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Abstract

Background Hyperinsulinemic hypoglycemia is common
after Roux-en-Y gastric bypass (RYGB) and may result in
weight regain. The purpose of our investigation was to
compare the effect of RYGB, vertical sleeve gastrectomy
(VSG), and duodenal switch (DS) on insulin and glucose
response to carbohydrate challenge.

Methods Patients meeting National Institutes of Health
criteria for bariatric surgery selected their bariatric proce-
dure after evaluation and education in this prospective
nonrandomized study. Preoperatively and at 6, 9, and
12 months’ follow-up, patients underwent blood draw to
determine levels of fasting glucose, fasting insulin, gly-
cated hemoglobin (HbAlc), C-peptide, and 2-h oral glu-
cose challenge test. Homoeostatic Model Assessment
(HOMA)-IR, fasting to 1-h and 1- to 2-h ratios of glucose
and insulin, were calculated. Statistical analysis was per-
formed using ANOVA and Student’s paired ¢ test. All
procedures were performed via a laparoscopic technique at
a single institution.

Results Data from a total of 38 patients (13 RYGB, 12
VSG, 13 DS) were available for analysis. At baseline, all
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groups were similar; the only statistically significant dif-
ference was that DS patients had a higher preoperative
weight and body mass index (BMI). All operations
caused weight loss (BMI 47.7 &+ 10-30.7 + 6.4 kg/m? in
RYGB; 45.7 + 8.5-31.1 + 5.5 kg/m”> in VSG; 55.9 +
11.4-27.5 + 5.6 kg/m? in DS), reduction of fasting glu-
cose, and improved insulin sensitivity. RYGB patients had
a rapid rise in glucose with an accompanying rise in 1-h
insulin to a level that exceeded preoperative levels. This
was followed by a rapid decrease in glucose level. In
comparison, DS patients had a lower increase in glucose
and 1-h insulin, and the lowest HbAlc. These differences
were statistically significant at various data points. For
VSG, the results were intermediary.

Conclusions Compared to gastric bypass, DS results in
greater weight loss and improves insulin sensitivity and
glucose homeostasis without causing a hyperinsulinemic
response. Because the response to challenge after VSG is
intermediary, pyloric preservation alone cannot account for
this difference.

Keywords Bariatric - Weight loss - Sleeve
gastrectomy - Digestive - Duodenal switch - Gastric
bypass

Bariatric surgery is considered the most effective treatment
for severe and morbid obesity [1]. Roux-en-Y gastric
bypass (RYGB) has been the most popular stapling pro-
cedure in bariatric surgery, and many suggest that it is the
gold standard. However, an increasing number of reports
have shown that gastric bypass results in hyperinsulinemic
hypoglycemia [2-4]. In fact, entities that were rarely
described, such as non-insulinoma-pancreatogenous syn-
drome [5] and nesidioblastosis [6], have been the subject of
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an increasing number of publications describing patients
after gastric bypass.

There are many possible explanations for rising obesity,
but a significant cause is an increase in simple carbohydrate
consumption. It estimated that domestic consumption of
simple carbohydrates has increased over 400 % [7]. Simple
carbohydrates cause a rapid rise in blood glucose. This
results in an insulin surge. Insulin is anabolic hormone and
drives nutrients into cells. Preventing this response has
become the cornerstone of medical weight loss and nutri-
tional guidance [8]. To offset hunger, nutritionists suggest
eating foods that are low on the glycemic index that pro-
duce a smaller rise in insulin production. This is the basis
of Mediterranean-type diets and other low-carbohydrate
plans.

This discrepancy appears to be counterintuitive. Medical
weight loss emphases reduced insulin fluctuations, but the
most common surgical procedure promotes fluctuation.
The impact of oral glucose tolerance testing on RYGB has
been previously tested by our group [4]. We demonstrated
that abnormal glucose tolerance was extremely common
and that more than 80 % of patients tested had reactive
hypoglycemia. Many patients had both hyperglycemia and
hypoglycemia. These findings have been confirmed by
other investigators, and it has been clearly shown that even
asymptomatic patients can have abnormal oral glucose
challenge test (OGCT) results after gastric bypass [9].

