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There is increased interest in whether bariatric surgeries such as Roux-en-Y gastric bypass (RYGB)
achieve their profound weight-lowering effects in morbidly obese individuals through the brain.
Hypothalamic inflammation is a well-recognized etiologic factor in obesity pathogenesis and

so represents a potential target of RYGB, but clinical evidence in support of this is limited. We
therefore assessed hypothalamic T2-weighted signal intensities (T2W SI) and fractional anisotropy
(FA) values, 2 validated radiologic measures of brain inflammation, in relation to BMI and fat
mass, as well as circulating inflammatory (C-reactive protein; CrP) and metabolic markers in a
cohort of 27 RYGB patients at baseline and 6 and 12 months after surgery. We found that RYGB
progressively increased hypothalamic T2W Sl values, while it progressively decreased hypothalamic
FA values. Regression analyses further revealed that this could be most strongly linked to plasma
CrP levels, which independently predicted hypothalamic FA values when adjusting for age, sex,

fat mass, and diabetes diagnosis. These findings suggest that RYGB has a major time-dependent
impact on hypothalamic inflammation status, possibly by attenuating peripheral inflammation.
They also suggest that hypothalamic FA values may provide a more specific radiologic measure of
hypothalamic inflammation than more commonly used T2W Sl values.

Introduction

Historically, bariatric surgeries were first considered to induce striking and durable weight loss in mor-
bidly obese individuals through a combination of restricting the intake and absorption of food (1). Stud-
ies using rodent models, in particular, have helped to modify this view, and instead, altered gut-brain
communication has taken center-stage in the apparent reprogramming of whole-body energy balance
set-point that occurs after surgery (2-8). Roux-en-Y gastric bypass (RYGB) is one of the most effective
and frequently performed bariatric surgeries, and according to a recent estimate, as many as 72,000
procedures were carried out between 2014-2018 worldwide (9). RYGB reconfigures the gastrointestinal
tract in such a way that more ingested food and digestive secretions reach distal parts of the small intes-
tine in a shorter time frame during a meal, with major effects on gut hormone release and metabolic
outcomes (10-12). Patients typically lose 30%—40% body weight in the first year after surgery — a total
that is sustained for up to 12 years (13) — and also experience marked improvements in glucose and
lipid metabolism (14). However, RYGB is not without its drawbacks, which include severe hypoglycemia
(15), malnutrition (16), an increased risk of bone fractures (17), and — in some cases — esophagogastric
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cancers (18). A more detailed understanding of the mechanisms behind the beneficial effects of RYGB
could therefore lead to the development of safer, noninvasive alternatives.

The causes of obesity are complex and multifactorial, and they include genetic, environmental, psy-
chological, and sociological aspects (19). One prominent theory is that common obesity, in part, arises
from hypothalamic inflammation, which is characterized by the activation and proliferation of microglia
and astrocytes and by dysregulated neuronal structure and function (20). In rodents, the rise in circulating
saturated free fatty acids from high-fat diet consumption is thought to trigger proinflammatory signaling
cascades in all of these brain cell types through TLR4, leading to the release of proinflammatory cytokines,
such as TNF-a and IL-1PB (21-24). This then interferes with the healthy functioning of local leptin recep-
tor—expressing neurons through autocrine and paracrine mechanisms, leading to central leptin resistance
and weight gain (21). As such, molecular inactivation of the proinflammatory enzyme inhibitor of nuclear
factor k-B kinase subunit p (IKKp) in hypothalamic microglia (25), astrocytes (26, 27), and neurons (21)
preserves central leptin sensitivity and/or protects mice from high-fat diet-induced obesity.

