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Abstract
Background Roux-en-Y gastric bypass (RYGB) produces greater weight loss compared with a purely restrictive procedure such
as laparoscopic adjustable gastric banding (LAGB).
Objective The objective of this study was to quantify changes in hormones that regulate energy homeostasis and appetitive
sensations before and after LAGB (n = 18) and RYGB (n = 38) in order to better understand the mechanisms underlying the
greater weight loss after RYGB.
Methods A standardized test meal was administered prior to surgery, at 6 months, and annually thereafter to year 2 after LAGB
and year 4 after RYGB. Blood samples were obtained in the fasted state and 30, 60, 90, and 120 min post-meal.
Results Progressive increases in fasting PYY were observed after RYGB together with increases in postprandial area under the
curve (AUC) levels that were unchanged after LAGB. GLP-1 AUC increased only after RYGB. There was a weight loss-related
increase in fasting ghrelin levels after LAGB that was unchanged 1 year after RYGB despite greater percentage weight loss;
ghrelin subsequently increased at years 2–4 post-RYGB. HOMA-IR decreased after both procedures but correlated with weight
loss only after LAGB, whereas leptin correlated with weight loss in both groups. Sweet cravings decreased after RYGB.
Conclusion A number of weight loss-independent changes in the gut hormonal milieu likely act in concert to promote a decrease
in insulin resistance and greater weight loss efficacy after RYGB. A progressive change in hormone levels over time may reflect
gut enteroplasticity after RYGB. A decrease in sweet cravings specific to RYGB may further promote superior weight loss
outcomes.
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Introduction

Bariatric surgery has proven to be the most effective long-term
treatment for obesity. Laparoscopic Roux-en-Y gastric bypass
(RYGB) has been considered the “gold standard” of bariatric
procedures as it produces greater sustainable weight loss com-
pared with other bariatric procedures [1]. While the laparo-
scopic adjustable gastric band (LAGB) procedure has lower
complication rates and nutritional deficiencies, poorer out-
comes and reoperation rates have resulted in this procedure
falling out of favor. In a previous report, we presented the 1-
year results of a prospective study comparing circulating
levels of gut hormones and metabolic outcomes between
LAGB and RYGB [2]. In this current study, longer-term data
were obtained annually on patients 2 years after LAGB and
annually out to 4 years after RYGB. The objective was to gain
insight into possible mechanisms underlying postoperative
weight regulation and differences in weight loss and mainte-
nance through the study of gut hormones and appetitive
sensations.

Methods

Protocol

The cohort described in this report consists of 56 subjects
enrolled in an ongoing prospective study at Columbia
University Medical Center who have undergone either the
LAGB (n = 18) or RYGB (n = 38) procedure and have at least
1 year of follow-up data. The operations were performed as
described [2], and the choice of procedure was based on the
preference of surgeon and patient. Subjects were seen preop-
eratively at year 0 and at 0.5, 1, 2, 3, and 4 years after the
procedure for measurement of body weight and venous blood
collection. A liquid meal challenge (Optifast, Novartis,
Minneapolis, MN, USA; 474ml, 320 kcal, 50% carbohydrate,
35% protein, and 15% fat) consumed within a 15-min period
was administered at all visits and was well tolerated. Venous
blood was drawn in a fasting state and 30, 60, 90, and 120 min
postprandial. After centrifugation at 4 °C, both serum and
plasma were stored at − 80 °C.

Hormone Assays

Leptin, total ghrelin, insulin, and glucose were measured as
described earlier [3]. Total PYY was measured by ELISA
(Millipore, MO, USA) with a sensitivity of 10 pg/ml. Total
GLP-1 was measured by RIA after alcohol extraction accord-
ing to manufacturer’s protocol (Millipore). Sensitivity of the
assay is 3 pM and recovery in each assay was tested by

parallel extraction of standards. An aliquot from a pool of
plasma was included in each assay to ensure that there was
no change over time. All samples were assayed in duplicate.

