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Bariatric Procedures: Anatomical
and Physiological Changes
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In understanding the basics of digestion, you'll discover who’s
in charge. Here’s a hint. It’s not you.

— Nancy Mure

4.1 Introduction

Obesity is a chronic, multifactorial, disease with increasing incidence and preva-
lence, especially in countries with western lifestyles [1, 2]. Although dietary con-
trol, regular physical activity and/or drug therapy have been considered as the first
line of therapeutic approach, bariatric surgery seems to be the most effective
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approach for patients with higher body mass index (BMI) and/or with associated
comorbidities. Studies comparing medical and surgical treatment in individuals
with clinically severe obesity have shown better results in short, medium, and long
term in favor of the surgical approach in terms of sustained weight loss, control of
comorbidities, reduction in major macrovascular events and mortality [3-7].

Since the 1950s, several surgical procedures have been proposed to achieve the
desired weight loss and control of comorbidities [8]. Roughly, they are categorized
as predominantly restrictive, predominantly malabsorptive, and mixed procedures
(combination of both). However, this classification is merely didactic, since only
gastric restriction and/or nutrient malabsorption appear to be inaccurate to provide
a full explanation of all successful outcomes attributed to most bariatric procedures
currently in use. It has now been recognized that anatomical alterations directed at
restricting the amount of food or reducing the absorptive intestinal surface are less
relevant than substantial changes in neural and endocrine signaling pathways com-
monly seen after bariatric surgery [9-16].

Therefore, it is more appropriate to anatomically classify the bariatric proce-
dures into two groups, according to the absence or presence of small bowel diver-
sion. In the first group (without intestinal bypass), Laparoscopic Adjustable Gastric
Band (LAGB), Vertical Banded Gastroplasty (VBG), and Laparoscopic Sleeve
Gastrectomy (LSG) are well-fitted. Examples of the second (with intestinal bypass)
are Roux-en-Y Gastric Bypass (RYGB), One-Anastomosis Gastric Bypass
(OAGB), Biliopancreatic Diversion (BPD—Scopinaro’s Surgery), Biliopancreatic
Diversion with Duodenal Switch (BPD-DS), Single-Anastomosis Duodenoileal
Bypass with Sleeve Gastrectomy (SADI-S), Ileal Interposition, Transit Bipartition
and Jejunoileal Bypass (JIB). Currently, some of these techniques are no longer
being used, for example, VBG and JIB. Still, there is a wide range of operative
techniques, each procedure with its peculiarity in relation to the technical design
and mechanism of action. Some procedures are time-honored, such as RYGB,
while some new procedures are emerging and gaining acceptance among patients
and surgeons, such as LSG and OAGB.

With or without small bowel diversion, surgical bariatric procedures modify the
anatomy of the digestive system and have an impact on entire gastrointestinal (GI)
physiology, by restricting the food intake, altering the digestive and absorptive pro-
cess, changing the GI hormones, motility, microbiota balance, neural signaling
among other lesser-known mechanism. In addition, bariatric surgeries can strongly
alter the regulation of hunger/satiety in the central nervous system, change food
preferences and taste, and modify energy expenditure [9, 17-19]. All these postop-
erative changes can be summarized in the so-called BRAVE effect, i.e., Bile flow
alteration, Reduction of gastric size, Anatomical gut rearrangement and Altered
flow of nutrients, Vagal manipulation, and Enteric and adipose hormones modula-
tion [20].

Although most of these physiological changes are part of the therapeutic purpose
and therefore expected, they can also cause adverse effects such as food intolerance,
nutritional deficiencies, chronic abdominal pain, diarrhea, flatulence, dumping syn-
drome, gastroesophageal reflux disease, small intestinal bacterial overgrowth,
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among others [21-32]. Occasionally, adverse events can be clinically severe and
impair the quality of life. In these situations, the attempt to restore normal anatomy
may sometimes be the only viable therapeutic option. The changes caused by the
adjustable gastric band (AGB) are completely reversible by simply withdrawing the
device. LSG and BPD-DS are not subject to reversal, as both include partial gastrec-
tomy. While it is technically feasible to restore the original food transit after RYGB
and OAGB, since nothing is removed, the restoration includes new GI anastomoses.
The anatomical configuration of the gastrointestinal tract is not completely normal
and therefore, neither is the physiology.

Therefore, it is essential to know the anatomical and physiological changes
caused in the digestive system by the different bariatric procedures. For under-
standing the expected outcomes and for the immediate recognition of their possible
adverse events. In this chapter, only the anatomical changes associated with the
most common bariatric procedures performed around the world will be addressed-
LSG (45.9%), RYGB (39.6%), LAGB (7.4%), OAGB (OAGB) (1.8%), and
BPD-DS (1.1%) [33], here sorted according to absence or presence of small bowel
diversion.

