

Study Protocol
Patients underwent anthropometric measurements, abdom-

inal (15) and vascular (16) ultrasonography, and, after 8 hours
fasting, provided blood for measurement of plasma lipids, glu-
cose, and insulin. Glucose and lipid levels were determined by
standard laboratory methods. Subjects underwent standard 75 g
oral glucose tolerance tests, with determination of glucose and
insulin at 0, 30, 60, 90, and 120 minutes. The area under the
curve (AUC) for glucose and insulin was then calculated using the
trapezoidal method. Serum insulin was measured by radioim-
munoassay (RIA). Insulin resistance was determined by the ho-
meostasis model assessment of insulin resistance (HOMA-IR).
Serum alanine aminotransferase (ALT) and �-glutamyltrans-
ferase (GGT) levels were determined using enzymatic methods.
Serum lipopolysaccharide-binding protein (LBP) levels were
measured by human-LBP enzyme-linked immunosorbent assay
(ELISA) (HyCult Biotechnology, Huden, the Netherlands).

Body Composition
Fat mass was determined via dual energy x-ray absorptiom-

etry (GE Lunar iDXA; Milwaukee, WI).

Magnetic resonance imaging
All patients underwent MRI on a 1.5T Intera scanner (Philips

Healthcare, Best, the Netherlands). The protocol included axial
fluid-attenuated inversion recovery (FLAIR) and DTI sequences.
For FLAIR, the parameters were repetition time (TR), 7569msec;
echo time (TE), 115msec; inversion delay, 2200msec; flip an-
gle,90°; matrix,256 � 192; section thickness, 3 mm; interslice
gap, 1 mm; and FOV, 230 � 180 mm. DTI data were acquired
using single-shot EPI sequences with the SENSE parallel imaging
scheme to reduce scanning time and minimize artifacts. Diffu-
sion-sensitized gradients were applied along 15 noncollinear di-
rections with a b-value of 1000 seconds/mm2. Other acquisition
parameters were TR/TE,6795/72ms; FOV,23 � 23cm; and ma-
trix size,112 � 112. Forty-five contiguous 3-mm axial sections
covering the brain were acquired parallel to the anteroposterior
line. DTI scanning took 3 minutes.

Data Processing
DTI images were coregistered; a neuroradiologist blinded to

clinical information used dedicated software (Olea
SphereV.2.0,La Ciotat,France) to place free-hand regions of in-
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terest (ROIs) in the right and left sides of the hypothalamus using
validated landmarks (17). Primary(�1), secondary(�2), and
tertiary(�3) eigenvalues, FA, and MD were calculated. DTI mea-
surements were repeated 1 month later to assess intraobserver
agreement. Values of DTI-metrics were obtained by averaging all
voxels within the ROI (Supplemental Figure 1). Mean values
from the each side were averaged for statistical analyses. Mean
ROI area was 5 � 1.5 mm2. The hypothalamus was visually
inspected for abnormalities on FLAIR.

Neuropsychological assessment
Cognitive performance was assessed with the Wechsler Adult

Intelligence Scale (WAIS) third edition (vocabulary, digit span,
picture completion, and picture arrangement subsets). Attention
and executive functions were assessed with the Trail Making
Test (parts A and B) and modified Wisconsin Card Sorting test.
Processing speed and selective attention were assessed with the
Stroop Neuropsychological Screening Test. Risk-taking and im-
pulsive behaviors were assessed with the Iowa Gambling Task.

Statistical analysis
Results are expressed as means�standard deviation for con-

tinuous variables and as frequencies for categorical variables. To
determine differences with respect to the presence of obesity, we
used Student’s t test for quantitative variables and the �2 test for
qualitative variables. To calculate the �1 cutoff to predict hypo-
thalamic damage, we used receiver operator characteristic
curves. For each variable, differences according to the prespeci-
fied hypothalamic �1 cutoff were tested using Student’s t test or
the �2 test. Multivariate logistic regression and stepwise regres-
sion analyses were used to identify independent predictors of
hypothalamic damage. The intraclass correlation coefficient
(ICC) was used to classify intraobserver reliability as fair (ICC �
0.5–0.7), good (0.7–0.9), or almost perfect (�0.90). Statistical
significance was set at P � .05. Statistical analyses were per-
formed with Minitab, Version 16.2.1 (Minitab, State College,
PA).

