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Abstract

Background/Objectives—Hypothalamic neurons play a major role in the control of body
mass. Obese subjects present radiologic signs of gliosis in the hypothalamus, which may reflect
the damage or loss of neurons involved in whole-body energy homeostasis. It is currently
unknown if hypothalamic gliosis (1) differs between obese nondiabetic (ND) and obese diabetic
subjects (T2D) or (2) is modified by extensive body mass reduction via Roux-n-Y gastric bypass
(RYGB).

Subjects/Methods—Fifty-five subjects (all female) including lean controls (CT; n=13), ND (n
=28), and T2D (n7= 14) completed at least one study visit. Subjects underwent anthropometrics
and a multi-echo MRI sequence to measure mean bilateral T2 relaxation time in the mediobasal
hypothalamus (MBH) and two reference regions (amygdala and putamen). The obese groups
underwent RYGB and were re-evaluated 9 months later. Analyses were by linear mixed models.

Results—Analyses of T2 relaxation time at baseline showed a group by region interaction only
in the MBH (£ < 0.0001). T2D had longer T2 relaxation times compared to either CT or ND
groups. To examine the effects of RYGB on hypothalamic gliosis a three-way (group by region by
time) mixed effects model adjusted for age was executed. Group by region (£ < 0.0001) and region
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by time (P=0.0005) interactions were significant. There was a reduction in MBH relaxation time
by RYGB, and, although the T2D group still had higher T2 relaxation time overall compared to
the ND group, the T2D group had significantly lower T2 relaxation time after surgery and the ND
group showed a trend. The degree of reduction in MBH T2 relaxation time by RYGB was
unrelated to clinical outcomes.

Conclusion—T?2 relaxation times, a marker of hypothalamic gliosis, are higher in obese women
with T2D and are reduced by RYGB-induced weight loss.

Introduction

Hypothalamic neurons play a major role in the control of body mass in both experimental
models and humans [1, 2]. Obesity is usually characterized by hypothalamic resistance to
the adipostatic hormones leptin and insulin, which leads to an imbalance between food
intake and energy expenditure [1, 3]. In animal models, this dysfunction may result from
hypothalamic inflammation and injury, which involves neuron apoptosis and reactive gliosis
—the activation of astrocyte and microglial cell populations [4-7]. Although plausible, there
is no direct evidence to date implying such a mechanism in the pathogenesis of human
obesity. A few functional magnetic resonance image (FMRI) studies suggested that
hypothalamic activity is dysfunctional in subjects with obesity or type 2 diabetes, compared
to lean controls [8-11]. Furthermore in humans, Thaler et al. reported an increased signal
intensity in the mediobasal hypothalamus (MBH) of obese subjects in T2-weighted magnetic
resonance images, indicative of local gliosis [6], a finding that was subsequently replicated
[12].

These findings raise the possibility that obesity affects the human hypothalamus similarly to
animal models of this disease, but whether these structural alterations are reversible is
unknown. The dysfunctional brain activity observed in severely obese subjects is partially
restored after bariatric surgery induced weight loss, as assessed by fMRI [10]. Also, it was
recently demonstrated that in rodents, MBH gliosis associated with high-fat feeding is
largely reversible after return to standard chow diet and reversal of the obesity phenotype
[13].

Another area of uncertainty is whether hypothalamic gliosis is associated with obesity itself
or obesity-related disorders, such as insulin resistance (IR). Metabolic phenotype varies
considerably among obese individuals. While most of them develop IR and present a range
of comorbidities, including diabetes, dyslipidemia, and hypertension, some remain
metabolically healthy despite similar fat mass [14]. In rodents, hypothalamic injury is related
to high fat feeding-induced inflammation, not adiposity [4-6, 15]. Also in humans, a link
between MBH gliosis and IR was demonstrated, which is independent of body mass index
(BMI) [16]. Along with abnormal insulin secretion, IR is a hallmark of type 2 diabetes. It is
currently unknown if hypothalamic gliosis differs between obese nondiabetic (ND) and
obese diabetic subjects or is modified by body mass reduction.

We, therefore, employed a quantitative MRI approach that has been validated in mice [17]
and humans [16] to detect and quantify MBH gliosis in obese subjects with and without type
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Results

2 diabetes, before and after massive weight loss induced by a Roux-en-Y gastric bypass
(RYGB), as compared to lean healthy subjects.