4.2  Anatomical Changes of Procedures Without Small
Bowel Diversion

4.2.1 Laparoscopic Adjustable Gastric Band

The LAGB is a restrictive procedure that consists of placing a silicone band around
the upper stomach, very close to the cardia (Fig. 4.1). When left in place, the device
provides a significant reduction in gastric capacity by creating a superior pouch of
reduced size (10-20 mL) and a luminal narrowing that slows the emptying of
ingested food to the lower portions of the stomach. Through a connection tube and
a subcutaneous access port, it is possible to perform adjustments to the internal
diameter of the device in order to manage the level of restriction and the emptying
speed of the upper gastric pouch. LAGB is a completely reversible procedure, and
the simple removal of the device totally restores the original anatomy and physiol-
ogy of the GI tract.

4.2.2 Laparoscopic Sleeve Gastrectomy

The LSG is the fastest growing bariatric procedure in recent years, preferred by both
surgeons and patients mainly due to excellent results in terms of weight loss, control
of obesity-related comorbidities, and quality of life, which is achieved through a
faster, technically less demanding surgical procedure [33, 34]. In addition, the
absence of intestinal bypass preserves the original absorptive surface, significantly
reducing adverse events related to nutrient malabsorption, which is a common con-
cern associated with bypass procedures.
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Fig.4.1 Schematic drawing showing AGB in place. (a) Deflated band (“open”); (b) subcutaneous
access port; (c¢) inflated band (“closed”)

The operative technique can be summarized in the removal of about 70-80% of
the stomach by means of stapled vertical gastrectomy, which includes a small part
of the antrum, a large part of the body, and the entire gastric fundus (Fig. 4.2). The
pylorus is preserved, and therefore, the gastric emptying mechanism is kept intact.
The only anatomical change is a reduction in the size of the gastric reservoir, which
is approximately 100-150 mL capacity. This single, “simple” anatomical alteration
(partial gastrectomy), however, can cause deep modifications in the functioning of
the entire digestive system. Because of a partial gastrectomy, L.SG is an irreversible
bariatric procedure.
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Fig.4.2 Schematic
drawing representative of
the final surgical aspect of
LSG highlighting the
removed stomach,
remaining only a long
gastric tube (the Sleeve
itself). The entire gut is
kept untouched

4.3  Anatomical Changes in Procedures with Small
Bowel Diversion

4.3.1 Roux-en-Y Gastric Bypass

A small pouch based on lesser gastric curvature is constructed in the upper stomach
through linear staplers, excluding about 95% of the stomach. The alimentary path-
way is reconstructed in Roux-en-Y fashion, using alimentary and biliopancreatic
limbs, connected to each other by distal enteroenterostomy (Fig. 4.3). The alimen-
tary limb usually is about 100—120 cm long, through which only food mixed with
saliva and minimal gastric juices flow down. On the other hand, within the biliopan-
creatic limb (50-150 cm in length) only gastric and biliopancreatic secretions flow
without food. Thus, the ingested food only meets gastric and biliopancreatic secre-
tions after enteroenterostomy, in the common channel. The length of the common
channel varies according to the total length of the small bowel since the surgeons
usually work with fixed lengths of only the alimentary and biliopancreatic limbs.
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Fig.4.3 Schematic
drawing representative of
the final surgical aspect of
RYGB with small, vertical
gastric pouch, Roux-en-Y
reconstruction, and longer
common channel

Therefore, the anatomic configuration of RYGB provides a reduced gastric capacity
(20-30 mL), along with an exclusion of the stomach (95%), duodenum and a vari-
able length of the jejunum (usually 50—150 cm). This causes a restriction, in addi-
tion to substantially altering the neurohormonal signaling of the GI tract and
modifying the well-tuned processes of digestion and absorption. Although RYGB is
prone to induce some nutrient deficiencies (mainly due to duodenal bypass), the
malabsorptive component itself is generally mild.

4.3.2 One-Anastomosis Gastric Bypass
The OAGB was originally described in the early 2000s and is a procedure with

principles similar to RYGB, but technically simpler and faster. The procedure
involves the creation of a long and narrow pouch (“Sleeve-like”) based on the lesser
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curvature of the stomach, followed by end-to-side anastomosis between the gastric
pouch and the small bowel approximately 150-200 cm distal to the duodenojejunal
flexure (angle of Treitz). Unlike the RYGB, there is not an alimentary limb, but
rather afferent and efferent loops, since the reconstruction of the food transit occurs
following the Billroth II design (Fig. 4.4). The capacity of the gastric reservoir is
diminished (more than LSG, but less than RYGB), and the entire duodenum and the
first 150 to 200 cm of the small bowel (jejunum) are bypassed.

The OAGB has been usually reported as a hypo absorptive procedure with a
higher incidence of diarrhea, steatorrhea, deteriorated liver parameters, and nutri-
tional adverse events [35, 36], although the amount of small bowel diversion is very
similar to RYGB with long limbs. Thus, the pivotal anatomical and perhaps also
physiological difference with RYGB is the absence of an alimentary limb
(Roux-limb).

