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While Roux-en-Y gastric bypass (RYGB) surgery in obese
individuals typically improves glycemic control and pre-
vents diabetes, it also frequently causes asymptomatic
hypoglycemia. Previous work showed attenuated coun-
terregulatory responses following RYGB. The underlying
mechanisms as well as the clinical consequences are un-
clear. In this study, 11 subjects without diabetes with se-
vere obesity were investigated pre- and post-RYGB
during hyperinsulinemic normo-hypoglycemic clamps.
Assessments were made of hormones, cognitive function,
cerebral blood flow by arterial spin labeling, brain glu-
cose metabolism by '®F-fluorodeoxyglucose (FDG)
positron emission tomography, and activation of brain
networks by functional MRI. Post- versus presurgery,
we found a general increase of cerebral blood flow but
a decrease of total brain FDG uptake during normogly-
cemia. During hypoglycemia, there was a marked in-
crease in total brain FDG uptake, and this was similar
for post- and presurgery, whereas hypothalamic FDG
uptake was reduced during hypoglycemia. During hy-
poglycemia, attenuated responses of counterregula-
tory hormones and improvements in cognitive function
were seen postsurgery. In early hypoglycemia, there
was increased activation post- versus presurgery of
neural networks in brain regions implicated in glucose
regulation, such as the thalamus and hypothalamus.

The results suggest adaptive responses of the brain
that contribute to lowering of glycemia following
RYGB, and the underlying mechanisms should be fur-
ther elucidated.

The global rise in obesity and type 2 diabetes is one of
the great challenges to public health in the 21st century.
Results of bariatric surgery have shed light on several
new and crucial mechanisms by which hunger, satiety,
and body weight regulation, as well as glucose homeo-
stasis, can be modified. Roux-en-Y gastric bypass
(RYGB) is highly effective to prevent and reverse type
2 diabetes (1-3), with multiple pathways involved
(e.g., hepatic glucose production, postprandial gluca-
gon-like peptide 1 secretion, adipose factors) (4). Less
is known about the role of neuroendocrine mecha-
nisms and the central nervous system (CNS) in achiev-
ing favorable metabolic effects.

Besides these beneficial effects, RYGB surgery com-
monly leads to episodes of postprandial hypoglycemia (5),
which are usually asymptomatic, pointing to an adaptive
lowering of the glycemic “set point.” To some extent, this
resembles the clinical phenomenon known as impaired
awareness of hypoglycemia (IAH), which is observed in
some patients with type 1 diabetes. These patients display
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attenuation of symptoms and some counterregulatory
hormonal responses during hypoglycemia compared with
patients with normal hypoglycemic awareness (6). More-
over, a blunting of responses to hypoglycemia have been
found in IAH in brain regions involved in hypoglycemic
counterregulation, including the thalamus, hypothalamus,
and brain stem and regions involved in behavioral re-
sponses, such as the striatum, amygdala, and various cor-
tical regions (7-10).

Interestingly, attenuation of hormonal and symptom-
atic responses to hypoglycemia has also been observed
after RYGB (11,12). In obesity and type 2 diabetes,
positron emission tomography (PET) investigations
performed during euglycemic-hyperinsulinemic clamp
showed elevated brain glucose uptake (13,14), and this
can be normalized after RYGB (15). While IAH can im-
pair both short- and long-term cognitive performance
(16,17), less is known about cognition in relation to
hypoglycemia after bariatric surgery (12). In the cur-
rent study, we combined hormonal, cognitive, and
neuroimaging assessments during normoglycemic and
hypoglycemic clamps in subjects before and after
RYGB surgery.
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RESEARCH DESIGN AND METHODS

This study was conducted at Uppsala University and Upp-
sala University Hospital. Subjects aged 18-60 years with
a BMI of 35-45 kg/m?” were recruited after a regular
visit at the obesity outpatient clinic before planned
bariatric surgery. Main exclusion criteria were diagno-
sis of diabetes, history of cardiovascular events, con-
traindication to PET/MRI investigation, treatment
with B-blockers or CNS-active drugs, and serious psy-
chiatric or substance abuse disorders.

