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Abstract

Background—Roux-en-Y gastric bypass (RYGB) accelerates gastric pouch emptying, enhances
postprandial glucagon-like peptide 1 (GLP-1) and insulin, and lowers glucose concentrations. To
prevent discomfort and reactive hypoglycemia, it is recommended that post-RYGB patients eat
small, frequent meals and avoid caloric drinks. However, the effect of meal size and texture on
GLP-1 and metabolic response has not been studied.

Objectives—To demonstrate that frequent minimeals and solid meals (S) elicit less GLP-1 and
insulin release and less reactive hypoglycemia and are better tolerated compared with a single
isocaloric liquid meal (L).

Setting—A university hospital.

Methods—In this prospective study, 32 RYGB candidates were enrolled and randomized to L or
S groups before gastric bypass. Each subject received an L or S 600-kcal single meal (SM)
administered at hour 0 or three 200-kcal minimeals administered at hours 0, 2, and 4 on 2 separate
days. Twenty-one patients were retested 1 year after RYGB. Blood and visual analogue scale
measurements were collected up to 6 hours postprandially. Outcome measures included gastric
pouch emptying, glucose, insulin, and GLP-1; hunger, fullness, and stomach discomfort were
measured by visual analogue scale.

Results—Twenty-one were patients retested after RYGB (L: n = 12; S: n = 9). Meal texture had a
significant effect on peak GLP-1 (L-SM: 106.1 + 67.2 versus S-SM: 45.3 £ 25.2 pM, P=.004),
peak insulin, and postprandial glucose. Hypoglycemia was more frequent after the L-SM meal
compared with the S-SM. Gastric pouch emptying was 2.4 times faster after RYGB but was not
affected by texture.

Conclusions—Meal texture and size have significant impact on tolerance and metabolic
response after RYGB.
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Methods

Patients

Roux-en-Y gastric bypass surgery (RYGB) results in 30% weight loss at 1 year and
resolution or improvement of obesity-related co-morbidities [1]. RYGB accelerates gastric
pouch emptying (GPE) and stimulates release of incretins and satiety gut peptides [2,3]. The
elevated postprandial release of satiety peptides may contribute to the decreased food intake
after RYGB [4]. The enhanced incretin secretion post-RYGB stimulates postprandial insulin
secretion and lowers postprandial glucose [5,6]. However, after RYGB, some patients
experience reactive hypoglycemia after meals [7-9]. To prevent hypoglycemia, patients are
counseled to consume small, frequent meals; avoid simple carbohydrates; and consume solid
foods [10]. However, no data currently exist to support this widespread clinical practice.

The goal of this study was to investigate the effect of meal texture and size on GPE,
glucagon-like peptide 1 (GLP-1), insulin, glucose, and tolerability in individuals before and
1 year after RYGB. We hypothesized that (1) RYGB would accelerate GPE, elevate GLP-1
and insulin, and decrease postprandial glucose, regardless of meal texture and size; (2)
GLP-1 release will vary according to meal texture after RYGB; and (3) the tolerance to large
liquid meals will decrease after RYGB.

Patients scheduled for RYGB surgery at Mount Sinai St. Luke’s Hospital, aged 20 to 60
years with absence of or diet-controlled type 2 diabetes of <1-year duration and no
gastrointestinal disorders, provided written consent before participating. The study was
registered at clinicaltrial.gov (NCT02929212) and was approved by the institutional review
board.

Study design

This was a prospective study of individuals randomized to either the solid meal texture
group (S-group) or the liquid meal texture group (L-group) before and 1 year after RYGB.
Patients were tested under 2 conditions, on separate days, with either a single 600-kcal meal
(SM) at hour 0 or three 200-kcal isocaloric multiple minimeals (MM) given at hours 0, 2,
and 4. The order of SM and MM were randomly assigned (L-SM = liquid single meal, L-
MM = liquid multiple meal; S-SM = solid single meal; S-MM = solid multiple meal).

Meal composition

The total calorie amount and the nutrient composition were the same between groups (S or
L) and regardless of conditions (SM and MM) (Supplementary Table 1).

