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The hypothalamus is important in hunger and metabolism. Although a lot is known about the basic role of the human
hypothalamus, less is known about how the in vivo volume is affected in obesity, particularly among adolescents. Based on pediatric
body mass index percentiles, 95 participants were assigned to lean or obese groups. All subjects had medical evaluations, including
fasting blood tests, to assess insulin sensitivity and circulating CRP and neurotrophins (NGF and BDNF) and an MRI of the
brain. Hypothalamic volumes were measured by a segmentation method combining manual and automated steps. Overall, obese
participants had descriptively smaller hypothalamic volumes, although this difference did not reach statistical significance; however,
among obese participants, females had significantly smaller hypothalamic volumes than their male counterparts. There was a
significant interaction between insulin resistance and sex on hypothalamus volume; obese females with significant insulin resistance
have smaller hypothalamic volumes than obese males. Obese adolescents had higher circulating CRP and neurotrophin levels.
Furthermore, among obese females, BDNF concentrationswere inversely associatedwith hypothalamus volumes (𝑟 = −0.48). Given
this negative association between BDNF and hypothalamus volumes among obese insulin-resistant females, elevated neurotrophin
levels may suggest an attempt at protective compensation.

1. Introduction
The prevalence of obesity is increasing at an alarming rate
worldwide. In theUnited States, this trend is especially alarm-
ing in children and adolescents. According to the Centers for
Disease Control, in 2008, 18.1% of adolescents (12–19 years
old) were considered obese, which is 3-fold higher than that
in the 1980s [1]. Adolescent obesity is a strong predictor
of adulthood obesity as excessive weight gain occurring in
adolescence is unlikely to decrease over time [2]. Obesity
can lead to many comorbid conditions such as hypertension,
atherosclerosis, and type 2 diabetes [3], and weight gain
during adolescence may increase the risks for these morbidi-
ties in adulthood [4]. Furthermore, obese adolescents with
type 2 diabetes, as well as those with metabolic syndrome,
show reductions in cognitive performance and white matter
microstructural integrity [5]. Reductions in hippocampal
volumes and increases in global brain atrophy are also

observed in these adolescents with clinical and preclinical
metabolic diseases [5–7]. Unlike the hippocampus, little is
known about the impact of obesity on the in vivo volume
of the hypothalamus. The hypothalamus is a small but
complex andmultifunctional area of the brain that is involved
in autonomic, endocrine, and behavioral functions. It is
comprised of several nuclei that serve specific functions such
as food intake and metabolic control [8–10]. The working
model for hypothalamic regulation of food intake and energy
balance is the set-point theory [11], and obesity may be
associated with an elevated set point [12], which differs
between individuals and may fluctuate throughout one’s life
[13]. Given the importance of the hypothalamus in the control
of nutrient intake andmetabolism [14] and since themajority
of hypothalamus and obesity studies have been conducted
utilizing animal models [15, 16], the need for human studies
is pressing.
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There is evidence that more female adolescents are diag-
nosed with type 2 diabetes than male adolescents [17]. It
is known that females with type 2 diabetes, despite better
glucose control than males with diabetes, have greater hip-
pocampal volume reductions than those observed in males
[18]. In addition, females with type 2 diabetes are at greater
risk for cardiovascular disease, increased risk of mortality
from coronary heart disease, and end-stage renal disease
than age- and weight-matched males [19–21]. Furthermore,
females are also more likely than their male counterparts
to have dyslipidemia [22–24]. Given the strong connection
between obesity and hypothalamic inflammation [25–27],
as well as the higher rates of inflammation among females
[28, 29], ascertaining whether obesity impacts hypothalamic
volumes and whether females are disproportionately affected
is of considerable interest and could be a significant contri-
bution to the field.