Evidence that hypothalamic inflammation occurs in human obesity first came from a retrospective analy-
sis of clinical T2-weighted (T2W) MRI data (28). Ex vivo radiologic and histologic assessment of postmortem
brain samples then linked the higher hypothalamic T2W signal intensity (SI) that develops with increasing
BMI to the severity of hypothalamic inflammation (29). Furthermore, circulating levels of the proinflam-
matory cytokine IL-6 and its downstream target in the liver C-reactive protein (CrP), has more recently been
shown to correlate positively with hypothalamic T2W SI (30), suggesting that peripheral and central inflam-
matory processes are closely intertwined in humans. Diffusion-weighted (DW) MRI metrics can also provide
a complementary radiologic measure of hypothalamic inflammation to T2W SI values (31, 32). DW MRI
measures the channeled movement of water molecules in a certain direction (often represented as a diffusion
ellipsoid or tensor) and, as such, is typically used for the study of major white matter tracts in the brain (33).
Fractional anisotropy (FA) is a DW MRI metric that reflects the directionality of water movement in a given
voxel as a function of 3 orthogonal eigenvalues of the diffusion tensor. FA values are high (close to 1) in struc-
tured brain regions such the optic chiasm and low (close to zero) in fluid-filled brain regions such as the third
ventricle. Because of the loss of tissue microstructure that usually accompanies inflammation, hypothalamic
principle eigenvalues have been shown to inversely correlate with BMI (32). Along with the independent con-
firmation that both hypothalamic microglial and astrocytic markers are increased in the obese human hypo-
thalamus (30, 34), these findings collectively provide strong support for the argument that targeting hypotha-
lamic inflammatory pathways represents a promising therapeutic approach in the fight against obesity (35).

In further support of the above statement, RYGB has been shown to reduce hypothalamic mRNA expres-
sion of several proinflammatory cytokines/chemokines, as well as microglial cell markers/numbers in diet-in-
duced obese mice (36, 37). However, in a longitudinal T2ZW MRI analysis of 10 RYGB patients, no significant
reduction in hypothalamic inflammation 10 months after surgery was found (30). A potential reason for this
could be that the changes in tissue water content measured by T2ZW MRI may not be sufficient enough to signal
subtle changes in hypothalamic inflammation status. This is especially because obesity is considered to be a
chronic low-grade inflammatory state, in general (35). Other reasons could be the relatively low sample size used
or that patients were scanned too soon after surgery before any beneficial effects on hypothalamic inflammation
could occur (30). Therefore, to assess in more detail whether RYGB attenuates obesity-associated hypothalamic
inflammation in the clinical setting, we performed analyses on T2W and DW MRI brain datasets of 27 morbid-
ly obese patients obtained at baseline and 6 and 12 months after surgery (38). In a potentially novel approach, we
further calculated hypothalamic T2W/T1-weighted (T1W) SI ratios on the basis that they may more sensitively
reflect changes in hypothalamic inflammation status by exponentially enhancing water-based contrast (39, 40).

Results

Consistent with the profound weight loss that typically occurs following RYGB (13, 14), the BMI of patients
in the present study dropped from 47.8 + 5.5 kg/m? at baseline to 37.5 + 5.0 kg/m? at 6 months and 35.2
+ 4.5 kg/m? at 12 months after surgery (Figure 1A). This was accompanied with a decrease in total body
fat mass from 53.3% * 1.9% at baseline to 38.6% * 2.2% at 6 months and 37.3% * 2.3% at 12 months after
surgery (Figure 1B). Correspondingly, plasma levels of leptin and adiponectin, 2 adipokines that inversely
circulate in proportion to adiposity (41), decreased and increased, respectively (Figure 1, C and D). There
were also significant improvements in the standard marker of peripheral inflammation CrP (Figure 1E) and
systemic markers of glucose metabolism, such as glycated hemoglobin (HbA1c) and plasma insulin (Figure
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Figure 1. RYGB markedly improves BMI, body fat mass, and circulating inflammatory and metabolic markers in obese patients. (A) BMI, (B) fat mass
percentage (%), (C) plasma leptin, (D) adiponectin, (E) C-reactive peptide (CrP), (F) glycated hemoglobin (HbA1c), (G) insulin, (H) homeostatic model of
insulin resistance (HOMA-IR), (1) triglycerides (TG), (J) cholesterol, (K) LDL, and (L) HDL in morbidly obese patients at baseline (n = 16-27), 6 months (n =
22-27), and 12 months (n = 17-27) after RYGB. Numbers in each graph represent mean + SEM. Statistical significance was determined by mixed-effects
model analysis with Tukey’s post hoc test. **** P < 0.0001, *** P < 0.001, ** P< 0.01, and * P < 0.05.
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1, F and G) causing homoeostatic model of insulin resistance (HOMA-IR) values to drop by approximately
75% by the 12-month time point after surgery (Figure 1H). Systemic markers of lipid metabolism such as
plasma triglycerides (TG), cholesterol, and LDL also significantly improved after RYGB (Figures 1, I-K).
However, plasma HDL, which usually increases with attenuation of hypercholesterolemia, did not signifi-
cantly change from baseline at either the 6-month or 12-month time points after surgery (Figure 1L).