Roux-en-Y gastric bypass

RYGB was performed laparoscopically with a 30-mL gastric pouch, 40-cm afferent limb,
150-cm Roux limb, and 12-mm gastrojejunostomy, as described previously [6].
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Patients arrived at the Clinical Research Center after an overnight fast and remained sitting
at a 45°, with loose-fitting clothing. An intravenous catheter was inserted in 1 forearm and
kept warm with a heating pad. After the fasted sample was obtained, patients ingested either
a 600-kcal meal over 15 minutes or three 200-kcal meals, each ingested over 5 minutes,
every 2 hours. The timing of meal ingestion was controlled for pre- and postsurgery. The
flavor of the meals, chocolate or vanilla according to subject preference, was kept consistent
during the entire study. Blood was collected in chilled EDTA tubes with aprotinin (500
kallikrein inhibitory units/mL of blood) and dipeptidyl peptidase-4 inhibitor (10 uL/mL of
blood; Millipore, St. Charles, MO), at —15, 0, 15, 30, 60, 90, 120, 180, 240, 300, and 360
minutes after meal ingestion during the SM, and at -15, 0, 15, 30, 60, 90, 120, 135, 150,
180, 210, 240, 255, 270, 300, 330, and 360 minutes during the MM. Samples were
centrifuged at 4°C and stored at —80°C.

Gastric pouch emptying

GPE was assessed by the acetaminophen method during the single meal. Acetaminophen
(1.5 g) was given at the beginning of the meal with a sip of water. Postprandial plasma
acetaminophen concentrations were measured and used to estimate gastric emptying rate
[11]. Peak and time-to-peak acetaminophen were used as surrogate for GPE.

Visual analogue scale

Assessment of hunger, fullness, stomach discomfort, stomach cramps, intestinal cramps,
bloating, feeling of vomiting/nausea, and upset stomach were measured on a 150-mm visual
analogue scale with the words “extremely” and “not at all” anchored at each end [12,13].
Visual analogue scale data were collected during each meal at the same times of blood
sampling.

Biochemical assays

Glucose concentrations were measured by the glucose oxidase method (Analox Instruments,
Lunenburg, MA). Insulin and total GLP-1 were measured by radioimmuno-assay
(Millipore). Acetaminophen levels were measured using the ELISA assay (Abbot
Laboratories, Chicago, IL), at the Hormone and Metabolite Core Laboratory of the Diabetes
Research Center.

Calculations

The homeostasis model assessment of insulin resistance was calculated as: (fasting-insulin
pU/mL x fasting-glucose mg/dL)/405. Total area under the curve was calculated using the
trapezoidal method. Peak glucose, insulin, and GLP-1, defined as the highest concentrations
at any time point after meal ingestion, were measured using data from 0 to 360 minutes for
SM and MM. The nadir was defined as the lowest concentration after the meal ingestion,
regardless of the time at which it occurred. The delta peak-nadir was used to determine the
postprandial drop of glucose levels. Postprandial hypoglycemia was arbitrarily defined as
glucose level <70 mg/dL at any set time for blood draw, regardless of symptoms [14]. The
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total number of documented post-prandial episodes of glucose concentrations <55mg/dL
was also recorded.

Statistical analyses

Results

Analyses were performed with the Statistical Package for the Social Sciences (SPSS),
version 20.0, with level of significance at £ < .05. Data were examined for normality using
the Shapiro-Wilk test, variables log transformed if necessary, and nonparametric tests used if
needed. Independent £tests were used for analyses between groups and paired ftests for
within group changes. General Linear Model (GLM) with repeated measure was used to
compare difference of the change of glucose or hormones during the meal between
conditions and between groups. Pearson’s correlation coefficient, or Spearman’s correlation
for data not normally distributed, were used. Sample size was calculated to achieve at least
80% statistical power to test the expected effect size, assuming an a error of .05, assuming a
difference in the GLP-1 response between meals of different sizes of at least 40% [15].

Subject characteristics

Of the 32 patients enrolled, 21 patients were retested 1 year after RYGB, 9 in the S-group
and 12 in the L-group (1 male in each group). One subject in the L-group completed only
the SM. Participant’s age (S: 34.8 £ 9.2, L: 35.3 + 10.5 yr, P=.901), weight, body mass
index, fasted glucose, insulin, and GLP-1, HbAlc (S: 5.72 £ 0.51%, L: 5.65 + 0.30%, P=.
691) at presurgery, and percentage of body mass index loss or percentage of total weight loss
(S: 36.04 +9.09%, L: 37.85 + 6.97%, P=.610) were not significantly different between
groups (Table 1). There was no order effect of SM and MM conditions on any outcome
variables.