Results

Supplemental Table 1 reports subjects’ characteristics.
The intraobserver consistency for DTI measurements in
the hypothalamus was good (ICC � 0.809). Mean �1 hy-
pothalamic values were lower in obese subjects (P � .001).
The mean hypothalamic �1 cutoff that best discriminated
obese from control subjects was 1.072 (Figure 1). The
sensitivity, specificity, and positive predictive value (PPV)
and negative predictive value (NPV) for hypothalamic
damage by mean �1�1.072 were 75%, 87.5%, 83.3%,
and 80.7%, respectively (AUC:0.854; 95%CI:0.742–
0.96). No significant differences were found for �2, �3, FA,
or MD. After adjustment for age and sex, subjects with
hypothalamic �1�1.072 had significantly increased val-
ues of BMI, fat mass, ALT, GGT, C-reactive protein
(CRP), LBP, carotid intima-media thickness, and preva-
lence of hepatic steatosis (Table 1). Interestingly, when
studying obese and control subjects separately, the hypo-
thalamic �1 correlated negatively with fat mass within
obese subjects (r�-0.51, P � .01) but not in nonobese
subjects (r � 0.05, P � .8). We also found significant
differences with respect to total fat mass according to a
hypothalamic �1 cutpoint of 1.072 (Table 1). In a stepwise
linear regression analysis, fat mass (P � .0001) and
HOMA-IR value (P � .037), but not age, independently
contributed to 22.4% of �1 hypothalamic variance. Fi-
nally, while fat mass (P � .0001) and HOMA-IR (P �
.011) contributed to 56% of hypothalamic �1 variance
among women, this was not observed in men.

The BMI cutoff that best discriminated hypothalamic
damage was 34 kg/m2, yielding 80.7% sensitivity, 83.3%
specificity, 87.5% PPV, and 75% NPV (AUC:0.829; P �

Figure 1. A, Obese subjects had lower hypothalamic primary eigenvalues (�1) (P � .001). B, To calculate the �1 cutoff to predict hypothalamic
damage, we used receiver operator characteristic curves. C, Patients with hypothalamic �1�1.072 had higher BMI. The equation of the linear
regression analysis was BMI � 114.32–75.13(�1), r � 0.58, P � .001.
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.001). The ALT cutoff that best discriminated hypotha- lamic damage was 23.5 U/l, yielding 69.2% sensitivity,

Table 1. Univariate associations of mean hypothalamic �1 DTI-metric and clinical, laboratory, ultrasonographic data
and neuropsychological tests in all 44 individuals

Hypothalamic
mean

�1<1.072 (n � 26)

Hypothalamic
mean

�1>1.072 (n � 18)
p-

value

Gender(male/female) 13/13 8/10 0.717
Age(years) 49.385 (8.668) 49.444 (9.018) 0.983
BMI(kg/m2) 40.385 (9.212) 27.322 (7.687) �0.001**

Waist
circumference(cm)

108.712 (38.198) 91.222 (18.252) 0.050

Fat mass (kg) 42.82 (19.8) 27.52 (13.9) 0.005**

Systolic blood
pressure(mmHg)

135.5 (20.506) 128.778 (19.368) 0.276

Diastolic blood
pressure(mmHg)

74.923 (12.579) 73.778 (14.132) 0.784

Current smoking(no/
former/yes)

12/6/8 9/7/2 0.254

Total cholesterol(mg/dl) 187.462 (42.296) 209 (34.626) 0.071
HDL--cholesterol(mg/dl) 51.231 (14.949) 58.889 (15.733) 0.114
Triglyceride(mg/dl)* 4.442 (0.577) 4.401 (0.479) 0.800
Glucose AUC(mg/dl/

min)
17 062.462 (5255.036) 14 964.167 (4223.845) 0.151

Insulin AUC(mU/liter/
min)