Having established the marked beneficial effects of RYGB on BMI, fat mass, and circulating inflam-
matory and metabolic markers in the present cohort of patients, we assessed potential changes in hypotha-
lamic inflammation by analyzing brain structural MRI datasets. Representative coronal T1W, T2W, T2W/
T1W, and DW FA MRI data with the mediobasal hypothalamic (MBH) and amygdala masks used for our
analyses are shown in Figure 2A. Hypothalamic T2W SI values gradually increased after RYGB (P < 0.01)
(Figure 2B), while hypothalamic T2W/T1W SI ratios more robustly increased (P < 0.0001) (Figure 2C).
In opposing contrast, hypothalamic FA values gradually decreased after RYGB (Figure 2D). Similarly,
amygdala T2W SI values gradually increased after RYGB (Figure 2E), although the increase in T2W/
T1W SI ratios were not as robust as they were for the hypothalamus (Figure 2F). There were no significant
changes in amygdala FA values at any time point after surgery (Figure 2G). Previous cross-sectional and
longitudinal human brain T2W MRI studies assessing hypothalamic inflammation in obesity and after
RYGB have normalized hypothalamic T2W SI values to those of the amygdala to control for scan-to-scan
variability brought about by scanner hardware (28, 30). When doing so, we recorded a progressive decrease
in hypothalamic T2WI SI values normalized to amygdala after RYGB that attained statistical significance
at the 12-month time point (P < 0.05) (Figure 1H). Performing the same normalization procedure to hypo-
thalamic T2W/T1W SI ratios and FA values, however, did not yield any significant changes at any time
point after surgery (Figure 1, I and J).
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Figure 2. RYGB progressively alters radiologic measures of hypothalamic inflammation in obese patients. (A) Representative coronal T1-weighted
(T1W), T2-weighted (T2W), and T2W/T1W and diffusion-weighted fractional anisotropy (DW FA) images with the mediobasal hypothalamic (MBH) and
amygdala regions of interest colored in red and blue, respectively. (B-}) Mean MBH T2W Sl (B), T2W/T1W S ratios (C), and FA values (D); mean amygdala
T2W Sl (E), T2W/T1W Sl ratios (F), and FA values (G); and mean MBH normalized to amygdala T2W SI (H), T2W/T1W Sl ratios (1), and FA values (J) of RYGB
patients at baseline (n = 24-27), 6 months (n = 20-27), and 12 months (n = 17-22) after surgery. Numbers in each graph represent mean + SEM. Statistical
significance was determined by mixed-effects model analysis with Tukey’s post hoc test. **** P < 0.0001, ** P < 0.01, and * P < 0.05.

To find a potential cause for the observed changes in radiologic measures of hypothalamic and amygdala
inflammation after RYGB, we next performed univariate linear regression analysis with BMI, fat mass, and
circulating inflammatory and metabolic markers as dependent variables. This revealed that hypothalamic
T2W SI values, and particularly T2ZW/T1W Sl ratios, negatively correlated with BMI (Figure 3, A and B), fat
mass (Figure 3, D and E), and plasma leptin levels (data not shown). There were also negative correlations
between hypothalamic T2W SI values and T2W/T1W SI ratios with plasma CrP (Figure 3, G and H) and
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insulin (Figure 3, J and K) levels, but not HOMA-IR values (Figure 3, M and N), although only the former
survived correction for multiple comparisons. In line with the time point analysis, hypothalamic FA values
exhibited the opposite pattern, with only plasma CrP values showing a positive correlation that remained sig-
nificant after correction for multiple comparisons (Figure 3, C, F, I, L, and O). Similar to the hypothalamus,
amygdala T2W SI values negatively correlated with BMI (Figure 4A), fat mass (Figure 4D), plasma leptin
(data not shown), CrP (Figure 4G), and insulin (Figure 4J) levels, but not HOMA-IR values (Figure 4, M and
N), although only the former 2 survived correction for multiple comparisons. There were also negative cor-
relations between amygdala T2W/T1W SI ratios with BMI (Figure 4B), fat mass (Figure 4E), plasma leptin
(data not shown), CrP (Figure 4H), and insulin (Figure 4K) levels, although only plasma CrP survived cor-
rection for multiple comparisons. Amygdala FA values did not correlate with any phenotypic measure or cir-
culating inflammatory or metabolic marker (Figure 4, C, F, I, L, and O). We also did not find any significant
correlation for individual changes in BMI, fat mass, or circulating inflammatory and metabolic markers with
changes in hypothalamic and amygdala T2W SI values, T2W/T1W ratios, and FA values between baseline,
6 months after RYGB, and 12 months after RYGB (data not shown).