Subjects baseline features

Association

Groups differed slightly in age with T2D being significantly older than CT (Supplemental
Table 1). Participants with obesity (ND and T2D) weighed more, had a higher BMI and
higher plasma concentrations of fasting insulin, CRP, and AST compared with CT.
Furthermore, compared to ND, T2D had higher weight, BMI, fasting glucose and insulin,
HbAlc, and HOMA-IR scores (Supplemental Table 1).

of age, BMI, and T2D with hypothalamic gliosis at baseline

Among all participants, there were normal [18] age-related negative correlations with
bilateral T2 relaxation time in the reference regions (amygdala: p = -0.19 ms, A= 0.001;
putamen: p = —0.19 ms, A= 0.003), but within the bilateral MBH T2 relaxation times tended
to be longer with increasing age (B = 0.36 ms, £=0.06), therefore all models are adjusted
for age. At baseline, there was a significant group by region interaction (X2(4) =48.3, At <
0.0001 adjusted), and group differences in T2 relaxation time were only present in the MBH
and not in the reference regions. T2D had longer T2 relaxation times in the MBH compared
to either the CT or ND group (Fig. 1a, b). In age-adjusted models across all participants,
longer T2 relaxation time in the MBH was associated with higher weight and BMI (B = 0.12
ms, P=0.04; p =0.34 ms, P=0.02, respectively), log fasting insulin and HOMA-IR scores
(Fig. 1c, d), and tended to be related to fasting glucose (B = 0.16 ms, 2= 0.05). However,
HbAlc (B =0.25, P=0.91), triglycerides (p = 0.04, P=0.16), CRP (g = 1.03, P=0.42), and
markers of liver function (AST (B = 0.22, P=0.18), ALT (B = -0.05, P=0.58)) were
unrelated to MBH T2 relaxation time. Adjusting models for T2 relaxation times in control
regions did not substantively change results (data not shown), although the relationship with
weight was altered from significant to a trend (B = 0.11 ms, 2= 0.08).

Effect of RYGB on hypothalamic gliosis

Twenty-six ND and fourteen T2D underwent RYGB and were re-evaluated 276.4(32.2) days
post treatment. A group by time interaction was present for weight, BMI, fasting glucose,
fasting insulin, HbAlc, HOMA-IR (Fig. 2), and CRP (Xz(l) =4.2, P=0.04), but no
interactions were present for triglycerides (Xz(l) = 0.2, P=0.64), markers of liver function
(AST: (1) = 0.3, P=0.60; GPT/ALT: %2 (1) = 0.8, P=0.37), or M-value. In both groups,
weight, BMI, fasting insulin, HbAlc, and HOMA-IR were reduced by bariatric surgery,
whereas fasting glucose was significantly reduced in T2D and CRP was significantly
reduced in ND (z=-3.37, P=0.001; Fig. 2). Postsurgery values of fasting insulin and
HOMA-IR scores were not significantly different between groups but weight, BMI, and M-
value tended to remain higher in T2D compared to ND after RYGB. Fasting glucose and
HbALc values remained significantly higher in T2D compared to ND after RYGB (Fig. 2d,
e). Triglyceride values were equally reduced by surgery in both groups (main effect of time
Xz(l) =19.9, £<0.0001), in contrast to markers of liver function which were unchanged by
surgery (no main effect of time or group for GOT or GPT, data not shown). Using a three-
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Association

way (group by region by time) mixed effects model adjusted for age, we examined the effect
of bariatric surgery on hypothalamic gliosis. Significant interactions for group by region
(x2(2) = 25.4, P< 0.0001) and region by time (y?(2) = 15.1, A= 0.0005) were present. The
latter indicates that changes in T2 relaxation time by RYGB significantly differed by region,
and the former that group differences were also limited to a distinct region. There were no
significant changes in T2 relaxation time by RYGB in either group in reference regions nor
were there group differences (Fig. 2a; amygdala and putamen). Within the MBH, T2
relaxation time was significantly reduced by RYGB among T2D; and among ND there was a
trend toward reduced MBH T2 relaxation time (Fig. 2a). Post-RYGB, MBH T2 relaxation
times in T2D patients remained significantly higher than the post-RYGB ND group.