The subjects came for two study visits: before RYGB
(median 41 days, range 20-76 days) and then ~4 months
(median 130 days, range 106-155 days) after RYGB. In
accordance with local clinical guidelines, subjects received
a 4-week low-caloric diet of 800-1,100 kcal/day before
the RYGB, which was performed laparoscopically at
the Department of Surgery, Uppsala University Hospi-
tal. On both study visits, subjects came to the PET/
MR facility at 8:00 a.Mm. after an overnight fast. Medi-
cal history, anthropometric measures, and blood sam-
ples were obtained. Total body fat was assessed with
bioimpedance (Body Composition Analyzer BC-418;
Tanita).
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Figure 1—Schematic overview of the clamp and imaging investigations performed pre- and post-RYGB. Arrows at the bottom indicate
time points for hormone blood samples. ASL, arterial spin labeling; DSST, Digital Symbol Substitution Test; EHSS, Edinburg Hypoglyce-
mia Symptom Scale; HRV, heart rate variability; TMT, Trail Making Test.
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Glucose Clamp Procedure

A schematic overview is given in Fig. 1. After blood sam-
pling and physical examinations, the hyperinsulinemic
glucose clamp started with simultaneous infusion of insu-
lin and 20% glucose. Potassium was infused with a target
rate of 8 mmol/h in order to avoid insulin-induced hypo-
kalemia. After priming, insulin (Actrapid; Novo Nordisk,
Copenhagen, Denmark) was infused at a steady-state rate
of 80 mU/m” body surface area/min, and the rate of
20% glucose infusion was adjusted on the basis of
plasma glucose readings every 5 min. During the nor-
moglycemic phase, the target glucose level was 5.0
mmol/L, and assessments of heart rate variability
(HRV), cognitive function, and hypoglycemic symp-
toms (Edinburgh Hypoglycemia Symptom Score
[EHSS]) were performed. Approximately 30 min into
the clamp, the subject was positioned in the PET/MR
scanner. After an additional 30 min, *®*F-fluorodeoxy-
glucose (FDG) was rapidly infused, and PET scanning
was initiated followed by arterial spin labeling (ASL)
and functional MRI (fMRI), as depicted in Fig. 1. After
another 50 min, plasma glucose was lowered by tem-
porarily stopping the glucose infusion. The target was
2.7 mmol/L, which was typically reached at ~20 min,
and this was then maintained for 70 min. FDG-PET,
ASL, and fMRI were performed again. After ~50 min,
subjects exited the scanner, and HRV, cognitive func-
tion, and EHSS assessments were again performed.
The recovery phase was initiated by stopping the insu-
lin infusion while the glucose infusion continued for
30 min at a fixed rate of 100 mg/kg body weight/h.
Because of the complex technical procedures, some-
times there were slight delays in experimental periods
(Table 1) and sampling times.

Cardiovascular Function

To assess autonomic nervous system activity, HRV was
assessed for 6 min during normoglycemia and during late
hypoglycemia in the supine position, using a single-chan-
nel electrocardiogram system (Actiwave Cardio; CamNtech
Ltd., Fenstanton, U.K.), and a power spectrum analysis of
HRV was performed (18). Blood pressure was measured
at rest before clamps. Heart rate was measured during
the normoglycemic and hypoglycemic clamps.

Cognitive Tests and Hypoglycemic Symptoms Scores

The Trail Making Test (TMT) (19) and Digit Symbol Sub-
stitution Test (DSST) (20) were performed during both
the normoglycemic and the hypoglycemic phase of the
clamp (19,20). To avoid bias as a result of learning effects,
both the TMT and the DSST were sent by mail to the sub-
jects before each investigation day with instructions to
practice taking the tests. The TMT examines visual
search, scanning, speed of processing, mental flexibility,
and executive functions (21), while the DSST aims to
measure cognitive operations, such as motor speed, atten-
tion, visuoperceptual functions, and associative learning
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(20). Hypoglycemic symptoms were assessed with the
EHSS questionnaire (22) both in the normo- and hypogly-
cemic clamp phases.

Biochemical Measurements

Blood samples were repeatedly drawn from an antecubital
vein (Fig. 1) following arterialization using a heating pad.
Analyses were performed at the Department of Clinical
Chemistry and the Clinical Diabetes Research Laboratory
of Uppsala University Hospital. Glucose during clamps
was assessed with a Contour hand-held glucometer
(Bayer). Insulin, C-peptide, and cortisol were determined
with a cobas e analyzer (Roche), growth hormone (GH)
and ACTH with IMMULITE 2000 XPi (Siemens Healthi-
neers), and glucagon with ELISA (#10-1271-01; Mercodia,
Uppsala, Sweden).