Prompted by the univariate linear regression analysis findings, we then performed multivariate lin-
ear regression analysis using the radiologic measures of hypothalamic and amygdala inflammation as
dependent variables and plasma CrP levels as the independent variable, while also correcting for fat
mass, age, sex, and diabetes diagnosis. This model revealed that fat mass independently predicted chang-
es in hypothalamic T2W SI values and T2W/T1W SI ratios, while only plasma CrP independently
predicted hypothalamic FA values (Table 1). On the other hand, fat mass and plasma CrP predicted
amygdala T2W SI values and T2W/T1W SI ratios, respectively, while both of these independent vari-
ables predicted amygdala FA values (Table 2).

Discussion

In the present study, we asked whether RYGB attenuates obesity-associated hypothalamic inflammation
in humans using established radiologic techniques (28-32, 42-46). We also used a potentially novel, more
sensitive analysis method that entails a straightforward division of T2W by T1W images to enhance water-
based contrast (39, 40). Unexpectedly, we found that hypothalamic T2W SI values, and particularly T2W/
T1W SI ratios, gradually increased while hypothalamic FA values gradually decreased after RYGB. Fur-
thermore, using univariate and multivariate linear regression analysis, we could link these changes in radio-
logic measures of hypothalamic inflammation to reductions in BMI, fat mass, and plasma CrP, with the
latter being an independent predictor of hypothalamic FA values.

The relationships between hypothalamic T2W SI and FA values with BMI in the present study contrast
with those previously found in individuals who had gained rather than lost weight (28-30, 32, 43, 44). Small-an-
imal T2W MRI (31) and ex vivo T2W MRI of human postmortem brain samples (29) originally related the
increased hypothalamic T2W SI in obesity to the proliferation and activation of microglia and astrocytes. The
latter cell type accumulates water under inflammatory conditions through aquaporin-4 (47), explaining how
their increased number/activity contributes to increased T2W SI, which is largely water based in biological
tissue. In principle, during hypothalamic inflammation, water movement would become less restricted due to
the loss of tissue microstructure, explaining the decrease in hypothalamic principle eigenvalue in obesity, as
detected previously by DW MRI (32). The molecular and cellular bases of the changes in radiologic measures
of hypothalamic inflammation in the present study are unclear and warrant further investigation, but it is note-
worthy that — at least in mice — weight loss of a similar magnitude to RYGB paradoxically resulted in marked
hypothalamic astrocyte but not microglial reactive gliosis (48). This was attributed to an increase in plasma free
fatty acids, well recognized triggers of hypothalamic inflammation (23, 24), consequential to white adipose
tissue lipolysis (48). Unfortunately, we did not measure plasma free fatty acids in the present study, so we could
not determine if similar processes to those in mice after profound weight loss similarly occur in humans after
RYGB. We did, however, find that plasma CrP associated with hypothalamic T2W SI values, T2ZW/T1W SI
ratios, and FA values, confirming that peripheral and central inflammatory processes are closely intertwined in
humans (30). Additionally, since the reductions in plasma CrP after RYGB independently predicted the reduc-
tion in hypothalamic FA but not T2W SI values, this radiologic measure may more selectively reflect hypo-
thalamic inflammation. Indeed, hypothalamic T2W SI values have been shown to dissociate from changes in
hypothalamic inflammation status in mice (42). The reduction in CrP release from the liver after RYGB could
be due to the reduction in adipose tissue inflammation and IL-6 secretion from resident immune cells (49).
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Figure 3. Relationships between BMI, body fat mass, and circulating inflammatory and metabolic markers with radiologic measures of hypothalamic
inflammation in RYGB patients. (A-0) Univariate linear regressions and Pearson correlations between BMI (A-C), fat mass % (D-F), plasma CrP (G-I), log
plasma insulin (J-L), and HOMA-IR (M-0) with mean MBH T2W SI (A, D, G, }, and M), T2W/T1W Sl ratios (B, E, H, K, and N), and FA values (C, F, I, L, and
0) of RYGB patients at baseline (n = 14-25), 6 months (n = 14-25), and 12 months after surgery (n = 11-22). Solid regression lines indicate least squares fit
of data, and dotted lines indicate 95% Cl. P values were determined by 2-tailed Student’s t test. Asterisk signifies correlations that remained statistically
significant after Bonferroni correction for multiple comparisons (P < 0.0014).
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Figure 4. Relationships between BMI, body fat mass, circulating inflammatory and metabolic markers with radiologic measures of amygdala inflam-
mation in RYGB patients. (A-0) Univariate linear regressions and Pearson correlations between BMI (A-C), fat mass % (D-F), plasma CrP (G-1), log plasma
insulin (J-L), and HOMA-IR (M-0) with mean amygdala T2W SI (A, D, G, J, and M), T2W/T1W Sl ratios (B, E, H, K, and N), and FA values (C, F, I, L, and 0)