of change in T2 relaxation time with clinical outcomes

For participants who underwent RYGB and completed pre- and post-surgery MRI scans (/7=
17 NS, n= 11 T2D), the change in MBH T2 relaxation time and clinical outcomes were
calculated. In age-adjusted models, the degree of reduction in MBH T2 relaxation time by
RYGB was unrelated to reductions in weight (B = 0.01, #=0.91), BMI (B =-0.01, P=
0.85), glucose (B = 0.22, P=0.64), insulin (B = 0.27, P=0.19), HbAlc (B = 0.002, P=
0.88) or HOMA-IR (B = 0.10, A= 0.11), or improvements in insulin sensitivity (by M-value
(B =-0.23, P=0.33)). Adjusting models for changes in T2 relaxation times in control
regions did not alter results (data not shown).

Evaluation of gray and white matter density using voxel-based morphometry (VBM) [19].
Comparing pre- and post-surgery MRIs for the T2D group, we found a reduction of gray
matter density in the temporal pole and increases in cerebellar areas. In the opposite
direction, we found reduced white matter density in adjacent cerebellar areas. For the ND
group, we found increased gray matter density in the right precuneus and bilateral
cerebellum. For the white matter we found reduced density in the right precuneus, inferior
temporal gyrus, and right cerebellum and increased white matter density on the left
cerebellum. All findings considered significant respected a voxel level statistical threshold of
p < 0.001 with subsequent data-driven FDR-cluster-level correction with p < 0.05. There
were no changes in gray or white matter densities in the hypothalamic area (Supplementary
Data).

We also performed VBM analyses comparing each group of patients versus controls, and
again, without changes in the hypothalamic area. We found increased white matter density in
the preoperative MRI of ND group compared to controls as shown in the Supplemental Data,
but we found no differences in the T2D group versus controls (Supplementary Data).

We also performed a separate VBM ROI analysis including only the hypothalamic area.
There were no differences for gray matter density in the longitudinal analysis for both
groups of patients. However, in the transversal baseline ROl analyses, when compared to CT
and T2D groups, the ND group had areas of decrease gray matter in the dorsal-superior
hypothalamic areas and increased gray matter in the ventral hypothalamus. We found no
differences between CT and the T2D groups in the hypothalamic ROI transversal analyses
(the statistical threshold applied was voxel level p < 0.001, uncorrected, given the lower
number of voxels [730] tested and to the smoothing factor applied) See Supplementary Data.
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Discussion

In the present study, we asked if hypothalamic gliosis, as determined by quantitative T2
MRI, differed between obese participants with and without T2D, and if hypothalamic gliosis
could be modified by body mass reduction via RYGB. At baseline, obese participants with
T2D demonstrated significantly greater T2 relaxation times (a radiologic sign of gliosis) as
compared to ND and nonobese participants. Control brain regions outside the hypothalamus
were unaffected. After RYGB there was a significant reduction in the MBH T2 relaxation
times in T2D, but the values still remained longer than both ND and CT groups. Our study
provides the second report of the effect of massive body mass reduction on the hypothalamic
T2 relaxation time in ND and the first report in T2D.

One of the major challenges in studying the structure and function of the hypothalamus in
human obesity is the impossibility of obtaining tissue specimens from living subjects for
microscopic, cellular, and molecular tests. Therefore, most of the current concepts that
support the existence of a hypothalamic abnormal function in obesity were obtained in
experimental studies, particularly in rodents. However, this obstacle has been partially
overcome by the rapid advance in the development of methods employed in neuroimaging
[20-22]. A wide variety of neuroimaging approaches have been utilized to query
hypothalamic function and structure in obesity (Supplemental Table 2). In all studies, the
presence of obesity was associated with the modification of at least one parameter evaluated
in the hypothalamus, the most common being the attenuation of the fMRI signal in obese
subjects. Most of the studies used fMRI to determine oscillations in blood oxygen level-
dependent signals, a parameter expected to reflect regional neuronal activity [23]. Using
fMRI, obese subjects present attenuated hypothalamic signals in response to glucose [8, 10],
cold [11], overfeeding [24], and food image cues [25]. Available data also suggest that such
obesity-associated abnormalities in hypothalamic responses can be ameliorated following
body mass reduction obtained as a result of a RYGB [10, 26].