In comparison, there are few data on OGCT after ver-
tical sleeve gastrectomy (VSG) and duodenal switch (DS).
Both procedures have been effective in treating weight loss
and diabetes [10, 11]. DS offers the greatest weight loss—
albeit, at least historically, with the highest chance of
micronutrient or protein malnutrition [12]. It would seem
logical that if a more physiologic response is elicited after
glucose challenge, it may be beneficial for long-term
weight management.

For these reasons, we decided to compare the three
major stapling bariatric procedures when challenged by a
liquid OGCT or solid high-carbohydrate mixed meal in a
cohort of bariatric surgical patients.

Methods

Forty-five patients were enrolled into this nonrandomized
prospective trial before undergoing bariatric surgery.
Patients were 18 years of age or older and met the National
Institutes of Health guidelines for bariatric surgery. All
patients went through the standard seminar and educational
program available as part of the Center of Excellence at
Lenox Hill Hospital. Study enrollment was discussed after
procedure selection was completed by the patients.

@ Springer

All patients enrolled into the study underwent baseline
blood tests that included glycated hemoglobin (HbAlc),
C-peptide level, and a 2-h OGCT using a liquid challenge
of 100 g glucose with measurement of insulin levels.

All surgical procedures were performed at Lenox Hill
Hospital by three surgeons. All were completed laparo-
scopically. Our techniques for each procedure have been
well described and are consistent with accepted standard
approaches. The RYGB is performed with an isolated
gastric pouch of ~20 mL based on the lesser curvature,
ending at the angle of His, with a 150-cm Roux limb and a
100-cm biliopancreatic limb. The VSG is performed over a
34F bougie starting 3—4 cm from the pylorus. The DS in
our program is different from traditional reports in that we
use a longer common channel at 125-150 cm with a
150-cm alimentary limb. The sleeve component of the DS
is made using a 38F bougie.

All patients were followed and monitored according to
our standard guidelines for their respective operations.

At 6 and 12 months after surgery, all patients had a 2-h
OGCT with measurement of insulin and C-peptide levels
along with glucose. At 9 months after surgery, the OGCT
was performed using a solid mixed-meal muffin with the
same 100-g glucose load as in the liquid form.

Using determined values, Homoeostatic Model Assess-
ment (HOMA)-IR was calculated using a standardized
equation. A modified quality-of-life questionnaire assess-
ing common gastrointestinal symptoms was also adminis-
tered at each study interval. All procedures and laboratory
measurements were performed at Lenox Hill Hospital
using standard techniques.

The ratios of baseline to 1- and 1- to 2-h glucose and
insulin levels were calculated, as was the area under the
curve (AUC) for glucose and insulin values.

The study design and informed consent were approved
by the Lenox Hill institutional review board and registered
at ClinicalTrials.gov.

Statistical analysis was performed by fixed-model
ANOVA to compare results between RYGB, VSG, and
DS. When ANOVA showed a statistical difference, Stu-
dent’s ¢ test was used to determine the difference between
the subgroups.

Results

Forty-five patients were enrolled onto this study after the
procedure of choice was selected. Seven patients were lost
to follow-up. Data from 38 patients were used for analysis.
A total of 13, 12, and 13 patients underwent RYGB, VSG,
and DS, respectively. The three groups were demographi-
cally similar except that DS patients had a higher body
mass index (BMI) (p < 0.05). There was no significant
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difference at baseline between fasting glucose, fasting
insulin, or HbAlc.

All the operations successfully induced weight loss. At
1 year, the BMI fell from 47.7 + 10 to 30.7 £+ 6.4 kg/m*
in the RYGB group, 45.7 + 8.5-31.1 + 5.5 kg/m? in the
VSG group, and 55.9 + 11.4-27.5 + 5.6 kg/m? in the DS
group. This corresponds to 32.8 + 7.2, 32.7 £ 7.9, and
49.8 + 2.0 % of body weight loss, respectively, with a
significantly greater loss in the DS group compared to the
RYGB and VSG groups (p < 0.001). Similarly, there was a
statistically significant decrease in fasting glucose and
insulin for each surgical procedure (p < 0.001).