Effects of meal texture

Prior RYGB—Before surgery, meal texture had no effect on gastric emptying, GLP-1,
insulin, or glucose, in either condition (Table 1 and 2). There was little stomach discomfort
during all of the meals before surgery (data not shown). There was no significant effect of
texture on the time to reach nadir glucose between L-SM and S-SM (Table 1, Fig. 1).

After RYGB: effect of meal texture during the 600-kcal meal.

Fasting glucose, fasting insulin, and homeostasis model assessment of insulin resistance
decreased after RYGB. The GPE time was 2.5 times faster after RYGB, but this was
significant only after L-SM (Table 1; Fig. 2A). GLP-1 increased after RYGB in both groups
but the magnitude of enhanced GLP-1 concentration was greater after the liquid (5% versus
pre-RYGB) than after the solid meal (2x versus pre-RYGB) (£ =.002; Table 1; Fig. 2B).
Overall, peak GLP-1 correlated with GPE (peak acetaminophen) (r=.389, P=.14) only
after the L-SM (r=.601, P< .002). No significant relationship was observed after the S-SM
(r=.39, P=.14) (Fig. 2C). Peak insulin and insulin area under the curvey_gq increased by
1.7- and approximately 1.5-fold, respectively, after RYGB regardless of texture, but reached
significance only after the L-SM (Table 1, Fig. 3A). After RYGB the glucose curves were
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shifted to the left and glucose peaked earlier; postprandial glucose (both 120" and nadir)
decreased in both groups, more after the liquid than the solid meal (Table 1, Fig. 3B). The
drop in glucose (peak-nadir) doubled after RYGB, without a texture effect (Table 1). The
time to reach nadir glucose was shorter after RYGB, regardless of meal texture, but was not
different between L-SM and S-SM (Table 1, Fig. 1).

After surgery, more patients had documented hypoglycemia after the L-SM (n = 7) than after
the S-SM (n = 1) for glucose <70 mg/dL while only 3 patients had glucose <55 mg/dL
(range from 35-55 mg/dL, n =2 in L-SM and 1 in S-SM), although none had severe
symptoms. In addition, the total number of recorded episodes (some patients had >1) of
glucose <70 mg/dL increased after the L-SM from 5 pre-RYGB to 14 after RYGB. Few
episodes of postprandial glucose <55 mg/dL were recorded after surgery (2 after the L-SM
and 1 after the S-SM).

The insulin surge (fasting to peak) correlated with 120" glucose (2 = .168 < .001) and
nadir glucose (/2 = .145, P< .001) and very strongly with the drop in glucose (peak-to-nadir
glucose) (72 = 0.394, P< .001) (Supplemental Fig. 1). These correlations were significant
either when calculated with the entire data set (i.e., both groups), meal conditions, and time
points, or when considering only the solid and liquid single meals postsurgery.

Effect of RYGB and meal texture during the 3, 200-kcal meals—Although there
were expected changes in glucose, insulin, and GLP-1 after RYGB in response to the three
200-kcal meals, there was no significant effect of texture on glucose, insulin, or GLP-1
(Table 2). Only 3 patients had documented hypoglycemia (>55 and <70 mg/dL) during the
L-MM and 2 during the S-MM after RYGB, none symptomatic.

Effects of meal size before and after RYGB

Pre-RYGB—Meal size had the expected effect on postprandial insulin, glucose, and
fullness levels—that is, larger meal elicited greater insulin, glucose, and fullness than
smaller meals with no effect of texture (data not shown).

After RYGB—Patients took a longer time to ingest the 600-kcal meal than the 3 isocaloric
smaller meals after the surgery, regardless of texture (Table 3).

The magnitude of peak GLP-1 was 3 times greater after the L-SM than for any of the L-
MM; interestingly the S-SM did not trigger a larger GLP-1 peak release than the S-MM
(Table 3). As expected, glucose and insulin release were proportional to meal caloric load,
regardless of texture. Interestingly, although insulin release was significantly greater during
the SM versus MM, regardless of texture, nadir and 120" glucose were not significantly
different between the SM and the MM in both texture groups (Table 3). Meal size affected
meal duration but not the time to reach nadir glucose (Table 3).