Brain Imaging Using PET, ASL, and fMRI

All examinations were performed using integrated PET/
MR (SIGNA; GE Healthcare, Waukesha, WI), which com-
bines a 3T MRI with a time-of-flight—capable silicone pho-
tomultiplier-based PET scanner (23). All subjects were
scanned in supine position using an eight-channel head
coil (MR Instruments, Inc., Minneapolis, MN). First, the
subject was positioned with the field of view of the PET/
MR centered over the heart. Simultaneously with a bolus
injection of 2-3 MBq/kg FDG, a 10-min dynamic PET
scan was started. Then, the subject was moved so that
the brain was in the center of the field of view, and PET
scanning was resumed at ~20 min postinjection and con-
tinued for ~120 min during normo- and hypoglycemia
(Fig. 1). Arterialized venous blood samples were taken for
measurement of radioactivity after the cardiac scan, prior
to start of the brain scan, and repeatedly at set times dur-
ing the remainder of the scan. PET image processing is
described in the Supplementary Material.

A 3D fast-spin echo pseudo-continuous ASL with spiral
readout and background suppression was acquired at a
postlabel delay of 2,000 ms. In addition, the protocol in-
cluded a high-resolution 3D T1-weighted image and a 3D
T2-weighted fluid attenuated inversion recovery as ana-
tomical references and a two-point Dixon sequence in
combination with a zero echo time sequence for attenua-
tion correction of PET data. ASL-derived cerebral blood
flow (CBF) images were calculated according to the model
defined by Buxton et al. (24) and recommended by Alsop
et al. (25), including a correction term for full proton den-
sity reference (26-29).

fMRI during resting state implemented a standard
echo-planar imaging sequence with the following funda-
mental parameters: whole-brain coverage, voxel size
34 x 34 x 3.0 mm3, 45 slices, 200 repetitions, repeti-
tion time 3.0 s, and echo time 3.0 ms. Analysis was car-
ried out using tensorial independent component (IC)
analysis (TICA) (30) and region of interest (ROI)-to-ROI
analysis. TICA was implemented as in MELODIC
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Table 1—Anthropometric and biochemical measures at the presurgery visit and after gastric bypass (postsurgery)

Presurgery (n = 11)

Postsurgery (n = 11) P value

Anthropometry

Sex (male/female), n
Age (years)

Time from surgery to postsurgery visit 2 (days)

Weight (kg)

BMI (kg/m?)

Waist (cm)

Waist/hip ratio

Total body fat (%)

SBP (mmHg)

DBP (mmHg)

Heart rate normo (bpm)*

Heart rate hypo (bpm)t

Duration of normoglycemic clamp (min)
Duration of hypoglycemic clamp (min)

Test scores

EHSS normo
EHSS hypo
DSST normo
DSST hypo
TMT% normo
TMT% hypo

Biochemistry

HbA1c (mmol/mol)

HbAc (NGSP %)
P-glucose (mmol/L)
S-insulin (mU/L)
S-C-peptide (nmol/L)
HOMA-IR

P-HDL cholesterol (mmol/L)
P-LDL cholesterol (mmol/L)
P-triglycerides (mmol/L)
P-glucagon (pmol/L)
S-cortisol (nmol/L)

P-ACTH (nmol/L)

S-GH (pg/L)

M-value (mg/kg LBM/min)

3/8
35 (« 8)

130 (122; 148)