Obesity is considered a chronic inflammatory condition
[30]. Neurotrophins, such as brain-derived neurotrophic
factor (BDNF) and nerve growth factor (NGF), protect
neurons from inflammatory events [31]. The hypothalamus
and hippocampus contain the highest levels of BDNF expres-
sion [32]. BDNF gene expression, which is mediated by
NGF, increases in response to inflammation and is involved
in many conditions, such as inflammatory bowel disease
[33, 34] and age-associated myocardial injury [35]. Previous
studies show conflicting data regarding BDNF expression in
obese adolescent populations, with some studies reporting
BDNF reductions in obese subjects [36] and others reporting
elevations [37]. Although a previous report demonstrated
that late pubescent boys have greater BDNF levels than late
pubescent girls, this was based on a small sample size. In
contrast, adult women have been reported to have higher
BDNF levels than men [38]. A previous study reported ele-
vated serum BDNF levels in female adults with type 2
diabetes compared to healthy female controls [39]. In addi-
tion, elevations in NGF have been associated with obesity
and metabolic syndrome in women [40]. Furthermore, our
group has reported that although adult women with obesity-
associated impaired insulin function have lower BDNF levels
overall, those with poorer memory performance had higher
BDNF levels, perhaps as a compensatory mechanism [41]. A
recent study [42] illustrated differences in the inflammatory
profile seen in obese adolescents compared to what is seen
in obese adults, although acute-phase reactants, such as C-
reactive protein (CRP) and fibrinogen, were elevated in obese
adolescents compared to lean controls, consistent with adult
literature [43–46]; no such differences were seen in pro-
or anti-inflammatory cytokines. For these reasons, we were
interested in ascertaining whether there may be differences
in neurotrophins, even though differences in cytokines were
not observed.

We hypothesized that although increased BMI and waist
circumference (and their associated increases in inflamma-
tory cytokines) were associated with smaller adult hypotha-
lamic volumes, given the lack of clear elevations in inflam-
matory cytokines in obese adolescents, obese adolescents’
hypothalamic volumes will be indistinguishable from those
of healthy weight adolescents. Further, we also proposed

that compensatory mechanisms, such as possible increases
in peripheral neurotrophin concentrations, which have been
shown to reflect central BDNF levels [47], may protect the
hypothalamus from injury and contribute to the hypoth-
esized absence of hypothalamic volume reductions among
obese adolescents. However, given the sex-specific increases
in inflammation and the greater vulnerability of the female
brain to metabolic-related damage, we further hypothesized
that the associations between excess weight and hypothala-
mic volumes may differ by sex among adolescents. To test
these hypotheses, we performed MRI-based hypothalamic
and third ventricle volume measurements by utilizing a
modification of other published methods [48–52] and ascer-
tained whether group or sex differences were influenced by
differences in inflammatory markers and neurotrophins.

2. Methods

2.1. Participants. Thirty-two lean and 63 obese adolescents,
well-matched on age (calculated by subtracting the partici-
pants’ self-reported birth date from the date of their first visit
to our laboratory), sex, ethnicity (self-reported according to
NIH standards; please see http://grants.nih.gov/grants/fund-
ing/women min/race ethnicity qa.htm#1027), and socioeco-
nomic status [53], were included in the study (Table 1).
The subjects were consecutive cases evaluated as part of
an NIH-sponsored study approved by the New York Uni-
versity School of Medicine Institutional Review Board. All
of the participants (and if they were under 18 years of
age, one of their parents) signed informed consent and
received compensation for their time and inconvenience.
Potential participants were screened to rule out exclusionary
preexisting medical (hypertension, dyslipidemia, polycystic
ovary disease, or insulin resistance were permitted) and
psychiatric conditions. Additionally, potential subjects were
excluded if they had a history of significant head trauma,
hydrocephalus,mental retardation, or neurological disorders.
Because we excluded individuals with a history of neuro-
logical and psychiatric diseases prior to entering the study,
we did not encounter any brain abnormalities that were
exclusionary. Potential participants were also excluded if they
were on medication other than cholesterol, diabetes, hyper-
tension, and/or asthma. Namely, psychoactive medications
and corticosteroids were excluded. Among the type 2 diabetic
participants, medications included netformin, Novolog, and
Glucophage. Participants’ height (Seca 220, Germany) and
weight (Seca 700, Germany) weremeasured during a physical
examination. Those who were 18 years and older with a body
mass index (BMI) ≤ 24.9 kg/m2 were considered lean, and
participants with a BMI ≥ 30 kg/m2 were included in the
obese group. Participants who were younger than 18 and had
a BMI-for-age < 85th percentile and ≥95th percentile were
considered lean and obese, respectively. None of the partic-
ipants were on medications (i.e., anti-inflammatory drugs,
beta agonists) that could confound our results. Participants
with a CRP > 10mg/L were excluded from CRP analyses,
because we could not exclude that they were due to a minor
infection (such as acne) and not reflective of chronic low-
grade proinflammatory state.
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Table 1: Group demographics.