Glucose tolerance testing after surgery resulted in a
consistent pattern for all three procedures (Table 1; Figs. 1,
2). RYGB resulted in rapid rise in glucose, and the 1-h
insulin level was higher than at baseline at both 6 months
and 1 year. With a solid muffin, the rise was lower but still
more pronounced than VSG or DS. In comparison, DS had
a much lower rise in glucose and 1-h insulin. The differ-
ence was statistically significant for 1-h insulin compared
to RYGB at 6 months and the aggregate for all data points.
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The response for VSG was intermediary to the response
seen with DS and RYGB. The rise in insulin was less
dramatic than RYGB but greater than DS.

A ratio of 1-h to preoperative glucose value showed the
slope or degree of rise of glucose; this was calculated for
each operation. Before surgery, there were no statistically
significant differences in the 1-h to fasting glucose ratio
(1.5 £ 0.5 for RYGB, 1.5 + 0.3 for VSG and 1.5 £+ 0.5
for DS; p =0.97). At 6 months, however, this ratio
increased to 1.8 & 0.8, 1.6 = 0.5, and 1.3 &£ 0.3, respec-
tively, with a statistically significant difference between
RYGB and DS (p < 0.05). This trend remained the same at
9 months’ and 1 year’s follow-up (Table 2; Fig. 3).

Similarly, a ratio can be calculated that shows the rise in
insulin after glucose ingestion. RYGB had the lowest 1-h to
fasting insulin ratio at baseline. Postoperatively, after a
rapid rise in glucose level, the insulin level increased by
23-, 20-, and 16-fold at 6, 9, and 12 months for RYGB;
11-, 7-, and 13-fold for VSG; and 11-, 6-, and 10-fold for
DS. The difference was substantial and was statistically
significant at 6 months (Table 2; Fig. 4).
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Fig. 1 Mean plasma glucose levels by time point during liquid glucose challenge test
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Fig. 2 Mean plasma insulin levels by time point during liquid glucose challenge test
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Table 2 One hour to fasting and 1- to 2-h glucose and insulin levels separated by procedure at baseline and at 6, 9, and 12 months after intervention

1- to 2-h insulin ratio

1-h to fasting insulin ratio

1- to 2-h glucose ratio

1-h to fasting to glucose ratio

Surgery

Baseline 6 months 9 months 12 months

9 months 12 months

Baseline 6 months 9 months 12 months  Baseline 6 months

9 months 12 months

6 months

Baseline

104 £ 7.6
41+£29
5.7 +3.1

7.1 £ 597
53+ 3.8

8.5+ 5.8"
6.4+ 5.1

27 +24
33+37
19+ 13

16.4 £ 15.3
133 +£ 8.3
9.8 £ 103

20.8 £ 25.1
69 £ 3.5
6.3 + 2.8

23.6 + 16.8+"
11.6 £ 5.2%
11.0 £ 8.97

1.8+ 15 20+£09*% 30+£22°
6.1 £58

1.1+04 20£08"

1.2+03
1.2 +£0.2

18408 15+£06 15407

1.6 £ 0.5

1.5 £0.5
1.5+03
1.5+03

RYGB
VSG
DS

1.5+ 04 1.8+£06 1.1+02 1.6=+£0.5*
1.3+£03

1.2 +£02

28 + 2.0

3.8 +3.8"

1.1+£02 15+04 62+26°

1.3 + 057

1.1 £02

13 + 03"

RYGB Roux-en-Y gastric bypass, VSG vertical sleeve gastrectomy, DS duodenal switch

* p < 0.05 by two-tailed ¢ test for RYGB versus VSG
° p < 0.01 by two-tailed ¢ test for RYGB versus DS
T p < 0.05 by two-tailed ¢ test for RYGB versus DS

As expected, the 1- to 2-h glucose ratio, which repre-
sents the response to spike of the insulin and the resulting
decline in glucose, was the highest in RYGB group. This
difference was significant when compared to DS at
6 months (p < 0.05) (Fig. 5), as was the aggregate of all
postoperative values (p < 0.02).

All patients had improvement in hemoglobin HbAlc
and insulin sensitivity (p < 0.001).