Statistical Analysis

Area under the curve (AUC) was computed using the trape-
zoidal rule. Insulin resistance was calculated using the
Homeostasis Model Assessment (HOMA-IR) [4]. Ghrelin
suppression was calculated as the percentage decrease in plas-
ma ghrelin level at 30 min compared with baseline.
Characteristics of surgical groups at baseline were compared
with independent t tests. Changes in longitudinal trends within
and between groups over the observation period were estimat-
ed using linear mixed models for repeated measures. For each
outcome variable, the fixed effects for type of procedure, time,
the interaction of procedure with time, and the level of the
outcome variable preoperatively entered as a continuous co-
variate were analyzed. An AR(1) covariance structure was
used tomodel the within-subject autocorrelation among times.
In some models, percentage weight loss as a continuous
adjusting covariate was included. Model-estimated means
and standard errors are presented with P values for the fixed
effect of procedure-by-time interaction and with P values for
differences between surgical groups at a specific time, or with-
in a surgical group between time, calculated from the differ-
ences in model-estimated means and the method of simulta-
neous confidence intervals. Within-subject difference and per-
centage difference from baseline values were calculated.
Spearman correlations were performed to assess the associa-
tion between preoperative variables and postoperative out-
comes, between change in variables and postoperative out-
comes, and between final variable values and postoperative
outcomes. No adjustments were made for multiple outcomes
measured in the same individuals. P values < 0.05 were con-
sidered statistically significant while comparisons with P
values between 0.10 and 0.05 were considered to show a trend
worthy of interest given the exploratory nature of these
analyses.

Results

Study Subjects

There were 56 subjects enrolled in this cohort consisting of 12
males, 44 females (48% Hispanic, 52% non-Hispanic; 16%
African American, 84% Caucasian). Eighteen subjects
underwent LAGB and 38 underwent RYGB. At year 2, there
were ten subjects (44% lost to follow-up) in the LAGB group.
LAGB subjects were not analyzed past year 2. In the RYGB
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group, the number of subjects at years 2, 3, and 4 was 25, 20,
and 16, respectively. By year 4, data were available for 42% of
RYGB subjects which was due to a 34% lost to follow-up rate
with the remaining subjects still due for visits at the time of
data analysis. To ensure there was no bias from the subjects
lost to follow-up, weight and weight loss percentage were
compared to the patients that remained enrolled and no differ-
ences were found between the two groups (P values: 0.4–0.9).

Mean age was similar in both groups: LAGB (46.9 ±
2.1 years) and RYGB (43.8 ± 2.5 years). Anthropometric
characteristics are presented in Table 1. While baseline weight
was similar between groups, initial BMI was lower in the
LAGB group. Significant weight loss was achieved in both
groups, with twice as much percentage weight loss after

RYGB than LAGB at each time point. Within each cohort,
however, there was a wide range of weight loss outcomes.

Glucose and Hormone Levels

At baseline, there were no significant differences between the
LAGB and RYGB cohorts for any of the blood parameters
tested (Table 1). Both cohorts included a similar number of
patients with type 2 diabetes mellitus (22% LAGB, 26%
RYGB, P = 0.75). Combined data from patients with and
without type 2 diabetes mellitus are presented since changes
in glycemic parameters and gut hormone levels followed a
similar pattern when subjects with and without diabetes were
analyzed separately (data not shown). Prominent differences

Table 1 Baseline characteristics and changes over time in body weight, glucose, and plasma hormone levels after LAGB and RYGB

LAGB RYGB

Year 0 Year 0.5 Year 1 Year 2 Year 0 Year 0.5 Year 1 Year 2 Year 3 Year 4
n = 18 n = 16 n = 18 n = 10 n = 38 n = 37 n = 37 n = 25 n = 20 n = 16

Wt/BMI

Wt (kg) 120 ± 1 106 ± 1cf 101 ± 1cf 102 ± 2cf 126 ± 1 94 ± 1c 87 ± 1c 86 ± 1c 88 ± 1c 89 ± 1c

BMI (kg/m2) 41.8 ± 0.9e 37.1 ± 0.9cd 35.4 ± 0.9ce 35.1 ± 1.0ce 47.2 ± 0.7 35.6 ± 0.8c 32.8 ± 0.8c 32.3 ± 0.9c 33.1 ± 1.0c 33.3 ± 1.1c

WL (%) n/a 11.7 ± 1.2cf 15.4 ± 1.2cf 15.3 ± 1.4cf n/a 24.8 ± 0.8c 30.5 ± 0.8c 31.9 ± 0.9c 30.0 ± 1.0c 29.6 ± 1.1c

WL range (%) n/a (− 2 to 23) (− 5 to 27) (− 1 to 25) n/a (15 to 33) (14 to 45) (15 to 45) (14 to 41) (14 to 41)

Glucose (mg/dl)

Fasting 106 ± 3 99 ± 4d 97 ± 4d 99 ± 6 116 ± 3 90 ± 4c 87 ± 4c 94 ± 5c 97 ± 6b 95 ± 6b