Lean
(𝑛 = 32)

Obese
(𝑛 = 63) 𝑃-value

Age (years) 17.3 ± 1.6

(14.3–20.1)
17.5 ± 1.8

(14.3–21.6) .79

Sex (% female) 59.2 61.9 .81

Grade 11.8 ± 1.9

(9.0–16.0)
11.6 ± 1.7

(8.1–16.1) .57

Socioeconomic status 2.6 ± 1.4 2.1 ± 1.2 .19

BMI (kg/m2) 21.1 ± 2

(17.44–24.9)
37.7 ± 5.9

(27.8–49.8) <.001

BMI percentile 50.9 ± 22.5

(9.0–79.9)
98.2 ± 1.3

(95.2–99.9) <.001

Waist circumference (cm) 75.3 ± 6.2(66.0–88.0)
112.9 ± 13.4

(88.0–147.0) <.001

Waist:height 0.4 ± 0.0

(0.39–0.5)
0.7 ± 0.1

(0.51–0.82) <.001

Glucose (mg/dL) 74.6 ± 6.9

(62.0–89.0)
97.4 ± 55.2

(62.0–343.0) .004

Insulin (IU/mL) 7.1 ± 3.3

(2.0–15.2)
22.8 ± 19.2

(2.2–123.0) <.001

HOMA-IR 1.3 ± 0.6

(0.36–2.5)
5.5 ± 5.5

(0.52–33.4) <.001

Hemoglobin A1C (%) 5.2 ± 0.4

(4.6–6.8)
6.2 ± 2.1

(4.7–14.6) .001

Triglycerides 67.7 ± 45.9

(25.0–165.0)
93.9 ± 45.9

(24.0–228.0) .002

Total cholesterol (mg/dL) 157.3 ± 29.9(100.0–212.0)
166.2 ± 30.3

(113.0–263.0) .18

HDL (mg/dL) 55.4 ± 11.3

(35.0–80.0)
42.3 ± 9.4

(26.0–66.0) <.001

LDL (mg/dL) 88.5 ± 24.9

(45.0–139.0)
103.4 ± 25.7

(59.0–164.0) .01

CRP (mg/L) 0.8 ± 1.7

(0.05–9.30)
3.2 ± 2.4

(0.3–9.90) <.001

Fibrinogen (mg/dL) 285.8 ± 42.0

(220.0–376.0)
349.8 ± 77.7

(189.0–565.0) <.001

Systolic BP (mmHg) 100.2 ± 8.1

(88–118)
116.0 ± 13.1

(96–160) <.001

Diastolic BP (mmHg) 61.8 ± 5.6

(50–80)
68.1 ± 9.0

(52–100) <.001

Data are presented as mean ± SD (min–max).

2.2. Classification of Participants into Those with and without
Insulin Resistance. Bydefinition, adolescentswith a diagnosis
of type 2 diabetes mellitus have marked insulin resistance.
Also, because adolescents with type 2 diabetes can in most
cases still mount a strong insulin response, they have a
high degree of fasting insulinemia. Adolescents without type
2 diabetes were considered insulin resistant if they had a
homeostasis model assessment of insulin resistance (HOMA-
IR) score, an estimate of insulin resistance determined from
fasting insulin and glucose values, ≥3.99 [54–56]. For all
fasting blood draws, participants were instructed not to
consume any food or beverage, with the exception of water,
after 10:00 pm. the night prior to blood collection. This

resulted in 10–12 hours of fasting. Furthermore, given that
in our experience obese adolescents with type 2 diabetes
and those with marked insulin resistance and metabolic
syndrome have very similar brain structural abnormalities
[5, 7], we placed obese adolescents with type 2 diabetes and
those withmarked insulin resistance into one group for some
analyses.