The AUC was calculated for all procedures (Table 3).
All three procedures resulted in a significantly reduced
glucose value under the curve (p < 0.05). However, this
reduction was achieved for RYGB with enhanced insulin
production, and insulin value under the curve increased.

Remarkably, DS had the lowest glucose and insulin
AUC. The difference in insulin AUC was significant at
6 months (Figs. 1, 2).

A self-reported questionnaire of symptoms was also
administered to patients at every glucose challenge. As an
overall tendency, VSG patients reported the lowest level of
weakness, dizziness, and nausea. These symptoms were
highest in the RYGB group, not the DS group. Because this
study was not powered to detect symptomatic differences,
these results are not significant. However, they do show
that at least in this cohort, DS patients do not experience
symptoms of muscle weakness. These results are shown in
Table 3.

Discussion

This study demonstrates that all three stapling procedures
provide effective weight loss, reduce fasting insulin,
improve glucose tolerance, reduce HbAlc, and lower
fasting insulin levels. After glucose challenge, RYGB was
more likely to result in a larger rise in blood glucose, a
larger rise in 1-h insulin, and thus a greater reduction in
blood glucose compared to DS. Results from VSG were
intermediary. Although the sample size was small, the data
were consistent at all time points, regardless of liquid or
solid challenge.

Many consider RYGB the gold standard of bariatric
procedures. RYGB involves creating a small pouch based
on the lesser curvature of the stomach. The intestine is
attached directly to the small pouch, and then a distal
attachment created to restore bowel continuity. When
glucose is given, it travels from the small pouch directly to
the small bowel, bypassing the pyloric valve, duodenum,
and proximal jejunum. As our study shows, RYGB causes
a rapid rise in blood glucose, and insulin production is
enhanced. It is believed that the increased insulin produc-
tion is primarily caused by increased incretins [glucagon-
like peptide-1 (GLP-1)], which are stimulated by food
entering the small bowel directly [13]. McLaughlin et al.
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Fig. 3 One-hour to fasting
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Fig. 4 One-hour to fasting
insulin level ratio during liquid 50
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[14] showed that when a gastrostomy tube is placed into
the remnant of a post-RYGB patient with abnormal glucose
tolerance, glucose is normalized with liquid mixed meal
into the remnant. Thus, the cause of the abnormal glucose
challenge test is the result of nutrient delivery directly into
the small bowel. Improved or enhanced insulin production
is considered to be an important factor for improvement of
glucose tolerance after RYGB. For those with insulin
resistance, this response is potentially beneficial. For oth-
ers, it may be detrimental. An increasing number of

@ Springer

patients have required revision of their RYGB or even
pancreatectomy for complications related to hypoglycemia
[6].

Perhaps even more essential is the potential impact on
long-term hunger and weight control. For years, it has been
suggested that RYGB is the preferential procedure for
those with a preference for simple carbohydrates and
sweets. It was postulated that consumption of these foods
would result in symptoms of dumping and thus create an
aversion for such foods. However, no study has shown a
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Fig. 5 One- to two-hour
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Table 3 Postoperative symptomatology by surgery

9 month 12 month

6 month

Surgery Weakness (%) Nausea (%) Hunger (%) Sweating (%) Dizziness (%) Headache (%)
RYGB 52 61 18 16 41 29

VSG 3 32 6 6 35

DS 24 20 10 19 0

RYGB Roux-en-Y gastric bypass, VSG vertical sleeve gastrectomy, DS duodenal switch

positive correlation between dumping symptoms and
weight loss. In fact, the two studies undertaken to deter-
mine the relationship between dumping and weight loss
failed to demonstrate a difference [12, 15]. Despite edu-
cational efforts that attempt to get postbariatric surgical
patients to avoid simple carbohydrates, it is highly unlikely
that this is universally possible. As a result, a more likely
consequence is a rapid rise in sugar, leading to enhanced
insulin, followed by a fall in blood glucose and greater
hunger. This cycle promoting intermeal hunger is what we
believe to be a major contributor to recidivism after
RYGB.