7650.358 (6131.49) 8791.389 (8591.502) 0.635

HOMA-IR(mean � SD) 3.473 (2.747) 2.512 (3.502) 0.337
Aspartate

aminotransferase(U/
liter)

18.077 (12.977) 7.765 (12.794) 0.015**

Alanine
aminotransferase(U/
liter)

30.577 (13.822) 18.722 (3.77) �0.001**

�-glutamyltransferase(U/liter) 32.077 (23.394) 24.722 (23.649) 0.315
Ultrasensitive CRP(mg/

dl)
0.715 (0.859) 0.289 (0.373) 0.031**

LBP(ng/liter) 29.003 (12.417) 20.502 (10.559) 0.019**

Hepatic steatosis(no/
yes)

7/19 15/3 0.001**

cIMT(mm) 0.78 (0.165) 0.664 (0.197) 0.049**

WAIS-III vocabulary
subtest

38.533 (12.27) 46.182 (4.895) 0.041**

WAIS-III digit span
subtest

14.2 (3.59) 16.333 (3.676) 0.143

WAIS-III picture
arrangement subtest

34.267 (2.52) 33.583 (3.63) 0.586

WAIS-III picture
completion subtest 1

18.533 (8.943) 17.792 (7.344) 0.815

WAIS-III picture
completion subtest 2

18.233 (8.664) 18.542 (6.72) 0.918

Trail making test(part
A)

49.267 (18.591) 29.909 (11.167) 0.003**

Trail making test(part B) 107.533 (28.2) 107.909 (68.12) 0.987
Stroop

Neuropsychological
Screening Test

56.2 (8.385) 55.909 (9.268) 0.935

Iowa Gambling Task 47.4 (6.243) 44.818 (8.658) 0.412
Wisconsin Card Sorting

Test
54 (5.774) 11.6 (1.265) 0.001**

Abbreviations: AUC, area under curve; BMI, body mass index; cIMT, carotid intima-media thickness; CRP, C-reactive protein; HDL, high density
lipoprotein; HOMA-IR, homeostasis model of assessment-insulin resistance; LBP, lipopolysaccharide-binding protein; WAIS-III, Wechsler Adult
Intelligence Scale–Third Edition. *this variable was log transformed. **Parameters with P � 0.05.
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94.4% specificity, 94.7% PPV, and 68% NPV (AUC:
0.829;P � .005). The LBP cutoff that best discriminated
hypothalamic damage was 24.1ng/l, yielding 73% sensi-
tivity, 83.3% specificity, 86.3% PPV, and 68.1% NPV
(AUC:0.720;P � .031)(Supplemental Table 2).

Hypothalamic gray-matter loss defined as �1�1.072
significantly correlated with worse cognitive performance
(Table 1).

Discussion

Obesity is known to be associated with gray and white
matter changes, (10–13) and with hypothalamic inflam-
mation in experimental models (3–5, 7). Obesity is also
well known to affect cognitive performance (18, 19). To
our knowledge, this would be the first study exploring
cognitive function in association with hypothalamic in-
flammation in obese subjects. In this cross-sectional study,
lower mean hypothalamic �1 in obese subjects suggests
neuronal damage. Interestingly, the strongest predictor of
hypothalamic damage in the multivariate analysis was
combined BMI and ALT. Fat mass and insulin resistance
contributed independently to hypothalamic �1 variance.
Of note, even within obese subjects, fat mass was signif-
icantly associated with hypothalamic �1, and this was es-
pecially remarkable among women. Mueller et al had pre-
viously reported sex-dependent influences of obesity on
cerebral white matter (11). Other factors associated with
altered hypothalamic microstructure on DTI were the in-
flammatory markers CRP, LBP, and carotid intima-media
thickness. These findings support the idea that liver and
brain damage are interrelated with vascular status in obe-
sity-associated inflammation, contributing to comorbidi-
ties such as insulin resistance and cardiovascular disease.