2.3. Blood Collection. Following 10–12 hours of fasting,
blood was collected from all participants at 09:00 am in a
standardized fashion. Standard blood tests, such as cellu-
lar blood count with differential, comprehensive metabolic
profile including glucose and insulin levels, lipid profile,
hemoglobinA1C, CRP, and fibrinogen levels, were performed
at the NYU Medical Center Clinical Laboratories. The high-
sensitivity (cardio) CRP level was measured using an enzy-
matic immunoassay slide (VITROS CRP, Ortho Clinical
Diagnostics). Using blood samples collected in fluorinated
tubes, the fasting blood glucose level was measured using
a glucose oxidase method (VITROS 950 AT, Johnson &
Johnson), and insulin was assayed using chemiluminescence
(Advia Centaur, Bayer corporation). Total cholesterol, high
density lipoprotein (HDL-C), low-density lipoprotein (LDL-
C), and triglycerides levels were analyzed using chemistry
slides (VITROS DT, Johnson & Johnson). The glycated-
hemoglobin level was measured using an automated method
(HPLC, Tosoh Corporation) certified by the National Gly-
cohemoglobin Standardization Program. In addition to the
blood samples used for the clinical labs, samples were colle-
cted in EDTA tubes, placed immediately on ice, and spun
at 4∘C at 2,300 RPM for 10 minutes, and the plasma was
stored at −80∘C for neurotrophin assays (see below), which
were performed at the NYU Clinical Translational Science
Institute core laboratory.

2.4. CirculatingNeurotrophinMeasurements. Plasma samples
previously stored at −80∘C were thawed on ice. Enzyme-
linked immunosorbent assays (ELISA) usingmultiplex plates
(Millipore, Billerica, MA, USA) were performed on a subset
of the population (18 lean and 31 obese). The plates arrived
from the manufacturer precoated with antibodies to the
proteins of interest. Plasma samples were loaded onto the
plates per the manufacturer’s instructions (50 𝜇L of plasma
was used) and read on a Luminex plate reader (Austin, TX,
USA) which detects fluorescent intensity. Protein concen-
tration was determined by comparing the unknown sample
concentrations to those of a standard curve. The coefficients
of variance were between 7.2 and 9.4%.

2.5. Magnetic Resonance Imaging

2.5.1. Brain MRI Acquisition. All participants were scanned
on the same 1.5T Siemens Avanto MRI system (Siemens
Healthcare, Malvern, PA, USA) utilizing identical sequence
parameters. For the volume measurements, a T1-weighted
magnetization-prepared rapid acquisition gradient echo
(MPRAGE) sequence was acquired in the coronal patho-
logical angle (TR 1300ms; TE 4.38ms; T1 800ms; FOV
250 × 250; 196 slices; slice thickness 1.2mm; NEX 1; flip



252 Disease Markers

AC

OC

Anatomical

A
nt

er
io

r

(a)

ROI

(b)

OT
3V

MB

OT

Po
ste

rio
r

(c) (d)
Figure 1: Anatomical landmarks for the determination of the hypothalamus and third ventricle (3V) regions of interest (ROIs). (a) Ante-
riormost coronal view showing the anterior commissure (AC) and optic chiasm (OC). (b) Hypothalamus (red), third ventricle (3V, blue), and
anterior commissure and posterior commissure (AC-PC) plane (green) ROIs on the anteriormost coronal slice of the hypothalamus region.
(c) Posteriormost coronal view showing the 3V, mammillary bodies (MB), and optic tracts (OT). (d) Hypothalamus, 3V, and AC-PC plane
ROIs on the posteriormost coronal slice of the hypothalamus region.

angle 15∘). To rule out white matter diseases and to ensure
that subjects met the inclusion and exclusion criteria, fast
fluid-attenuated inversion recovery (FLAIR; TR 9000ms;
TE 97ms; FOV 210 × 201; 1 average and 2 concatenations;
flip angle 145∘) images were used. Subjects with evidence of
infarcts, hemorrhages, intracranialmasses, hydrocephalus, or
significant whitematter lesions were excluded from the study.

TheMPRAGE imageswere intensity normalized and then
used to define operator-based regions of interest (ROIs) for
the volumetric analyses. All ROIs were drawn blind to par-
ticipants’ identity, endocrine data, and group membership.
Reformatted sagittal images were created, and the dural and
cerebellar tentorium margins were outlined across multiple
slices to estimate intracranial vault (ICV) size, whichwas then
used to correct for head-size variations across participants.
For more details, refer to Gold et al. [57].

2.5.2. Volumetric Hypothalamus Measurements and Deter-
mination of Boundaries. By building on several established
methods [48–52], we utilized an in-house manual drawing
program (MIDAS.1.11) to create the ROI for the hypotha-
lamus on coronal slices. We defined the anterior boundary
of the hypothalamus as the first coronal slice, where the
complete anterior commissure (AC) was visualized crossing
the interhemispheric space (Figures 1(a), 1(b), and 1(d)). As
the majority of hypothalamic nuclei are located anterior to
the mammillary bodies, we defined the posterior boundary

of the hypothalamus as the coronal slice that included the
posteriormost aspect of the mammillary bodies (Figures 1(c)
and 1(d)) [58].