In comparison, the impact of DS on glucose tolerance
appears different. To perform DS, the fundus and the
greater curvature is resected and the duodenum is divided
approximately 3 cm distal to the pyloric valve. A Roux-en-
Y is created beneath the valve. In comparison to RYGB,
the amount of bowel exposed to food, as well as the
amount of bowel where bile and pancreatic juices mix with
food, is reduced. Approximately 40-50 % of the total
bowel is bypassed. Our study demonstrated that when DS
patients are stimulated by glucose challenge, as compared
to gastric bypass, there is a much smaller rise in blood

glucose and 1-h insulin. This was found during all testing
intervals and was consistent with liquid and solid chal-
lenge. Even more striking is the AUC data. All operations
reduce AUC for glucose. DS causes the sharpest reduction.
Most thought-provoking is that this reduction in glucose
does not correlate to a higher insulin AUC. This suggests
that the improvement is not the result of enhanced insulin
production, as in RYGB, but perhaps a sharp reduction of
insulin resistance peripherally. This finding may explain
the greater efficacy seen for DS in diabetes [12]. Further-
more, Frenken et al. [16] have shown diabetes resolution
after DS in a cohort of diabetics on high-dose insulin
therapy for a lengthy period of time. It is in this group that
RYGB has been shown to have the lowest efficacy [17].
Data from VSG seem to be intermediary between gastric
bypass and DS. Our original hypothesis was that preser-
vation of the pyloric valve would be an important com-
ponent in regulating the impact of glucose challenge.
Although it appears that there is a contribution from pyloric
preservation, it does not appear to be the whole story.
Whereas statistically significant differences can be seen
between DS and RYGB, there was a tendency to differ-
ence, but not a statistically significant one, between DS and
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VSG or between VSG and RYGB. This indicates that the
pylorus plays a role, but other factors must also contribute.
Additionally, a large focus of conjecture for the role of
bariatric surgery and the resolution of diabetes has been
bypassing the duodenum (foregut theory) or stimulation of
the distal intestine (hind gut theory) [18, 19]. Because both
RYGB and DS bypass the duodenum and reduce transit
time to the distal intestine, similar responses could be
expected. Yet our study demonstrates differences. As a
result, other factors are responsible for these findings.
Possibilities include the rate of nutrient entry, a change in
the microbiology of the gut, the impact of altered fat
absorption, and a reduction of inflammatory factors that
promote insulin resistance.

Although our study is to our knowledge the first to
compare these operations, our findings have been corrob-
orated. At all data points, and with both liquid and solid
challenge, findings were similar. Additionally, other stud-
ies have shown similar results. Halperin et al. [9] studied
gastric bypass patients with continuous glucose monitor-
ing. With mixed meal challenge, their response was nearly
identical to what was seen in our study. In contrast, Jo-
hansson et al. [20] studied the glucose and insulin response
after a mixed meal in DS and normal controls. They found
that in DS patients, the postprandial responses of glucose
and insulin were virtually normal and there were no dif-
ference compared to controls.

The risk of vitamin deficiency, micronutrient deficiency,
and diarrhea are the reasons given for not offering DS. The
issues associated with DS can be mitigated by an alimen-
tary limb and common channel of adequate length. In this
study, a common channel of 125-150 cm and an alimen-
tary limb of 150 cm were used, as is our practice standard.
The important point is that the concerns raised about DS
are directly related to the degree of intestinal bypass. Our
study suggests that there may be profound advantages to a
postpyloric bypass. Further investigation is required to
define the ideal bowel lengths that can potentially maxi-
mize the anatomical advantages and minimize the risk of
malabsorption. Additionally, Dorman et al. [12] have
shown in a 5-year matched case—control trial that although
resolution of comorbidities is greater with DS, long-term
complications are not increased.

In conclusion, our study shows that in comparison to
RYGB, DS regulates glucose without causing hyperinsu-
linemia. Surprisingly, the response to challenge of VSG
patients is intermediary. This means that preservation of
the pyloric valve is only partially responsible for these
findings. Although our results are provocative, it is
important to determine whether they will result in impor-
tant clinical differences and change long-term outcomes.
This can only be determined by further study on a larger
number of patients. It is thus essential that randomized

@ Springer

multisite trials be conducted to compare RYGB and DS on
both diabetic and nondiabetic patients. Finally, caution
should be used before calling or defining RYGB as a gold
standard for bariatric procedures.
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