Rapid-onset inflammation and reactive gliosis in the
hypothalamus of rodents consuming high-fat diets repre-
sents a response to neuronal injury, probably induced by
ischemia or excitotoxicity (3–5, 7). Detecting and quan-
tifying obesity-related hypothalamic damage in vivo rep-
resents a challenge. Longer hypothalamic T2 relaxation
times in mice on high-fat diets probably reflect increased
numbers of glial cells, reactive astrocytosis, and/or de-
creased neuronal populations (7). When visual assessment
detected no signal-intensity abnormalities in a study of 34
human subjects, Thaler et al (6) devised a quantitative
approach to compare mean signal intensity within ROIs in
the mediobasal hypothalamus using ratios with ROIs in
adjacent amygdalar tissue to show that obese individuals
had higher T2 hyperintensity in the mediobasal hypothal-
amus suggestive of gliosis.

DTI is promising for in vivo brain-damage assessment.

DTI-metrics express the degree of diffusion anisotropy
from obstacles limiting molecular movement in some di-
rections in brain tissue. We found that �1, rather than FA,
accurately discriminated obese subjects based on hypo-
thalamic microstructural changes. DTI-metrics probably
differ with the stage of disease. As FA is obtained from
eigenvalues representing relative differences in water dif-
fusivities along multiple axes, subtle alterations in micro-
architecture could be expressed first as a decrease in �1,
because the largest eigenvalue will point in the direction of
the largest diffusion coefficient; thus, �1 could detect early
changes in hypothalamic glia better than FA, which would
decrease later. Altered DTI-metrics do not prove gliosis,
because edema or tumor would yield similar results. How-
ever, we excluded subjects with evidence of neurological
abnormalities, making these alternative explanations un-
likely. Furthermore, as in animal models, the signal sug-
gestive of gliosis correlated positively with BMI but not
with age or sex. The association with obesity was strong,
lending translational relevance to preclinical studies by
suggesting that hypothalamic neuronal injury and associ-
ated gliosis are also present in human obesity; therefore,
DTI is a promising technique to detect and follow up these
endpoints.

Our correlations between hypothalamic structural
changes and cognitive tests agree with studies showing
worse executive function after hypothalamus-pituitary-
adrenal axis dysfunction (20). The hypothalamus is cru-
cial for emotional regulation and vital functions, but it
also has numerous bidirectional connections with other
subcortical and cortical areas; (20, 21) moreover, animal
and human studies demonstrate projections from the hy-
pothalamus to all prefrontal regions (22). The hypothal-
amus is also linked to the hippocampus, amygdala, and
insular cortex—regions usually associated with cognitive
and executive functions (21). This complex system enables
close integration of cognitive and emotional information
and might explain the hypothalamus’s role in cognitive
performance.

Our study has limitations, including the relative small
sample size. Future studies with larger samples will allow
regression analyses to assess associations in greater detail.
The hypothalamus’ size and location make it susceptible
to motion distortion and partial-volume effects. However,
the good intraobserver reliability for DTI-measurements
and their correlation with cognitive performance suggest
DTI detects obesity-induced hypothalamic damage, al-
though this must be confirmed histologically in experi-
mental models. Monitoring hypothalamic changes over
time might help define the course and potential reversibil-
ity of hypothalamic damage. A longitudinal study, fol-
lowing primary hypothalamic eigenvalues and metabolic
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parameters over time in patients at high risk for obesity is
required to substantiate these findings. We cannot say
whether hypothalamic damage is involved in the patho-
genesis of obesity or is simply a marker of obesity or as-
sociated conditions like HOMA-IR or obstructive sleep
apnea (OSA). We collected no data on years’ education, an
important predictor of cognitive performance.

In conclusion, our preliminary data indicate that �1

could be useful for assessing hypothalamic damage in
obese individuals. Given that the hypothalamus plays a
pivotal role in the control of food intake and energy ex-
penditure, this approach may offer new perspectives in
further studies aimed at detecting obesity-induced hypo-
thalamic damage and in attempts to predict the response
to different treatments.
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