113.8 (109.7; 132.5) 83.3 (77.2; 98.5) 0.003
40.2 (+ 3.6) 29.9 (+ 4.0) <0.001
119 (« 10) 95 (+ 10) <0.001
0.90 (0.86; 0.96) 0.88 (0.83; 0.90) 0.328
44.4 (+ 7.3) 34.0 (+ 10.2) <0.001
125 (+ 13) 118 (+ 12) 0.138
80 (+ 10) 73 (= 11) 0.076
74 (73; 78) 61 (59; 74) 0.004
78 (70; 87) 65 (60; 80) 0.021
118 (113; 129) 111 (109; 114) 0.373
85 (80; 93) 80 (79; 90) 0.765
14.3 (2.3) 15.1 (3.9) 0.57
31.5 (8.4) 28.3 (7.5) 0.28
31.5 (13.4) 27.5 (7.1) 0.19
24.3 (6.3) 27.5 (9.3) 0.046
43.7 (11.9) 42.6 (14.3) 0.33
52.0 (19.7) 34.4 (10.5) 0.009
34 (34; 36) 33 (30; 34) 0.011
5.3 (5.3; 5.4) 5.2 (4.9; 5.3) 0.011
6.0 (+ 0.5) 5.3 (+ 0.5) <0.001
10.5 (5.7; 15.8) 7.2 (4.5; 13.8) 0.113
1.20 (= 0.29) 0.79 (+ 0.22) <0.001
2.7 (1.6; 4.3) 1.4 (1.0; 3.5) 0.047
0.99 (= 0.14) 0.97 (+ 0.21) 0.651
3.11 (+ 0.75) 2.15 (+ 0.58) <0.001
0.99 (0.92; 2.07) 0.79 (0.71; 1.14) 0.016
9.8 (5.9; 13.8) 6.2 (4.8; 9.4) 0.131
182 (165; 252) 214 (166; 271) 1.000
2.7 (2.3; 5.5) 1.8 (1.6; 2.2) 0.005
0.16 (0.05; 1.18) 1.80 (0.10; 7.00) 0.008
7.55 ( 3.90) 8.63 (+ 2.53) 0.352

Data are mean (+ SD) if normally distributed or median (IQR)

unless otherwise indicated. P values represent comparison with

paired t tests (if normally distributed) or Wilcoxon signed rank tests between pre- and postsurgery. Boldface indicates significance
at P < 0.05. bpm, beats/min; DBP, diastolic blood pressure; HOMA-IR, HOMA of insulin resistance; hypo, hypoglycemic phase of
clamp; NGSP, National Glycohemoglobin Standardization Program; normo, normoglycemic phase of clamp; P, plasma; S, serum;
SBP, systolic blood pressure. *Incomplete data for four subjects. tIncomplete data for one subject. $TMT low value = better.

(Multivariate Exploratory Linear Decomposition into In-
dependent Components) version 3.15, part of FESL
(FMRIB Software Library, https://www.fmrib.ox.ac.uk/
fsl), using standard parameters. All six runs (three presur-
gery, three postsurgery [see Fig. 1]) of each subject were
included in one analysis. This data set of all runs in all
subjects identified 20 ICs in a data-driven manner with-
out a priori assumptions. Those 20 ICs were then default
ordered by the amount of data variance explained by the
ICs. The IC analysis provides a so-called S-mode (measure
of activation of each component) in each run. For ROI--
to-ROI analysis in the CONN toolbox (31) (https://web.
conn-toolbox.org), standard parameters were used except
for the additional definition of ROIs of the medial hypo-
thalamus and lateral hypothalamus (LH) (32). The subject

S-modes of the 20 ICs were used as input data for the
post hoc statistical analysis between groups using Graph-
Pad Prism 5 software. Neuroimaging postprocessing
details and software and the full set of acquisition param-
eters for MRI scans are provided in the Supplementary
Material.

Statistical Analysis

Data are presented as mean (¢ SD) or as median (inter-
quartile range [IQR]) as indicated. For biochemical meas-
urements, the area under the curve (AUC) and the AAUC
from hypoglycemia 0-70 min was calculated using the
trapezoid method. If sampling time was delayed because
of practical reasons, the concentration at the intended
time was interpolated from the adjacent measured values.
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Differences in clinical and biochemical variables were
analyzed using paired t tests or Wilcoxon signed rank
tests as appropriate and specified. FDG-PET and ASL data
were analyzed using paired t tests. Spearman correlations
were performed between selected clinical and imaging
measures. P < 0.05 was considered statistically signifi-
cant. Details regarding statistical software are provided in
the Supplementary Material.

Ethics

The study was approved by the Regional Research Ethics
Committee of Uppsala (Dnr 2017/210). All subjects re-
ceived written and verbal information prior to signing an
informed consent form. The study was conducted in ac-
cordance with the Declaration of Helsinki.

Data Availability
The data and study protocol are available upon request to
the corresponding author.

RESULTS

Eighteen subjects were recruited, seven of whom did not
complete both visits for various reasons, including per-
sonal circumstances, difficulties gaining venous access,
back pain, anxiety, or other discomfort during the imag-
ing procedure and one patient’s cancellation of surgery.
Thus, 11 subjects (3 males and 8 females) completed both
visits. Clinical characteristics pre- and postsurgery are
summarized in Table 1. RYGB led to the expected meta-
bolic improvements: weight loss of 30.3 kg, BMI reduc-
tion of 10.3 kg/m? and significant lowering of fasting
glucose and HbA;,.