of RYGB patients at baseline (n = 14-24), 6 months (n = 15-23), and 12 months after surgery (n = 14-21). Solid regression lines indicate least squares fit of
data, and dotted lines indicate 95% Cl. P values were determined by 2-tailed Student’s t test. Asterisk signifies correlations that remained statistically
significant after Bonferroni correction for multiple comparisons (P < 0.0014).
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Table 1. Body fat mass, sex, and plasma CrP levels predict radiologic measures of hypothalamic inflammation in obese patients before

and after RYGB

Independent variables
Age

Sex

Diabetes diagnosis
Fat mass (%)

CrP

T2wW sI T2W SI/ TIW SI FA

|t] P |t] P |t] P
1.32 019 0.69 048 0.67 0.50
0.74 0.46 2.80 0.0074* 1.34 019
0.70 048 0.75 0.46 113 0.27
2.89 0.0059 513 < 0.00071* 0.22 0.82
0.66 0.51 0.26 0.79 2.65 0.01*

Multivariate linear regression analysis with MBH T2W SI, T2W/T1W Sl ratios, and FA values as dependent variables. Independent variables included age,
sex, diabetes diagnosis, body fat mass, and plasma CrP. *Statistical significance (P < 0.05). |t|, the absolute value of the t-statistic, which is derived by
dividing the coefficients of each independent variable with their standard error.

The increased hypothalamic T2W SI values after RYGB in the present study contrast with the find-
ings of Kreutzer et al., in which there was a trend toward a decrease in hypothalamic T2W SI values
normalized to those of the amygdala in the left hemisphere at the 10-month time point after surgery
(30). However, when normalizing hypothalamic T2W SI values to that of amygdala, we found a pro-
gressive decrease after RYGB, which attained statistical significance at the 12-month time point. One
potential explanation for these discrepant findings is that, unlike the patients in the study of Kreutzer
et al., our patients showed marked reductions in peripheral inflammation after surgery, which — as
mentioned above — may have a major bearing on hypothalamic inflammation status (30). Other rea-
sons behind these discrepant findings could be the larger sample size used in our study or the fact that
our patients were scanned at a slightly later time point after RYGB. Indeed, at the earlier 6-month
time point, the reduction in hypothalamic T2W SI normalized to that of amygdala did not quite attain
statistical significance. Nevertheless, caution should be taken when interpreting the normalized values,
as changes in amygdala T2W SI values clearly caused a bias. Indeed, the amygdala itself has not only
emerged as a brain feeding center with molecularly defined neuronal populations that increase (50-52)
and decrease food intake (53), but it is also a site of high-fat diet-induced inflammation (54, 55). Fur-
thermore, amygdala inflammation is a cause of insulin resistance (55), which may explain the strong
relationships we found between plasma insulin with T2W SI values in this brain region. Human DW
MRI findings have further revealed strong positive correlations between amygdala apparent diffusion
coefficients, which are inversely proportional to FA values, and plasma fibrinogen (another marker of
peripheral inflammation) in obesity (46). Despite the fact that we did not detect any significant changes
in amygdala FA values after RYGB or any correlation with plasma CrP levels in our univariate linear
regression analysis, this is in line with how plasma CrP predicted amygdala FA values in our multivari-
ate linear regression analysis. Therefore, normalization of hypothalamic radiologic measures with that
of amygdala in the context of obesity does not appear to be an ideal approach. Instead, calculating
T2W/T1W SI ratios not only cancels out hardware-related issues, but also reduces variance, thereby
increasing statistical power. This approach may also have more general diagnostic applications, espe-
cially in the early stages of brain inflammation before overt neurologic symptoms develop.