The superior boundary of the hypothalamus was defined
as the horizontal plane that connects the anterior and the
posterior commissures (AC-PC plane). The PC was found
approximately 24mm (about 20 coronal slices) posterior to
the coronal plane, where the AC bisected the interhemi-
spheric plane (the anterior boundary of the hypothalamus).
By using a volume of interest function in MIDAS.1.11, the
AC and PC were connected and the superior boundary plane
was visible on all of the coronal planes spanning the AC-PC
distance (Figures 1(b) and 1(d)). The inferior boundary on
anterior slices was the center of the optic chiasm (excluding
the infundibular stalk) (Figures 1(a) and 1(b)). On posterior
sections, the inferior boundary of the hypothalamus region
was defined as the ventralmost aspect of the mammillary
bodies (Figures 1(c) and 1(d)).

We utilized the optic tracts as a readily identifiable lateral
margin level for the hypothalamus (Figures 1(b), 1(c), and
1(d)).Thewhitematter that demarcates the histological lateral
boundaries of the hypothalamus is not readily visible on
the MRI. By using the optic tracts, which are positioned
lateral to this white matter, and coupling the lateral boundary
defined by the optic tracts with an automated gray-white
segmentation within these boundaries (see below), we were
able to increase our interrater reliability. In most cases
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(a) (b) (c)
Figure 2: Sagittal and coronal views of the gray matter segment and hypothalamus regions of interest (ROIs) after intersection. (a) Medial
sagittal and inset views of the hypothalamus ROI. (b) Anteriormost and (c) posteriormost coronal slices of the hypothalamus ROI. Volume
of the hypothalamus was obtained by summing the volume of all the sections, where the hypothalamus between (and including) sections is
depicted in (b) and (c).

the hypothalamus, so defined, spanned 96–120mm in the
anterior-posterior dimension (8–10 coronal sections).

To utilize the volume of the third ventricle as a
related (albeit separate) measure of hypothalamic structural
integrity, we utilized the same anterior, posterior, superior,
and inferior boundaries of the hypothalamus and drew
lateral boundaries on the third ventricle that included some
gray matter as well as all the easily identified CSF (Figures
1(b) and 1(d)). A precise lateral boundary was not needed
given that a segmentation step, which will be described in
detail immediately below, would remove the extraneous gray
matter.

The brains were segmented into gray matter and white
matter and CSF using Statistical Parametric Mapping 2
(SPM2) software (University College London, London, UK)
andMatlab 6.0 (MathWorks, Natick, MA, USA). Our thresh-
olds for gray matter and CSF were set to intensities between
0.50–1.00 and 0.75–1.10, respectively. The hypothalamic ROI
was intersected with the graymatter segment.Those portions
that were not included represented the white matter tracts
adjacent to the hypothalamus on each slice (Figure 2). Any
gray matter that appeared lateral to these unbiased and
automatically determined white matter tracts was manually
removed. The third ventricle ROI was intersected with the
CSF segment without subsequent manual removal of excess
CSF.These procedures generated the hypothalamus and third
ventricle volumes.

To estimate the interrater reliability of our method,
two investigators independently performed themeasurement
on 10 randomly selected cases. Interrater reliability was
assessed for the middle slice of the hypothalamic region (if
the hypothalamus was present on an odd number of slice
sections, the middle slice was chosen; if the hypothalamus
was present on an even number of slices, the anterior slice
of the two possible slices was chosen) as well as for the entire
hypothalamic volume. The interclass correlation coefficients
(ICC) for the middle slice and total hypothalamus volumes
were 0.86 and 0.91, respectively.