AUC× 103 19.1 ± 0.7 17.5 ± 0.7 17.4 ± 0.8d 18.4 ± 1.1 22.2 ± 0.7 16.7 ± 0.8c 16.6 ± 0.8c 17.5 ± 1.0c 18.4 ± 1.2b 19.0 ± 1.3a

Insulin (uIU/ml)

Fasting 19 ± 1 12 ± 2be 13 ± 2b 11 ± 2b 19 ± 1 9 ± 1c 8 ± 1c 6 ± 1c 7 ± 2c 6 ± 2c

AUC× 103 9.0 ± 0.7 6.6 ± 0.6b 7.0 ± 0.7a 6.0 ± 0.9b 8.3 ± 0.5 5.7 ± 0.6c 4.9 ± 0.6c 5.1 ± 0.7c 5.3 ± 0.9c 5.0 ± 0.9c

HOMA-IR

5.4 ± 0.5 3.0 ± 0.6bd 2.9 ± 0.6be 1.5 ± 0.7c 5.0 ± 0.3 1.7 ± 0.3c 1.2 ± 0.3c 1.0 ± 0.3c 0.9 ± 0.4c 0.7 ± 0.4c

PYY (pg/ml)

Fasting 130 ± 12 113 ± 14 131 ± 14 115 ± 17 86 ± 11 114 ± 13c 116 ± 13c 128 ± 15c 129 ± 19c 188 ± 21c

AUC× 103 32.7 ± 3.4 43.8 ± 3.8a 40.2 ± 3.9e 33.3 ± 4.8f 24.8 ± 4.2 52.4 ± 4.6c 54.4 ± 4.6c 59.5 ± 5.4c 68.9 ± 6.6c 65.0 ± 7.3c

GLP-1 (pmol/l)

Fasting 16 ± 1 13 ± 2 11 ± 2a 15 ± 2 14 ± 2 16 ± 2 13 ± 2 15 ± 2 17 ± 3 17 ± 2

AUC× 103 1.6 ± 0.1 1.5 ± 0.1e 1.3 ± 0.2e 1.8 ± 0.2 1.4 ± 0.2 2.5 ± 0.2c 2.2 ± 0.2b 2.3 ± 0.2b 3.0 ± 0.2c 2.4 ± 0.2b

Ghrelin (pg/ml)

Fasting 298 ± 23 310 ± 25 392 ± 27b 417 ± 34b 336 ± 22 324 ± 24 345 ± 26 440 ± 29b 461 ± 34b 487 ± 38b

AUC× 103 51.8 ± 4.3 51.5 ± 4.3 63.2 ± 4.5a 69.6 ± 5.5a 51.8 ± 3.0 53.3 ± 3.2 53.1 ± 3.4 61.1 ± 3.8a 67.2 ± 4.6b 72.2 ± 5.0b

Suppression (%) 17 ± 2 18 ± 2 21 ± 2 22 ± 2 18 ± 2 21 ± 2 23 ± 2a 29 ± 2c 25 ± 3a 22 ± 3

Leptin (ng/ml)

Fasting 39 ± 2 26 ± 2cf 25 ± 2cf 25 ± 3cf 42 ± 1 18 ± 1c 15 ± 1c 16 ± 2c 22 ± 2c 23 ± 2c

Values presented are linear mixed model for repeated measures estimated within-subject mean ± SEM. P value compared with year 0 within group:
aP < 0.05, bP < 0.01, cP < 0.001.P value compared with RYGB at same time point: dP < 0.05, eP < 0.01, fP < 0.001. HOMA-IR units: (mmol × μIU ×
l−2 ). AUC × 103 are integrated over 0–120 min with the exception of AUC for GLP-1 which was determined from 0 to 60 min
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between the groups were observed in postprandial glucose
and insulin excursions, even though the differences were not
readily apparent when AUC measurements over the 120-min
period were compared (Fig. 1). Postprandial glucose values
were significantly lower post-RYGB at all time points out to
4 years compared to baseline values, whereas post-LAGB,
postprandial glucose values returned towards baseline by year
2. Insulin levels at minutes 60 through 120 were reduced post-
RYGB, but after LAGB, this reduction was less apparent. The
opposite was observed at 30min when insulin levels remained
elevated after RYGB but were reduced after LAGB and the
difference between procedures at 2 years was significant (P =
0.019). HOMA-IR also improved in both groups; however, at
year 2, levels correlated with weight loss in the LAGB group
(r = 0.562; P = 0.029) but not in the RYGB group (r = 0.104;
P = 0.55).