Taking all of the above into consideration, the findings from the present study can be interpreted in 2
ways. First, it is possible that RYGB actually aggravates hypothalamic inflammation, thereby contributing
to weight loss through reduced food intake. Indeed, it has recently been shown that the small-molecule
drug celastrol increases signaling of the proinflammatory cytokine receptor IL-1R1 in the hypothalamus
of diet-induced obese mice to induce similar magnitudes of weight loss as RYGB through reduced food
intake (56). This is in line with the proposition that hypothalamic glial cells play more complex roles in
the regulation of whole-body energy balance than simply inducing central leptin resistance and causing
weight gain (57). Alternatively, the fact that lower plasma CrP values associated with higher hypothalamic
T2W SI and lower hypothalamic FA values suggests that RYGB attenuates hypothalamic inflammation.
In doing so, RYGB would reduce overall hypothalamic glial cell but not neuronal numbers (30). The
resulting void in cell mass would then conceivably lead to an increase in T2W SI and a decrease in FA val-
ues due to increases in hypothalamic water content and freer water movement, respectively. The enhanced
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Table 2. Body fat mass and plasma CrP levels predict radiologic measures of amygdala inflammation in obese patients before and after RYGB

Independent variables
Age

Sex

Diabetes diagnosis
Fat mass (%)

CrP

T2wW sI T2W SI/ TIW SI FA
|t] P t] P |t] P

1.08 0.28 0.53 0.59 0.92 0.35
0.84 0.40 0.67 0.50 1.45 0.51
1.09 0.28 1.61 011 119 0.24
3.29 0.0019* 0.28 0.77 2.01 0.049*
0.25 0.79 3.21 0.0025% 2.04 0.047*

Multivariate linear regression analysis with amygdala T2W SI, T2W/T1W Sl ratios, and FA values as dependent variables. Independent variables included
age, sex, diabetes diagnosis, body fat mass, and plasma CrP. AStatistical significance (P < 0.05). |t|, the absolute value of the t-statistic, which is derived by
dividing the coefficients of each independent variable with their standard error.

hypothalamic function (58) and resting connectivity (59) previously reported for patients after RYGB sup-
ports the second interpretation. Moreover, CSF levels of the antiinflammatory cytokine IL-10 has been
found to increase in patients after RYGB (59).

Whether the changes in radiologic measures of hypothalamic inflammation observed in the pres-
ent study are specific to RYGB or secondary to weight loss is unclear. This can be addressed in future
studies on patients after gastric banding (60). Interestingly, RYGB was recently shown to reduce hypo-
thalamic mRNA expression of several proinflammatory cytokines/chemokines, as well as microglial
markers/numbers in diet-induced obese mice, independently of weight loss and reductions in high-fat
diet intake (36, 37). Because bile diversion to the ileum recapitulated most of the effects of RYGB in
this context, it suggests that bile acids sufficiently attenuate hypothalamic inflammation (36). Future
studies can determine whether the hypothalamic radiologic changes that take place after RYGB relate
to the well-documented increase in plasma bile acids (61) in conjunction with the decrease in periph-
eral inflammation. Considering that the glucagon-like peptide 1 (GLP-1) analogue liraglutide similarly
attenuates microglial reactive gliosis in diet-induced obese mice (62), it would be worth determining
whether the increase in circulating GLP-1 after RYGB (63) also relates to the alteration in hypotha-
lamic inflammation status.