Cardiovascular Function

There was a significant decrease in heart rate after RYGB.
This was found during both normo- and hypoglycemic
clamp periods (P < 0.01 and P < 0.05, respectively)
(Table 1). There were no significant changes in blood
pressure or HRV spectral components.

Cognitive Tests and Hypoglycemic Symptoms

These results are shown in Table 1. The DSST and TMT
results showed significant improvements during hypo-
glycemia for the postsurgery versus presurgery compari-
son (P < 0.05 and P < 0.01, respectively). There were
no differences during the normoglycemic phase. The
EHSS symptom scores were similar postsurgery versus

presurgery.

Biochemical Measurements

Glucose and hormone levels are displayed in Table 1 and
Fig. 2. Clamp glucose levels tended to be slightly lower
post- versus presurgery (P = 0.137 and P = 0.070 for
normo- and hypoglycemia, respectively). During the re-
covery phase, glucose levels rose less post- versus presur-
gery (P < 0.01). Fasting C-peptide levels were lower
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postsurgery but were suppressed similarly to presurgery
during the clamp. Clamp insulin levels, mainly reflecting
exogenous insulin, were slightly and significantly lower
postsurgery. Glucagon, ACTH, cortisol, and GH all in-
creased during the hypoglycemic clamp. Postsurgery, this
increase was attenuated for glucagon (P < 0.01) and nu-
merically for ACTH and cortisol response (P = 0.08 and
P = 0.16, respectively, for AAUC; P < 0.01 and P = 0.08,
respectively, for total AUC). Fasting ACTH in the morning
was also lower after surgery (P < 0.01). The GH response
was augmented post- versus presurgery (P < 0.01).

FDG-PET

Results from the FDG-PET investigations are shown in
Figs. 3 and 4. Both the global brain FDG net influx rate
(Ki) and the estimated total uptake of glucose (MRglu)
were somewhat lower post- versus presurgery during nor-
moglycemia (P < 0.05 for both) (Fig. 3A and B). Hypogly-
cemia led to an approximately fourfold increase in Ki
(P < 0.001) (Fig. 3A) both pre- and postsurgery. The mag-
nitude of this increase did not differ significantly pre- ver-
sus postsurgery. The whole-brain PET images of a typical
subject are depicted in Fig. 3C. This increase of Ki during
hypoglycemia was evident in most parts of the brain both
pre- and postsurgery (Figs. 3C and 4A and C). However,
this was not seen in the hypothalamic area, where Ki in-
stead decreased during hypoglycemia, and this response
was less evident post- versus presurgery (Fig. 4B and D).
In hypoglycemia, the lumped constant for FDG uptake in
the brain is not defined, and, therefore, MRglu estimates
are not reported.

CBF

Regional CBF was assessed with ASL, and data are sum-
marized in Fig. 5. Postsurgery, CBF during the normogly-
cemic phase increased significantly in all brain regions.
No significant changes were found between the normo-
and hypoglycemic states pre- or postsurgery.

To assess whether the increased blood flow postsurgery
was specific for the brain, we also used FDG-PET scanning
of the heart to calculate whole-body arterial blood-flow,
i.e., cardiac output (33). In absolute terms, cardiac output
(in L/min) was clearly reduced after gastric bypass sur-
gery, whereas the cardiac index (adjusted to body surface
area) was not significantly altered (mean 3.06 vs. 3.23 L/
m?/min for pre- vs. postsurgery, respectively).

fMRI

Resting state fMRI was performed in three sequential pe-
riods during the clamp investigation: normoglycemia, ear-
ly hypoglycemia and steady-state hypoglycemia (Fig. 1),
and this was done before as well as after RYGB. TICA of
MRI using the FSL software package (30) revealed one in-
dependent component (IC), which represents a functional
connectivity resting-state network, explaining most vari-
ability of the data across all fMRI runs. This IC notably
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includes bilateral thalamus and hypothalamus and, to a
lesser degree, right dominant frontal regions (Fig. 6A).
The activity of this IC (S-mode) was significantly higher
post- versus presurgery during those runs in which blood
glucose was rapidly lowered, i.e., during the early hypogly-
cemic clamp phase (P < 0.05) (Fig. 6A and B).