Despite twice the percentage weight loss, ghrelin levels did
not change during the first year after RYGB. In contrast, sig-
nificant increases in fasting ghrelin levels were observed
starting at year 2 and remained elevated compared to baseline
through year 4 (Table 1, Fig. 2). Interestingly, while

significant increases in fasting and postprandial AUC ghrelin
occurred at year 2 following both procedures, only those of
the LAGB cohort correlated to percentage weight loss (r =
0.915, P < 0.001 for LAGB; r = 0.171, P = 0.41 for RYGB).
Postprandial suppression of ghrelin became more pronounced
after RYGB (Table 1).

Fasting levels of PYY and GLP-1 remained relatively sta-
ble post-LAGB (Table 1, Fig. 2). Fasting GLP-1 also did not
change after RYGB, whereas there were notable increases in
PYY levels. Postprandial levels of both GLP-1 and PYY in-
creased considerably only in the RYGB group and were main-
tained through year 4 (Fig. 2). Levels of PYYand GLP-1 did
not correlate with percentage weight loss in either group.

Both cohorts had similar leptin levels at baseline and robust
postoperative decreases in leptin that were maintained
throughout the study (Table 1). In both cohorts and at all time
points, the percentage change in leptin negatively correlated
with percentage weight loss (r values ranging from − 0.6 to −
0.8). The degree to which leptin levels decreased was greater
post-RYGB at all time points (P < 0.001) consistent with the
greater degree of weight reduction.

Fig. 1 Fasting and postprandial glucose and insulin levels before and after LAGB and RYGB. Values are reported as mean ± SEM
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Visual Analog Scale Analysis

VAS ratings were used to assess hunger, fullness, and sweet
cravings in the fasted state and at 30, 60, 90, and 120 min after
consumption of the test meal. Both cohorts had similar base-
line values, and there were no notable postoperative changes
in either fasted (data not shown) or postprandial states in any
of these measures in either group with the exception of sweet
cravings (Fig. 3). When asked “How much do you crave
something sweet right now?” ranging from “not at all” to
“extremely,” the RYGB cohort demonstrated significant de-
creases in both fasting and postprandial measures of sweet
cravings. There was no change in sweet cravings post-

LAGB. While both cohorts had similar levels at baseline,
sweet cravings were considerably different between groups
postoperatively.

Discussion

In this study, we have demonstrated the striking differences
between long-term hormonal changes and weight loss that
occur after LAGB and RYGB. Despite their similarities at
baseline, patients exhibited twice as much weight loss after
RYGB and maintained that weight loss through 4 years of
follow-up. Since both procedures restrict nutrient flow, the

Fig. 2 Fasting and postprandial gut hormone levels before and after LAGB and RYGB. Values are reported as mean ± SEM
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more robust weight, hormonal, and metabolic changes after
RYGB are likely consequences of the anatomical alterations
specific to this operation [5]. The rerouting of nutrient delivery

and chronically high gastric emptying rates after RYGB stim-
ulate adaptive changes to the gut, including increased villus
height and surface area [6], which possibly contributed to the
profound changes observed in this study in nutrient-dependent
release of gut hormones by an increased number of
enteroendocrine cells [7]. The enteroplastic ability of the gut
as it adapts to the changes in metabolic demands post-RYGB
may serve to explain the most striking changes unique to the
RYGB cohort such as the greater than two-fold increase in
fasting PYY over time and in postprandial levels of PYY
and GLP-1.

Changes in both GLP-1 and PYY may contribute to im-
provements in glucose homeostasis that are independent of
weight loss after RYGB. For example, the increased secretion
of GLP-1 may underlie the peak in insulin levels at 30 min
which were significantly greater in the RYGB group.
Certainly, activation of the GLP-1 receptor pathway has be-
come a powerful tool for the treatment of both type 2 diabetes
and obesity. It is unclear, however, whether the enhanced level
of insulin post-RYGB is solely due to GLP-1 and/or other
factors such as increased rate of glucose absorption. In rodent
models of diet-induced obesity, PYY improved insulin sensi-
tivity [8]. The increased secretion of PYY, in addition to great-
er weight loss, may contribute to greater improvements in
insulin sensitivity after RYGB. In fact, changes in insulin sen-
sitivity post-LAGB were dependent on weight loss while
HOMA-IR post-RYGB was not correlated with weight loss.