While T2W SI and FA values have been shown to reflect changes in brain inflammation determined
histologically (29, 31, 42, 45, 64), they at best represent indirect measures. Similar issues arise when
interpreting functional MRI data, which reflect changes in blood oxygenation level-dependent signal
(BOLD) rather than changes in neuronal activity per se (65). Therefore, the findings of the present study
provide an indication of changes in hypothalamic inflammation status after RYGB. Since confirmation
by immunohistochemical methods cannot be achieved in humans as in rodent studies, future work apply-
ing PET imaging with radiotracers that directly measure microglial activation (66) could complement
our findings. It has to be kept in mind, however, that MRI offers higher spatial resolution than PET,
so any subtle changes in the hypothalamus may be overlooked by the latter neuroimaging technique.
Another shortcoming of the present analysis is that changes in each radiologic measure of hypothalamic
inflammation after RYGB did not associate with changes in BMI or adiposity, arguing against causation.
One way to confirm that attenuation of hypothalamic inflammation actively contributes to weight loss
after RYGB is to chemically induce this in rodents and to assess changes in feeding and body weight (35).
‘We also did not include a healthy-weight control in our analysis due to the lack of T2W brain MRI and
plasma CrP, glucose, and insulin data. Future studies can formally reveal whether the changes in hypo-
thalamic and amygdala T2W SI, T2W/T1W SI ratios, and FA values after RYGB represent a return to a
healthy brain state or whether a new one is achieved.

In summary, we have provided radiologic evidence that hypothalamic inflammation status is dramat-
ically, albeit progressively, changed by RYGB, possibly by attenuating peripheral inflammation. We also
show that T2W/T1W SI ratios and FA values provide useful complementary radiologic metrics to T2W
SI values in assessing brain inflammation. Our findings suggest that pharmacologic obesity treatments
could be designed to target peripheral and/or central inflammatory processes to cause marked and durable
weight loss with the associated metabolic benefits (35).
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Methods

Subjects. We reanalyzed previously published (38) MRI datasets obtained from 27 morbidly obese patients
at baseline (6 males and 21 females, 14 with diabetes, age 51.1 £ 9.6 years), as well as 6 months (6 males
and 21 females, 3 with diabetes, age 51.8 £9.9 years) and 12 months (4 males and 18 females, 3 with diabe-
tes, age 52.6 * 8.5 years) after laparoscopic RYGB. Plasma samples were collected at each time point and
analyzed for fasting leptin, adiponectin, glucose, HbAlc, insulin, CrP, TG, cholesterol, LDL, and HDL as
previously described (38). HOMA-IR values were obtained by the multiplying plasma insulin levels (in pU/
ml) by plasma glucose levels (in mmol/1) and dividing the output by 22.5 (67). Body fat mass percentage
was determined using the Nutriguard M system (Data Input GmbH) together with the BodyComposition
software, version 9.0 (MEDI CAL HealthCare GmbH).