Effect of RYGB on meal tolerance

Visual analogue scale data were highly variable. In spite of large weight loss after RYGB,
fasted hunger scores were not different than presurgery. In general, solid food was more
efficient at suppressing hunger than liquid food, as were large meals (SM) compared with
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smaller meals (MM) post-RYGB; however, this did not reach significance. Fullness tended
to be greater and peaked 4.3 times faster after RYGB during the L-SM (Supplemental Table
2). Discomfort was significantly greater, occurred sooner after RYGB during meals, and was
more pronounced with larger liquid meals (data not shown).

Discussion

The main finding of this study is that meal texture and meal size have a significant impact on
meal tolerance and postprandial GLP-1, insulin, and glucose levels after RYGB. After
RYGB, smaller meals and meals of solid texture are better tolerated and generate less
hypoglycemia than large meals and/or liquid meals. These data bring evidence to support
current dietary recommendation for patients after RYGB.

The robust effect of RYGB to enhance GLP-1 concentration after a mixed meal or oral
glucose load has been described extensively [2,5,16,17]. Postprandial release of GLP-1
varies based on nutrient types [18], fiber content, and caloric load [15,19] in nonoperated
individuals. Meal size remains an important determinant of GLP-1 concentration after
RYGB, and the 600-kcal meal released more GLP-1 than one 200-kcal meal both before and
after RYGB. The alignment of GLP-1 response to the caloric load persists after bypass. The
total GLP-1 output (total area under the curve) was identical for the 600-kcal meal versus
the three 200-kcal meal within each time point (pre- or postsurgery) or condition (L or S).

Interestingly, in addition to responding to caloric content of the meal, GLP-1 concentration
varies with meal texture. After RYGB, the liquid meal (600 or 200 kcal) released more
GLP-1 than the isocaloric solid meal of similar nutrient composition. We hypothesized that
the difference in GLP-1 concentration between isocaloric meals of different textures,
apparent only after RYGB, could be accounted for by variable GPE time. Many factors
contribute to the drastically altered emptying of nutrients from the gastric pouch after
RYGB, including the reduced gastric pouch volume, removal of the pylorus, and absent
gastric relaxation phase, liquids empty faster than solids [20], and meals of larger size, or
volume, also tend to empty faster than smaller meals [21]. Our data show that GLP-1
concentration correlates with GPE only after the liquid meal, in agreement with previous
data [2,22-25]. However, the appearance and the peak of acetaminophen, surrogates of GPE,
did not significantly differ between the liquid and solid meal. The absence of difference in
GPE between meals of different texture is not easily explained. This could be due to
methodologic issues, such as absence of very early blood draws (first 5-10 min) after the
meal ingestion, and/or possible difference in acetaminophen absorption and
pharmacokinetics after RYGB. However, it is unlikely that a small difference in pouch
emptying between textures, not picked up by the acetaminophen method, could explain such
large difference in GLP-1 concentrations observed between meals of different texture.
Therefore, we must hypothesize that factors other than GPE, such as osmolarity or nutrient
forms [26-28], may have contributed to the greater release of GLP-1 after the liquid meal.
The GLP-1 response dependency on the meal texture after RYGB may result from a more
rapid and larger area of the gut exposed to the liquid meal, thereby increasing the number of
L-cells being exposed [29].
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RYGB increased the peak insulin concentration, but only in response to the larger meal.
Meal texture had no effect on insulin release either pre- or post-RYGB. Interestingly, after
RYGB, in spite of a significantly larger GLP-1 concentration in response to the L-SM,
compared with the isocaloric S-SM, insulin concentration did not differ between textures.
Therefore, while GLP-1 concentration post-RYGB depends on GPE, caloric load, and meal
texture, the enhanced insulin response after RYGB seems to vary only with caloric load,
independent of meal texture and GPE. Insulin concentration at 120" was lower after RYGB,
likely as a result of improved insulin clearance previously described after RYGB, but not
measured in this study [30]. The magnitude of the insulin surge, increased 7-fold from fasted
to peak levels presurgery, and increased approximately 46-fold after RYGB after both the S-
SM and the L-SM. The meal-induced insulin response may have reached a ceiling during the
600-kcal meals and could not be further increased, in spite of greater GLP-1 release during
the L-SM compared with the S-SM. This does not preclude a strong incretin effect of GLP-1
on insulin release, as previously demonstrated [31,32].