The additional connectivity analysis was based on ROI-
to-ROI analysis in the CONN toolbox using the right lat-
eral hypothalamus (LH) (31) as the seed region. During
early hypoglycemia, we observed a significantly decreased
functional connectivity to left hippocampus and signifi-
cantly increased functional connectivity to the cerebellar
vermis regions 4 and 5 for the post- versus presurgery
condition (Fig. 6C).

Correlation Analyses

There were significant correlations between EHSS score
and whole-brain CBF during hypoglycemia, particularly at
the postsurgery investigation (p = 0.706, P = 0.015).
Likewise, there were positive associations between cogni-
tive function and CBF during hypoglycemia, both pre-
and post-RYGB (P = 0.010 and P = 0.079, respectively,
for TMT; P = 0.017 and P = 0.040, respectively, for
DSST). These latter associations were seen for CBF in sev-
eral separate regions but were significant only for the
basal ganglia and hippocampus (data not shown). Whole-
brain FDG uptake did not correlate with any of these
scores. There were no significant correlations between
postsurgery changes in anthropometric measures and
changes in EHSS and cognitive scores or hormonal and
fMRI responses to hypoglycemia. Furthermore, time since
surgery did not correlate with changes in any of the above
measures.

DISCUSSION

This study demonstrates the feasibility of simultaneous
metabolic and multimodal neuroimaging assessments.
The findings indicate that changes in the brain’s neuronal
network activity, cognitive functions, as well as blood
flow and energy metabolism occur after RYGB surgery in
patients with severe obesity. Some RYGB effects were also
found during experimental hypoglycemia, mainly on cog-
nitive, hormonal, and fMRI readouts, and they may be of
relevance for the asymptomatic hypoglycemic episodes
that frequently occur in patients after RYGB (5). A nearly
global attenuation of neurohormonal responses to hypo-
glycemia was found after RYGB, and this is likely largely
due to adaptive changes within the brain. Conversely,
such an adaptation is also likely to contribute to an over-
all lowering of glycemia and, hence, to the prevention, or
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reversal, of type 2 diabetes in patients undergoing RYGB.
The mechanisms behind this adaptation to low glucose
levels remain elusive but may include upregulation of glu-
cose transport into some brain regions, utilization of al-
ternative fuels, and alterations of hypothalamic signaling
and opioid-dependent pathways (34).

Cognitive Function

Both cognitive tests, TMT and DSST, showed congruent
results, with scores during hypoglycemia improving post-
compared with presurgery. This is compatible with an ad-
aptation of the brain to low glucose, leading to less vul-
nerability of cognition during hypoglycemia. Previous
studies have also reported modulation of other aspects of
cognitive function following RYGB, including problem
solving and pattern comparison (12,35).

Hormonal and Cardiovascular Responses

RYGB led to attenuated responses of counterregulatory
hormones as well as heart rate during hypoglycemia. The
blunted hormonal responses included glucagon, ACTH,
and cortisol but, as reported previously (11,12), GH had a
greater response following weight loss. After RYGB, glu-
cose levels rose more slowly during the recovery phase di-
rectly after the hypoglycemic clamp, and this is most
likely a consequence of the attenuated counterregulation.
The finding following RYGB of a suppressed ACTH re-
sponse to hypoglycemia provides additional support for a
brain-mediated neuroendocrine adaptation, including the
hypothalamic-pituitary-adrenal axis. Interestingly, in a re-
cent study, we reported that enhanced counterregulatory
responses are a feature of subjects with obesity and insu-
lin resistance that might promote relative hyperglycemia
and development of type 2 diabetes (36). In contrast,
RYGB instead leads to an attenuated counterregulation,
probably even below normal, which can contribute to the
prevention or reversal of diabetes (11,12).

In our limited cohort, we did not see a significant im-
provement of whole-body insulin resistance, pointing to
other mechanisms for the rapid glycemic effects of RYGB,
such as reduced endogenous glucose production (37). Lo-
cal insulin resistance in the brain has been implicated in
obesity and type 2 diabetes (38). Some of the effects on
brain functions and counterregulation found after RYGB
in our study may be linked to improved brain insulin re-
sistance, but this was not directly addressed and warrants
further work.