Scanning parameters. All imaging experiments were performed using a 3 Tesla (3T) VERIO MRI scan-
ner (Siemens). For each session, we first acquired T2W fluid-attenuated inversion-recovery (FLAIR) imag-
es (28 axial slices; 4-mm thickness, inversion time [TI] = 2,500 ms; repetition time [TR] = 10,000 ms;
echo time [TE] = 90 ms; readout pulse flip angle, a = 180°; bandwidth = 199 Hz/pixel; image matrix =
256 x 192; field of view [FOV] = 220 X 165 mm?; nominal spatial resolution = 4 X 0.85 x 0.85 mm?; 1
average). This was followed by acquiring T1W 3-dimensional magnetization-prepared rapid gradient echo
(MP-RAGE) images with selective water excitation and linear phase encoding in sagittal slice orientation
(TT = 900 ms; TR = 1,300 ms; TE = 2.98 ms; readout pulse flip angle, o. = 9°; bandwidth = 238 Hz/pixel;
image matrix = 256 x 240; FOV = 256 x 240 mm?; nominal spatial resolution = 1 X 1 X 1 mm?; 1 average).
Finally, whole-brain DW images (twice-refocused spin echo-planar imaging sequence, 64 axial slices, 2-mm
thickness, no gap, TE = 88 ms, TR = 12.4 s, a = 90°, bandwidth = 1,684 Hz/pixel, FOV = 220 x 220 mm?,
110 x 110 image matrix, Generalized Auto-calibrating Partially Parallel Acquisition (GRAPPA), acceler-
ation factor 2) were acquired applying 60 diffusion-encoding gradient directions and a b value of 1,000 s/
mm?. We acquired 7 images without diffusion weighting (b value 0 s/mm?) as an anatomical reference for
offline motion correction at the beginning and end of each block of 10 images.

Data processing. TIW and T2W MRI data were aligned onto the Montreal Neurological Institute (MNI)
standard template using the Functional MRI of the Brain (FMRIB) Linear Registration Tool (FLIRT)
application within the FMRIB Software Library (FSL) (68). This approach builds on the approach used to
more sensitively assess gray matter myelination from dividing T1W images by T2W images, which expo-
nentially increases fat-based contrast (39, 40). If water is represented by x in the T2ZW image and by 1/x in
the T1W image, and if the receive bias field is represented by b in both images, then:

T2W/TIW = x*b / (1/x)*b = x*

This eliminates receive bias field and exponentially increases water-based contrast (39).

DW MRI data were first quality checked with DTIPrep (69) and then processed with FSL and Leipzig
Image Processing and Statistical Inference Algorithms (LIPSIA). Images were motion corrected with rig-
id-body transformation, based on the anatomical reference images. This was combined with global registra-
tion to the T1W images. After skull stripping, images were coregistered to the standard MNI template. We
applied rotation parameters to correct gradient direction of each image. We interpolated registered images,
representing the individual anisotropy, using an isotropic voxel resolution of 1 mm. Finally, a diffusion
tensor was fitted to each voxel, and FA was calculated from the eigenvalues of the diffusion tensor.

Since no standard mask for the MBH is currently available, bilateral MBH masks (2 mm?®) were man-
ually drawn on the aligned T1W, T2W, and FA images for each individual as in previous studies (28, 30).
We located the hypothalamus in each 3-dimensional MRI volume with reference to clearly identifiable ana-
tomical landmarks, such as the lateral ventricles, third ventricle and median eminence in the coronal plane,
the optic nerves and suprachiasmatic nucleus in the transverse plane, and the pituitary stalk and pituitary
gland in the sagittal plane. We also manually drew bilateral amygdala masks (4 mm?®) on the same coronal
plane as the MBH as in previous studies (28, 30). Since these masks are of a similar size and shape as those
used in these previous studies (28, 30), this ensured our findings were comparable and that any differences
were not simply due to different brain regions of interest being analyzed. Mean MBH and amygdala T2W
SI values, T2ZW/T1W ratios, and FA values were then obtained using the fslstats application within FSL.

Statistics. Longitudinal data was tested for normality of distribution using the Shapiro-Wilk test. Since
not all patients underwent MRI scans and had complete blood sample measurements at baseline and 6
and 12 months after RYGB, a mixed-effects model analysis with Tukey’s post hoc test was used to assess
differences between time points. For univariate linear regression analysis, nonnormally distributed data
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were first log-transformed, and Pearson correlation analysis was then performed. Statistical significance
was determined by using 2-tailed Student’s ¢ test and corrected for multiple comparisons using Bonferroni’s
post hoc test. For multivariate linear regression analysis, the least-squares method with intercept and main
effects models were used. All statistical analyses were performed on Graphpad Prism software (Version 8).
Statistical significance was set at P < 0.05 for all statistical tests and adjusted to P < 0.0014 for univariate
correlations after Bonferroni correction.

Study approval. Patients gave written informed consent, and the original study was carried out in full
accordance with the Declaration of Helsinki following approval by the Ethics Committee of the University
of Leipzig (approval no. 132-11-18042011).
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