In addition to the fMRI studies that aim at determining regional brain function, recent
studies have employed quantitative structural MRI approaches to indirectly determine the
magnitude of regional gliosis, which could reflect structural damage [27, 28]. Using this
strategy, several studies support the presence of gliosis in the MBH region of the
hypothalamus by demonstrating that hypothalamic signal intensity positively correlated with
BMI [6] and with the magnitude of IR [16]. In addition, it was shown that abnormal
hypothalamic diffusivity was associated with greater systemic inflammation [29]. To date,
only one MRI study performed a longitudinal analysis [12]; Kreutzer et al. initially
evaluated 57 obese/overweight subjects and found significant increase in the left, but not the
right hypothalamus T2-weighted MRI signal [12]. A subset of ten obese subjects were
reimaged after body mass reduction following a RYGB, showing no significant change in
hypothalamic T2-weighted MRI signal [12]. It is important to note that there was a reduction
in T2-weighted MRI signal that was on the order of magnitude of the difference between
obese and normal weight groups at baseline. The difference in number of subjects at
baseline and after RYGB could explain the negative finding.
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Studies in which patients with T2D were evaluated are more limited [9, 30]. Vidarsdottir et
al. used fMRI to determine the hypothalamic responsiveness to glucose in ten lean controls
and seven patients with T2D, and found attenuation of the glucose-induced hypothalamic
signal in T2D. Lips et al. determined the hypothalamic connectivity with other brain regions
in response to a liquid meal; as a whole, obese subjects, including patients with and without
T2D, presented an abrogation of the change in connectivity between the hypothalamus and
frontal regions; however, there were no differences in connectivity when all three groups
were evaluated simultaneously.

Our sample differs from that of Kreutzer et al. [12] in that we detected no baseline
abnormalities in the hypothalamus of obese ND participants pre-RYGB as compared to
nonobese controls. As an attempt to identify the reasons that could explain the reported
differences between these two study results, we compared the metabolic parameters of the
patients of the two studies; our ND patients were leaner (BMI 40 versus 43 kg/m?), had
lower glucose (83 versus 101 mg/dL) and insulin (8.7 versus 24 uU/mL) levels and were
more sensitive to insulin (HOMA-IR 2.1 versus 5.8). Thus, we suspect that the metabolically
healthier status of our patients may have attenuated the impact of obesity on MBH gliosis.
This interpretation is supported by the robust elevations in hypothalamic T2 relaxation time
we observed in T2D patients that were partially corrected after metabolically impactful
surgery. Moreover, blood insulin concentrations and HOMA-IR, an index of IR, directly
correlated with T2 relaxation time in the hypothalamus at baseline, further supporting this
hypothesis and adding to existing findings [16] relating IR to more extensive evidence of
MBH gliosis.

Regarding the baseline hypothalamic T2 relaxation time in T2D, despite the fact that ours is
the first study to report this fact, we can compare it with the findings of two other studies
that evaluated the hypothalamus of T2D patients using fMRI [9, 30]. In both cases, there
were changes in the responsiveness to the stimuli (glucose and liquid meal) as compared to
lean subjects. Thus, it seems that the hypothalamus of obese subjects with T2D is affected
both functionally and structurally, providing additional indirect evidence (now in humans) to
support the hypothesis that the hypothalamus belongs to an octet that play a role in the
pathogenesis of T2D as proposed by Defronzo [31]. In addition, it is important to state that
changes in T2 signal could be due to regional brain atrophy; however, in the present study,
we do not believe this could be the case because: (1) in VBM analysis we found no changes
in hypothalamic volume; (2) T2 relaxation times were generally higher in T2D; (3) we have
observed a significant decrease in T2 relaxation time after surgery in those patients (Fig. 2a)
and the timeframe of 9 months is short for chronic atrophic changes, particularly as the
individuals were becoming metabolically healthier as opposed to progressing.