In this study, we did not see any clear post-RYGB ef-
fect on autonomic nervous system reactivity during
hypoglycemia, which is different from our previous re-
port, indicating a blunted response of the sympathetic

Figure 2—A-H: Glucose levels, glucose infusion rates, and hormone levels during normoglycemic and hypoglycemic clamp. Data are me-
dian + IQR (all but panel A) or mean + SD (A). *P < 0.05, **P < 0.01, ***P < 0.001. P values refer to differences between pre- and postsur-
gery, during the hypoglycemic period (brackets, AUCs) or fasting levels (baseline). P values within brackets refer to Wilcoxon signed rank
tests of AAUC (for all panels except D, where total AUC is shown). GIR, glucose infusion rate; hypo, hypoglycemic phase of clamp; LBM,

lean body mass; Preop, preoperative; Postop, postoperative.
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nervous system (11). This is probably explained by
HRV assessments now being done only in the very last
part of the hypoglycemic period as opposed to continu-
ous registration.

CBF, fMRI, and FDG-PET

The counterregulatory response to hypoglycemia is largely
coordinated by the basal regions of the brain, in particular
the hypothalamus (34). It is therefore intriguing that we
found an increased activity on resting-state fMRI assess-
ments in these regions as well as some others during
hypoglycemia post- versus presurgery. Although the func-
tional consequences of increased neural activity in these
brain regions are unclear, it may be hypothesized that
this network exerts an inhibitory effect on hypoglycemic
counterregulation. A causal connection between such find-
ings and the attenuated neurohormonal counterregula-
tion reported in this and a few previous studies (11,12) is
therefore plausible and intuitively appealing. However, it
is beyond the reach of our current results to allow firm
conclusions about this connection.

A major finding of the ASL investigations was a general
increase in blood flow in all brain regions occurring after
RYGB, and this was largely seen during both normoglyce-
mia and hypoglycemia. Interestingly, we found a link be-
tween increased brain blood flow during hypoglycemia
and better results on cognitive tests, compatible with a
potential impact of blood flow vis-a-vis cognitive improve-
ment following RYGB. Since there was no significant post-
surgery effect on whole-body blood flow (cardiac index),
we propose that the increase in CBF is secondary to ef-
fects on regional vasoregulation. Of note, impaired vaso-
reactivity has been reported in obese versus lean subjects,
but it was rapidly normalized after RYGB (39).

In contrast to blood flow, glucose metabolic rate, as re-
flected by FDG uptake, in the brain dropped after RYGB
when measured during normoglycemia. This is compatible
with previous findings by other investigators (13,15,37)
showing elevated brain glucose uptake in obese subjects
during hyperinsulinemic-normoglycemic clamps and a
normalization following bariatric surgery. As expected, we
found an increased plasma clearance of FDG by the brain
(Ki), and thus extraction fraction, during hypo- versus
normoglycemia. However, Ki during hypoglycemia did
not change after RYGB, and the MRglu could not be calcu-
lated because the assigned lumped constant for FDG of
0.65 during normoglycemia (14,40) is probably not appli-
cable for hypoglycemia. This was shown in rats, where the
deoxyglucose lumped constant of the brain was more

*P < 0.05, ***P < 0.001 for post- vs. presurgery (paired t tests).
PreNormo and PostNormo: missing data for one subject; PreHypo:
missing data for four subjects; PostHypo: missing data for two
subjects.
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Figure 4—Difference in '®F-FDG net influx rates between hypo- and normoglycemic clamp periods. PET statistical parametric mapping
(SPM) T-maps show comparisons from the presurgery (A and B) and postsurgery (C and D) investigations, respectively. A and C show
clusters with significantly increased "®F-FDG net influx rate for hypo- vs. normoglycemia (red), whereas B and D show clusters with signifi-
cant reduction (blue). The color maps represent T-values, indicating the number of pooled standard deviations between net influx rate val-
ues during hypo- vs. normoglycemia, where T > 1.96 corresponds to P < 0.05. Minimum cluster size for significance was 50 voxels (0.4
cm®). The crosshairs are centered on the hypothalamic cluster in panel B and the peak coordinates (MNI) are 0, —8, —22.

than twofold higher at plasma glucose 1.9 compared with
7 mmol/L (41). It might be assumed that the overall brain
glucose uptake during modest hypoglycemia in our sub-
jects was in a similar range as in normoglycemia and,
most importantly, it did not change following RYGB.

In contrast to the whole brain, there was a decrease in
the hypothalamic FDG uptake rate during hypoglycemia,
and this decrease appeared to be less evident post- versus
presurgery. These findings may point to an involvement
of glucose uptake and, potentially, sensing in the hypo-
thalamus coordination of counterregulatory neuroendo-
crine responses.