2.6. Statistical Analysis. Data were analyzed using SPSS for
Windows version 19.0 (SPSS, Inc., Chicago, IL, USA). The
Kolmogorov-Smirnov and Shapiro-Wilk tests were used to
test for normality. Independent 𝑡-tests, with a 95% confidence
interval, were used to investigate groupdifferences inHOMA,
total cholesterol, HDL, LDL, fibrinogen, systolic blood pres-
sure, intracranial vault volumes, and residualized hypotha-
lamus and third ventricle volumes. The Mann-Whitney 𝑈
test, with a nonparametric 95% confidence interval, was used
to investigate group differences in nonnormally distributed
variables. A Pearson correlation coefficient was used to assess
the relationship between circulating BDNF measurements
and hypothalamus volumes (accounting for ICV, residual-
ized) in the obese group. In the linear and hierarchical
regressions investigating the interaction between the effects
of sex, BMI, and HOMA-IR on hypothalamus volume,
sex, ethnicity, and blood pressure were used as potential
confounds. To adjust for head-size variability, hypothalamus
and third ventricle volumes were adjusted (residualized) to
ICV size using analysis of variance.

3. Results

3.1. Demographic Data. There were no significant group dif-
ferences in age, sex, and socioeconomic status. As expected,
obese adolescents had significantly higher BMI, waist cir-
cumference, and waist-to-height ratios compared to the lean
group (𝑃 < .001). Additionally, obese adolescents had higher
fasting glucose (𝑃 = .004), hemoglobin A1C, fasting insulin,
CRP, fibrinogen, and HOMA-IR values (all 𝑃 < .001). The
obese group also had lower HDL, higher LDL and triglyc-
erides concentrations, and higher blood pressure than the
lean group (Table 1). None of the adolescents in the lean
control group met criteria for significant insulin resistance
(type 2 diabetes or HOMA-IR ≥ 3.99), whereas within the
obese group, 40 (23 females and 17 males) adolescents (63%)
fulfilled this criterion. Obese insulin-resistant adolescents, in
addition to the expected differences in HOMA-IR, fasting
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Table 2: Hypothalamus and third ventricle volume.

Lean (𝑛 = 29) Obese (𝑛 = 62) 𝑃 value
Hypothalamus (cc) 1.48 ± 0.12 1.54 ± 0.22 .11
Third ventricle (cc) 0.24 ± 0.06 0.23 ± 0.11 .94
Intracranial vault (cc) 1213.3 ± 130.7 1192.5 ± 132.6 .25
Data are presented as absolute volumetric mean ± SD. Comparisons for
hypothalamus and third ventricle were performed on intracranial vault-
residualized volumes to yield the results in the table. Four subjects (1 lean
female, 2 obese males, and 1 obese female) did not have MRI data.

insulin, fasting glucose, and hemoglobin A1C values from
the noninsulin-resistant obese adolescents, also differed on
BMI, waist circumference, triglycerides, and systolic blood
pressure. LDL, HDL, CRP, and fibrinogen did not differ
between these two obese subgroups.

3.2. Neurotrophin Concentrations. The subgroup with avail-
able neurotrophin data did not differ from the group that did
not have these data in age, sex, or obesity status Circulating
concentrations of BDNF were significantly higher in the
obese group (mean ± SD, min–max) (230.82 ± 125.3, 45.9–
535.0) compared to the lean group (129.83±48.7, 20.4–210.0)
(𝑃 < .001), whereasNGFwas not statistically significant (lean
3.83 ± 1.78, 0.42–7.24; obese 4.62 ± 2.3, 1.81–11.50) (𝑃 = .88).
No sex differences were found when comparing all males
and females or when comparing the lean and obese groups
separately.

3.3. Hypothalamus Volumes. The hypothalamic volumes
obtained were in keeping with those expected from histo-
logical studies [59]. See Table 2 for the group mean vol-
umes. Please note that Table 2 describes the absolute volume
measurements. There was a significant correlation between
hypothalamus and ICV volumes (𝑟 = .36,𝑃 = .001 for all par-
ticipants; 𝑟 = .44, 𝑃 < .001 for obese participants), therefore,
volumetric analyses were performed utilizing ICV-adjusted
(residualized) hypothalamus volumes. Overall, obese par-
ticipants had descriptively smaller hypothalamic volumes,
although they did not differ statistically (𝐹 = 3.82, 𝑃 = .107,
and df = 89). Similarly, there were no overall weight group
differences in the middle hypothalamus slice volume. The
volume of the third ventricle and ICV also did not differ
between groups (Table 2). Given the reported sex-associated
differences in inflammation as well as the higher rate of
medical and brain complications from metabolic disease
among women, despite the lack of overall hypothalamus
obesity group difference, we explored whether there were sex
differences in hypothalamus volume separately for each of
the two BMI groups. We found that relative to obese males,
obese females had smaller hypothalamic volumes, (𝑃 =
.037) (Table 3). No such sex differences existed among lean
individuals. Furthermore, lean and obese males and lean and
obese females also did not differ in hypothalamic volumes.