The incidence of reactive hypoglycemia after RYGB is reported to be 9.1% 1 year after
surgery and between 6.6% and 7.9% 5 years after RYGB [33,34]. However, some studies
show reported symptoms without documented hypoglycemia [33], and others report
documented low glucose values during an oral glucose tolerance test, but without
concomitant symptoms [34]; therefore, the true prevalence of symptomatic hypoglycemia is
difficult to establish. In addition, there is overlap between symptoms of dumping and of
hypoglycemia [33,34]. As hypothesized, large meals and liquid meals resulted in more
frequent reactive hypoglycemia than smaller and/or meals of solid texture. However, the
overall number of documented hypoglycemic episode (<70 mg/dL) was low, only 3 patients
had documented glucose levels <55 mg/dL, and none of the participants developed
neurologic symptoms.

Because a drop in glucose levels can trigger adrenergic symptoms, even in the absence of
true hypoglycemia, we also calculated the delta change from peak-nadir glucose. The drop
in glucose, from peak to nadir, strongly correlated with the insulin surge. It was greater after
RYGB and after large meals compared with small meals, but it was not affected by meal
texture. The nadir glucose was lower and glucose levels were more likely to be in the
hypoglycemic range after the L-SM than after S-SM. Therefore, texture had an effect on
GLP-1 and on glucose in spite of its absence of effect on insulin. It is possible that the
suppression of glucagon release by GLP-1 [35] proportional to the magnitude of the GLP-1
release, and/or a defect in other counter regulatory hormones [36], favored lower blood
glucose levels after the liquid meal. However, these counter-regulatory hormones were not
measured in this study.

In spite of approximately 36% total weight loss, participants did not report being hungrier
after RYGB, as reported previously [2]. Peak fullness was higher and the time to reach peak
fullness significantly shorter after surgery. These data attest to the powerful effect of the
surgery on hunger drive and satiety, possibly contributing to lesser food intake and weight
loss. Overall, the large and liquid meals were poorly tolerated, and all participants
experienced some degree of dumping after RYGB (SM > MM; L > S).
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This study had several strengths. This is a longitudinal design, with patients studied before
and 1 year after surgery, in a randomized assignment to 2 different meal textures, tested with
2 different meal patterns; moreover, the results are directly applicable to real-world
scenarios. However, the study had some limitations, including a high attrition rate, lack of
measure of counter-regulatory hormones, indirect measurement of GPE, and lack of markers
of intestinal transit time. In addition, a study design with each subject undergoing the 4
conditions would have been more optimal, although difficult to implement due to the
extensive time commitment and the poor tolerance of the test meals after surgery.

Conclusion

The physiology of GLP-1 after RYGB is not fully elucidated. Our data show a partial
dissociation among calorie intake, GLP-1 and insulin concentration, and postprandial
glucose during large meals after RYGB. Furthermore, our data also suggest dissociation
between meal texture, GPE rate, and GLP-1 concentration. Nutritional advice to patients
after RYGB should take into account meal size and meal texture to improve meal tolerance
and prevent reactive hypoglycemia.
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Fig. 1.
Effect of meal texture on level and time-to-reach nadir glucose during the single 600-kcal

solid meal (SM, square) and liquid meal (LM, circle) before (open symbols) and after
(closed symbols) Roux-en-Y gastric bypass surgery. Mean + standard error of the mean
(SEM); Statistical significance for time-to-nadir are reported as * P < .05 versus presurgery
within each group (n = 12 for LM, n = 9 for SM).
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Change of acetaminophen (A) and glucagon-like peptide 1 (GLP-1) (B) levels during the
single 600-kcal solid (square) and liquid (circle) meals before (open symbols) and after
(closed symbols) gastric bypass surgery. Meal was given at 0 minutes. Data are mean
SEM; with repeated measure (A and B) *P < .05 post- versus presurgery within each group;
#P < .05 liquid versus solid meal texture postsurgery. Correlation between the GLP-1 peak
and acetaminophen in solid group (dashed line) and liquid group (solid line), during the
single 600-kcal meal (C) (n = 12 for L, n = 9 for S).
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Insulin and glucose circulating concentrations during the single 600-kcal (A and B) (n = 12
for L-SM, n = 9 for S-SM) and multiple 200-kcal (C and D) (n = 11 for L-MM, n =9 for S-
MM) solid (square) and liquid (circle) meals pre- (open symbols) and post- (closed symbols)
Roux-en-Y gastric bypass surgery. Data are mean + standard error of the mean (SEM); with
repeated measure *P < .05 post- versus presurgery within each group; #P < .05 liquid versus

solid meal texture postsurgery.
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