The somewhat lower Ki for FDG in normoglycemia
post- versus presurgery may suggest an adaptation of the
postsurgery brain to become less dependent on glucose
uptake per se, possibly by metabolizing glucose more effi-
ciently or utilizing alternative energy sources, including
lactate and ketones. Indeed, intravenous administration
of both lactate and B-hydroxybutyrate during

hypoglycemia has been shown to decrease symptoms, cog-
nitive dysfunction, and hormonal counterregulation in
healthy subjects (42).

Overall, further studies are needed to directly assess
nutrient uptake and metabolism in the brain during hypo-
glycemia in normal subjects as well as in subjects with di-
abetes or obesity, also after bariatric surgery. In our
present study, RYGB was followed by an altered neuronal
network response to hypoglycemia in brain regions that
are considered to be involved in the regulation of glucose
turnover. This may contribute to the overall glucose-low-
ering effects of RYGB. A reduction of whole-brain glucose
uptake was seen under normoglycemic conditions, and a
rise in CBF was demonstrated in both normo- and hypo-
glycemia. Thus, it cannot be established whether the at-
tenuation of counterregulation to hypoglycemia following
RYGB is dependent on changes in brain glucose uptake
and/or blood flow, and additional targeted and dynamic
assessments of specific brain regions may be needed.
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Figure 6—fMRI. A: TICA across all six resting fMRI runs revealed
one IC, which represents a functional connectivity resting-state
network, explaining most variability. This resting-state network
was defined purely on the provided data without prior assumption
and includes, notably, bilateral thalamus and hypothalamus. The
activity of this IC was significantly higher after vs. before surgery
(red color; S-mode) during the first 20 min of the hypoglycemic
clamp (i.e., rapid glucose lowering) (P < 0.05). The color code rep-
resents T-values. B: Individual data of the above IC activity (S-
mode) during the initial phase of hypoglycemia. *P < 0.05. C: The
ROI functional connectivity analysis using the right LH as seed re-
gion as defined on the basis of previous literature (31). During initial
hypoglycemia, there was a significantly decreased functional con-
nectivity to left hippocampus and a significantly increased func-
tional connectivity to vermis regions 4 and 5 for the post- vs.
presurgery condition. Similar increases in connectivity to corre-
sponding regions were obtained using the left LH as seed region
(data not shown). n = 10. L, left; LH, lateral hypothalamus; MH, me-
dial hypothalamus; R, right.

Limitations

This study protocol was laborious and challenging for pa-
tients as well as staff, and there was an ~30% dropout
rate among the included subjects. Therefore, the number
of subjects completing the protocol was small (n = 11).
There were also some technical issues that led to fewer
subjects for some assessments. The spatial resolution of
our MR and PET exams did not allow for very detailed re-
gional analysis, for example, at the subnucleus level of the
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hypothalamus. Individual subnuclei can exert different
and sometimes opposing effects on whole-body glucose
turnover and energy balance (43), making the functional
consequences of changes detected in hypothalamic glu-
cose uptake or network activity uncertain. Furthermore,
we have no results at present on anatomical assessments,
and there may be structural effects in specific brain re-
gions in addition to the functional changes. Previous
work has suggested an increase in gray as well as white
matter density in specific brain areas after RYGB, which
may be related to the brain’s regulation of energy balance
(15,44,45). Importantly, there is yet limited understand-
ing of the functional impact of changes in the brain’s glu-
cose uptake and blood flow rates that were found in our
study.

Conclusions

The current results suggest adaptation of the brain to
lower glycemic levels following RYGB. This is supported
by the attenuation of several insulin-antagonistic re-
sponses to hypoglycemia. In the brain, there were changes
after RYGB in neural activation by hypoglycemia in cen-
tral regions and the hypothalamus that are considered im-
portant for the coordination of glucose regulation. There
were also global changes in brain glucose uptake rate and
blood flow, and the latter may be related to improved cog-
nitive function. Taken together, our findings point toward
a role of the brain to orchestrate maintenance of normo-
glycemia and thereby reverse, or prevent, type 2 diabetes
following gastric bypass surgery. Although critical hor-
monal and metabolic effects are finally exerted in the pe-
ripheral “end organs,” the glycemic set point may largely
be determined and governed by the CNS.
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