In conclusion, this is the first report showing the partial reversibility of hypothalamic gliosis,
as determined by MRI, in T2D patients submitted to RYGB. Despite the apparent evidence
for a role of whole body metabolic status, particularly insulin sensitivity, in the magnitude of
the hypothalamic abnormality, we cannot propose causality to explain this finding. Further
studies with larger cohorts and different approaches to correct metabolic status and IR may
provide additional evidence to support this hypothesis.
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Materials and methods

Subjects

Forty-two female obese subjects, 14 with type 2-diabetes (T2D) and 28 without diabetes
(ND) were recruited from the Obesity Clinic at the University of Campinas Clinics Hospital.
All patients were selected for bariatric surgery according to the National Institutes of Health
Consensus Statement [32]. The surgical technique used was always the RYGB, performed as
previously described [33]. In addition, 13 lean healthy control subjects (CT) were selected
among students of the University. Female subjects aged 18-60 were considered eligible for
the study. Diabetes mellitus was diagnosed according to the American Diabetes Association
criteria [34]. Patients were not taking insulin and had an HbAlc < 8.0%. Exclusion criteria
were pregnancy or breastfeeding, inflammatory or infectious diseases, neurologic or
psychiatric illnesses, alcohol consumption of more than 30/15 g per day for men and
women, respectively, smoking, use of psychotropic or anti-inflammatory drugs and MRI
contraindications including weight >120 kg. The study was approved by the University of
Campinas Ethics Committee, and written informed consent was obtained from all patients
(293/2011).

Procedures and final sample size

Once included, subjects underwent anthropometric evaluation, fasting blood collection, and
MRI; a subset underwent hyperinsulinemic clamp. Obese patients were evaluated before and
~9 months after surgery and lean subjects were evaluated once. Fifty-five subjects completed
at least one study visit, including 7= 13 CT, n=28 ND, and n= 14 T2D. CT (n= 13) were
evaluated once and all underwent an MRI, however 1= 3 did not undergo clamp procedures.
Prior to RYGB, 7= 19 ND and 7= 14 T2D underwent MRI procedures and were included in
baseline analyses. After RYGB, n=26 ND underwent an MRI (7= 9 subjects did not
undergo or had unusable baseline MRI data, /7= 17 returned for the postsurgery visit), and n
= 16 underwent clamp procedures; /7= 14 T2D returned for follow-up, and 7= 11 had
usable MRI data. Analyses considering the effects of treatment included subjects with
obesity (ND and T2D) who had usable MRI data at either time point (baseline 7= 19 ND, n
= 14 T2D; postsurgery n= 26 ND, n= 11 T2D; statistical models were applied account for
missing data). Only subjects with obesity who underwent RYGB and had MRI data at both
time points were included in analyses related to the change in T2 relaxation time by surgery
(n=17 ND, n= 11 T2D). Some participants had missing data for certain plasma measures,
specific Ns are reported in tables and graphs.

Blood biochemistry, hormonal measurements, and hyperinsulinemic-euglycemic clamp

Blood biochemistry measurements were performed at the Clinical Laboratory of University
of Campinas Clinics Hospital using automated methods. Plasma glucose levels were
measured in fasting state using a glucose analyzer (YSI 2700; YSI Life Sciences, Yellow
Spring, OH, USA), reference values 60-99 mg/dL. Plasma insulin and leptin were
determined by ELISA (Phoenix Pharmaceuticals, Burlingame, CA, USA). Homeostatic
model assessment (HOMA-IR and HOMA-R) were calculated as previously described [14].
Hyperinsulinemic-euglycemic clamp has performed as previously described [15]. In short,
insulin was continuously infused (40 mU m~2 min~1) into a peripheral vein. Blood glucose
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was held constant (variation <5%) by a glucose infusion according to the results of blood
glucose determination every 5 min. Insulin sensitivity was calculated as the glucose infusion
rate in the last 60 min, corrected for the glucose distribution space and adjusted to fat-free
mass, resulting in the M-value.