There was a significant inverse relationship between
BDNF levels and residualized hypothalamus volumes in
obese girls (𝑟 = −0.48, 𝑃 = .045), whereas none existed in
obese boys (𝑟 = −0.12, 𝑃 = .69) (Figure 3). We found no

Table 3: Hypothalamic volumes divided by group and sex.

Male Female 𝑃 value

Lean (𝑛 = 11) (𝑛 = 18)
Hypothalamus (cc) 1.50 ± 0.04 1.44 ± 0.03 .81
Intracranial vault (cc) 1316.5 ± 101.9 1142.6 ± 97.7

Obese (𝑛 = 23) (𝑛 = 39)
Hypothalamus (cc) 1.60 ± 0.04 1.48 ± 0.03 .043
Intracranial vault (cc) 1263.1 ± 141.0 1147.3 ± 105.8

Data are presented as absolute volumetric mean ± SD. Comparisons were
performed on intracranial vault-residualized volumes to yield the results in
the table. Please note that there were significant ICV differences between
males and females in general as well as for each weight group separately. Four
subjects (1 lean female, 1 obese male, and 2 obese females) did not have MRI
data.
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Figure 3: Relationship between BDNF concentration and hypotha-
lamic volume in obese subjects. Plasma BDNF was measured
by ELISA using a multiplex plate. Hypothalamic volumes were
residualized to ICV volumes to account for individual head-size
variability (𝑛 = 18 females and 13 males). Obese females and obese
males are represented by closed and open diamonds, respectively.

association between hypothalamic or third ventricle volumes
with either of our two markers of low-grade inflammation,
CRP, and fibrinogen, or NGF (data not shown).

3.4. Sex and Significant Insulin Resistance Contribute to Hypo-
thalamic Volume. A factorial ANOVA, performed on the
whole dataset, revealed a significant interaction between the
effects of sex and insulin resistance on residualized hypotha-
lamic volume, (𝐹(1, 87) = 11.92, 𝑃 = .001) (Figure 4). Sim-
ple effect analysis showed that there were significant hypotha-
lamus volume differences in the group with insulin resistance
(𝑛 = 23 females and 16 males; 𝑃 = .001), but there was
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Figure 4: Interaction between sex and insulin resistance on
hypothalamic volume. “Lean Control” (𝑛 = 34 females and 18
males), represented by closed circles, are lean adolescents without
evidence of tissue insulin resistance. “IR/T2DM” (𝑛 = 23 females
and 16 males), represented by open circles, are obese adolescents
with either marked insulin-resistance but not diabetes and/or obese
adolescents with type 2 diabetes mellitus.

no sex difference in the lean controls (𝑛 = 34 females and
18 males; 𝑃 = .19). There was no interaction between the
effects of sex and BMI on hypothalamic volume (𝑃 = .15)
in the insulin-resistant group when a factorial ANOVA was
performed. These interactions and results persisted when
BMI and HOMA were used as continuous variables.

4. Discussion

To our knowledge, this is the first report of volumetric
differences in the hypothalamus between obese male and
female youth. Overall, obese participants had descriptively
smaller hypothalamic volumes, although they did not differ
statistically. However, when divided further by sex, obese
females had significantly smaller ICV-adjusted hypothala-
mic volume than obese males. Moreover, this sex effect
is driven by metabolic dysregulation (those with type 2
diabetes or insulin resistance short of diabetes having the
smallest volumes) and is associated with circulating BDNF
concentrations.

Measuring the volume of the hypothalamus in vivo
presents significant challenges. Unlike the hippocampus, the
hypothalamus is not a discrete structure but rather a group
of nuclei. Building on the work of other groups [48–51], we

utilized a method that allowed us to very reliably measure
the volume of the hypothalamus. By using a clearly opera-
tionalized anatomical approach in conjunctionwith unbiased
automated segmentation, we were able to clearly separate
out the hypothalamus from the surrounding white matter.
Utilizing clearly defined anatomical boundaries, assisted by
unbiased segmentation to highlight the hard-to-see white
matter tracks, resulted in high interrater reliability with an
ICC of 0.86 and 0.91 for the middle slice volume and total
hypothalamus volume, respectively. Previous work from our
lab shows that obesity and insulin resistance have detrimen-
tal effects on several regions of the brain, specifically the
orbitofrontal cortex, hippocampus, frontal lobe, and amyg-
dala [6, 18, 60–62]. Furthermore, females with type 2 diabetes
have significantly smaller hippocampal volumes than age-
matched males with type 2 diabetes, despite the females
being in overall better glucose control [18]. In addition to
adverse effects on the brain, adult women, ranging from 20–
70 years of age, are more susceptible to metabolic syndrome
and cardiovascular disease than men [63, 64]. Furthermore,
females tend to have a higher levels of inflammatory markers
than males [28, 29], and the hypothalamus is particularly
sensitive to damage caused by inflammation [25].