Gut adaptations may also serve to explain the interesting
changes in ghrelin levels post-RYGB that occur over the long-
term. Ghrelin secretion is increased as a counter-regulatory
response to a reduction in fat mass with caloric restriction
[9]. As expected, ghrelin levels increased significantly within
a year post-LAGB, and in direct correlation with weight loss
[10, 11]. Despite the greater degree of weight loss post-
RYGB, ghrelin levels did not increase within the 1-year
timeframe. By year 2, however, both fasting and postprandial
ghrelin levels increased and remained significantly greater
than baseline through the end of the study. In contrast to the
increase in ghrelin levels after LAGB, the later increases in
ghrelin after RYGB were independent of any change in body
weight. The cause of this apparent dissociation of weight
change and ghrelin secretion after RYGB is unclear. It is also
interesting to note that ghrelin suppression becomes more
prominent after RYGB. The mechanisms of ghrelin regulation
are not fully understood and multiple studies have reported
increased, decreased, and unchanged postoperative levels of
ghrelin, resulting in a lack of consensus on the expected trend
of ghrelin parameters post-RYGB [12]. This prospective long-
term study shows that perhaps the postoperative time point at
which patients are studied may explain some of the seemingly
contradictory outcomes presented in various reports.

We sought to determine the effect of procedure type on
appetitive sensations using VAS measurements. Intravenous

Fig. 3 Visual analog scale results of appetitive ratings. LAGB= open
bars; RYGB= cross-hatched bars. Values are reported as mean AUC ±
SEM. *P < 0.05; **P < 0.01; °P = 0.058 compared with preoperative
within-group value
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administration of PYY to humans has been shown to both
increase the sensation of satiety and decrease food intake
[13], and the use of a GLP-1 receptor agonist for the treatment
of obesity makes it likely that the increase of these endoge-
nous peptides after RYGB would have similar effects on ap-
petite. In contrast, intravenous administration of ghrelin in
humans results in increased hunger and caloric consumption
[9]. Contrary to our expectations, there were no changes in
fasting or postprandial sensations of hunger or fullness or
associations with hormone levels. Neither were baseline mea-
sures predictive of weight loss outcomes. However, a notable
finding was the marked decrease in sweet cravings post-
RYGB. Several studies have found that sweet cravings are
either sustained or increased after LAGB or diet-induced
weight loss, yet paradoxically decreased post-RYGB.
Confirming these results, our LAGB cohort experienced no
change in sweet cravings, while fasting and postprandial mea-
sures of sweet cravings significantly decreased post-RYGB.
Hormones implicated in the sensitivity to, and perceptions of,
sweet taste include GLP-1, PYY, and leptin [14]. Increased
levels of GLP-1 have been shown to enhance the ability to
taste sweet flavors and increased levels of either GLP-1 or
PYY heighten aversion to sweet taste and subsequently de-
crease sweet cravings [14, 15]. It is conceivable that the de-
creased craving for sweets in the RYGB cohort is a conse-
quence of the postoperative increases in GLP-1 and PYY.
Alternatively, leptin dampens the ability to taste sweet and
suppresses overall intake of sweet foods [16]. A decrease in
leptin levels, however, may not translate clinically to increases
in sweet consumption as obesity-associated remodeling with-
in the central nervous system may conceivably have altered
responsivity of leptin receptor pathways [17].

The main strength of this study is the longitudinal compar-
ison of a number of important appetitive hormones between
two types of bariatric operations with different weight loss
efficacy. An important limitation is that a solid meal stimulus
might produce different results both in terms of hormone re-
sponse and changes in appetitive sensations. It is also impos-
sible to decipher whether the observed hormone changes are
causal to changes in body weight. While it is possible that
individuals who did not complete the study somehow differed
than those who did, analysis of weight loss trajectories and
baseline characteristics such as age, sex, weight, and BMI did
not reveal any differences between completers and non-com-
pleters. We also did not address a number of other factors that
contribute to weight loss and maintenance such as physical
activity, emotional and behavioral characteristics of our par-
ticipants, other neuroendocrine modulators of energy balance,
and microbiota profiles. Frequency of band adjustments was
also not formally assessed.

In summary, our results demonstrate an overall hormonal
milieu that may provide greater weight loss efficacy after
RYGB and even with an increase in ghrelin over time changes

in GLP-1 and PYY may assist in the maintenance of weight
loss. Important areas for further study should be geared toward
a better understanding of sweet cravings and the variable re-
sponse between individuals as such information could aid
with the optimization of surgical outcomes in a greater num-
ber of patients.
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