Image acquisition
Scans were acquired on a 3-Tesla Philips Achieva MR scanner (version 3.2, Philips Medical
Systems, Best, The Netherlands) using a 32-channel head radiofrequency coil. Sequences
included a T1-weighted scan and a quantitative multi-slice/multi-echo T2-weighted
sequence with 16 echoes (interecho spacing of 10 ms; TR/TE/NSA: 2000/20-170/1). Slices
were acquired from the optic chiasm through the mammillary bodies (9-12 slices/subject,
slice thickness 2.5 mm, and interslice gap 0.0-0.2 mm). In-plane pixel resolution was 0.70—
0.80 x 0.75-0.86 mm resulting in an acquired voxel size of 1.313-1.720 mm3. T2 relaxation
time was calculated from the signal decay curve of the 16 echoes on a pixel-by-pixel basis
and displayed as a quantitative T2 relaxation time parametric map to evaluate regional tissue
T2 values.

MRI analysis

The coronal slice immediately posterior to the optic chiasm encompassing the rostral arcuate
nucleus was identified for each subject. The ROI location was selected and the ROl shape
was designed according to published references for arcuate nucleus size, shape, and position
[28, 35]. Within the same slice, reference regions of interest (ROIS) in the putamen and
amygdala were identified. ROIs were placed on high-resolution coronal images and then
were transferred to the T2 parametric map. Mean + SD T2 relaxation time per ROl was
recorded (OsiriX Imaging Software, version 8.0.2). In addition, it was performed
longitudinal VBM analyses (SPM12/CAT12—Ilongitudinal pairwise affine regularization
followed by nonlinear spatial registration to DARTEL MNI152 template, tissues
segmentations, and modulation) based on anatomical images (3D T1-weighted 1 x 1 x
1mm), as previously described (Statistical Parametric Mapping. 2007, Friston et al. Editors,
Academic Press. https://doi.org/10.1016/B9788-0-12-372560-8.X5000-1).

Statistical analysis

Data are reported as mean + SEM, unless otherwise noted. XZ tests of proportions were used
for categorical variables. Linear mixed models capable of accounting for repeated measures
and missing data were used to evaluate regional, laterality and group differences in mean T2
relaxation time. Group differences were tested by using multiple linear regression to adjust
for covariates. Least square means were calculated for adjusted models. Simple and multiple
linear regression models were applied to evaluate associations and Pearson’s correlation
coefficients were calculated for descriptive purposes. Analyses were performed with STATA
v.13.1 (College Station, TX, USA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

T2 relaxation time and correlation analysis. Schematic representation of the regions of
interest; 1, mediobasal hypothalamus (MBH); 2, amygdala; 3, putamen (a). T2 relaxation
time in lean controls (CT), obese non-diabetic (ND) and patients with type 2 diabetes (T2D)
obtained for MBH, amygdala and putamen (b). Correlations between T2 relaxation time in
MBH and blood insulin (c) and HOMA-IR (d). HOMA-IR, homeostatic model assessment
for insulin resistance. **P < 0.01
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Fig. 2.
Effect of body mass reduction following Roux-in-Y gastric bypass on T2 relaxation time,

body mass and markers of insulin sensitivity. T2 relaxation time before and after surgery in
obese non-diabetic (ND) and patients with type 2 diabetes (T2D) obtained for mediobasal
hypothalamus (MBH), amygdala and putamen (a). Body mass (b), body mass index (BMI)
(c), blood glucose (d), blood insulin (€), homeostatic model assessment for insulin resistance
(HOMA-IR) (f) and blood hemoglobin Alc (g) before and after surgery in obese nondiabetic
(ND) and patients with type 2 diabetes (T2D). *P < 0.05 pre-surgery versus post-surgery
within group (line) or ND versus T2D post-surgery (bracket); **/P < 0.0001 pre-surgery
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versus post-surgery within group (line); #2< 0.01 pre-surgery versus post-surgery within
group (line) or ND versus T2D post-surgery (bracket)

Int J Obes (Lond). Author manuscript; available in PMC 2020 July 17.



	Abstract
	Introduction
	Results
	Subjects baseline features
	Association of age, BMI, and T2D with hypothalamic gliosis at baseline
	Effect of RYGB on hypothalamic gliosis
	Association of change in T2 relaxation time with clinical outcomes

	Discussion
	Materials and methods
	Subjects
	Procedures and final sample size
	Blood biochemistry, hormonal measurements, and hyperinsulinemic-euglycemic clamp
	Image acquisition
	MRI analysis
	Statistical analysis

	References
	Fig. 1
	Fig. 2