Less is known about the differential sex impact of obesity-
mediated insulin resistance on brain in the youth. Never-
theless, the evidence in adults outlined above is in keeping
with our current findings that obese adolescent females
with marked insulin resistance have smaller hypothalamus
volumes than their obese male counterparts. The volumetric
differences are likely the result of an interaction between sex
and insulin resistance, as shown by the very significant inter-
action shown in Figure 4. Association between inflammation
and hypothalamus damage has been reported in animals
[65–67], and there is some preliminarily data in humans
[65]. However, we and others have failed to find evidence
of clear association between obesity/insulin resistance and
cytokine elevations [42], so whether low-grade inflammation
affects hypothalamic volumes in the youth remains to be
determined. With that being said, although obesity has been
clearly associated with elevations in acute-phase reactants
during adolescence, we failed to find any association between
high-sensitivity CRP and hypothalamic volumes.

Another possible mechanism that may contribute to the
observed volumetric differences is changes in vessel integrity.
It is well established that obesity has a deleterious effect
on endothelial function [68, 69]. It is possible that altered
endothelial function in vessels that supply certain vulnerable
brain regions could play a role in the decreased hypothalamic
volumes described here.

Conditions that result in increased inflammation, such as
irritable bowel disease, are often associated with increases in
neurotrophic factors [33, 34].This increase in neurotrophins,
particularly BDNF,may in part occur to protect neurons from
inflammatory damage [31]. Our obese adolescents, similar
to previous reports in obesity [70, 71], showed increased
levels of circulating CRP and fibrinogen, as well as elevations
in BDNF (Figure 3). Neurotrophins are also associated with
eating behavior [72–74]. Mice deficient in BDNF become
hyperphagic [73], and low circulating levels of BDNF can lead
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to anorexia nervosa or trigger episodes of binge eating [74].
Obese adolescents had higher concentrations of circulating
BDNF. It is possible that these increases represent a compen-
satory mechanism, to both protect the brain from injury and
to be an attempt to decrease food consumption. Although
previous studies have inconsistently associated BDNF levels
with adolescent obesity, given that the adolescents in the
present study were in average of 17.5 years of age, these
increased BDNF levels may reflect adult-like compensatory
mechanisms in response to excess weight [75]. Furthermore,
our obese females displayed a strong inverse relationship
between circulating BDNF levels and hypothalamic volumes.
It is important to note that obese females, after adjusting
for their smaller ICV sizes, did have smaller hypothalamic
volumes than obese males. This suggests that there may be
othermechanisms at work that the BDNF cannot compensate
for. For example, females are known to have more brain
abnormalities in diabetes despite being in better glucose
control than their male counterparts [18], so it is possible
that sex hormones, which are known to have direct effects on
obesity and adipose tissue [76], may also partly mediate these
sex differences.

Although this study has numerous strengths, such as
our high interrater reliability, the study is not without its
limitations. We utilized a cross-sectional design which does
not allow us to determine if obesity is the cause or result of
smaller hypothalamic volume in obese females compared to
obese males. Given that this is an in vivo human study, we
measured circulating neurotrophins instead ofmeasuring the
localized brain neurotrophins. Thyroxin, thyroid stimulating
hormone [77–79], and gonadotropin levels [80, 81], which
may be dysregulated by obesity and insulin resistance, were
not assessed in this study and should be evaluated in follow-
up studies.

Future efforts should try to identify which hypothalamic
nucleimay be compromised in obese youthwith insulin resis-
tance and whether with meaningful weight loss, which has
been shown to partially reverse hypothalamic dysfunction
[26], and reversal of insulin resistance, these volume changes
are reversed and whether the tissue recovery is associated
with reductions in the hypothesized compensatory BDNF
elevations.
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