Fig. 4.4 Schematic
drawing representative of
the final surgical aspect of
OAGB with long gastric
pouch and Billroth II type
reconstruction
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4.3.3 Biliopancreatic Diversion with Duodenal Switch

Rarely performed today, BPD-DS is a chiefly malabsorptive procedure. Recently, a
new single-anastomosis-based BPD-DS design (Single-Anastomosis Duodenoileal
bypass with Sleeve Gastrectomy—SADI-S) represents a current attempt to reduce
side effects and provide a technical simplification [37, 38].

Usually described as a “malabsorptive” procedure, BPD-DS includes both
restrictive and malabsorptive components. The restriction is due to a Sleeve gastrec-
tomy. A linear stapled transection of the duodenum immediately after the pylorus is
performed and the food transit is reconstructed by means of an end-to-side, hand-
sewn Roux-en-Y duodenoileostomy. Enteroenterostomy is then performed at a dis-
tance of 50-120 cm from the ileocecal valve. The final configuration of the small
bowel diversion in the BPD-DS (as well as the classic BPD and SADI-S) is longer
alimentary and biliopancreatic limbs and shorter common channels (Figs. 4.5, 4.6

Fig. 4.5 Schematic
drawing representative of
the final surgical aspect of
BPD-DS with sleeve
gastric pouch, post-pyloric
Roux-en-Y reconstruction,
and short common channel




4 Bariatric Procedures: Anatomical and Physiological Changes 49

Fig. 4.6 Schematic
drawing representative of
the final surgical aspect of
classic BPD (Scopinaro’s
Surgery) with partial
gastrectomy, large
horizontal gastric pouch,
and short common channel

and 4.7). The length of the common channel (how short it is left) predominantly
defines the degree of malabsorption and can be a factor for the severe and some-
times uncontrollable adverse effects.

4.4 Physiological Changes on Gl Tract After
Bariatric Procedures

The anatomical changes brought about by the various procedures also induce
changes in the physiology of the digestive system in different ways and to different
degrees. Bariatric surgery targets various organs and systems beyond the GIT,
including the central nervous system, liver, pancreas, adipose tissue, and muscle,
among others, impacting the whole metabolism of the human body. Profound
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Fig.4.7 Schematic
drawing representative of
the final surgical aspect of
SADI-S with sleeve gastric
pouch, post-pyloric
(duodenoileal) end-to-side
single anastomosis, and
short common channel

metabolic alterations occur that go beyond physical restriction and involve food
preferences, taste perception, and changes in hunger/satiety control signaling. In
addition, digestion and absorption of nutrients is also affected. Apart from the
restriction and malabsorption factors, these changes are mediated through neural
pathways and substances like leptin, ghrelin, insulin, cytokines, and several gut-
derived hormones, among others. Even in procedures considered purely restrictive,
such as LAGB, the efficacy of weight loss may be associated with neurohormonal
mechanisms [18, 19, 39-41].

In spite of the available literature, the actual impact of bariatric procedures on the
physiology of the digestive system is far from completely understood and needs to
be studied further.

4.5 Food Intake

In general, food intake is reduced following bariatric surgery. The impact on food
intake starts from the cephalic phase itself. Hormones like ghrelin, insulin, and gas-
trin are released in response to the thought, sight and/or smell of food [19, 42]. Soon
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after bariatric procedure, patients usually show a significant reduction in fasting and
postprandial ghrelin levels. However, these low levels appear not to be sustained in
the long term. Therefore, although the significant drop in serum ghrelin may be
contributory in the weight loss immediately after bariatric surgery, this may not
have the same relevance in weight loss maintenance.

Return to baseline levels may also be implicated in recidivism in the long term.
In this sense, the surgical impact of LSG on ghrelin levels seems to be more consis-
tent and durable than RYGB, since most ghrelin secreting cells are irreversibly
removed by the operation (gastric fundus) [12, 43-45]. However, it remains open to
debate as the incidence of weight regain after LSG has been shown to be
significant.

Changes in appetite, food preferences, and taste perception may also diminish
food intake postoperatively, impacting on weight loss. An increased preference for
low-sugar and low-fat diets have been frequently observed after bariatric procedures
[46]. The exact underlying mechanism of this remarkable modification in food pref-
erences and palatability is poorly understood since self-reporting is the most com-
mon method used to record food preferences after bariatric surgery, which gives
inconsistent and less than reliable findings [47-50]. Interestingly these changes do
not appear to be strongly related to the type of bariatric procedure. In addition,
modification in chewing time should be also considered as a contributing factor in
reducing food intake. Although dependent on the dental state and the type of food
ingested, bariatric patients tend to increase chewing, especially for solid foods [51].

Given the reduced gastric capacity resulting from bariatric procedures, meal
sizes are proportionally reduced after bariatric procedures [52]. However, in addi-
tion to the restriction, postoperative food intake reduction is also known to be related
to an expressive shift in the signaling of the hunger/satiety neuronal center due to
increased levels of GI satiety hormones, such as pancreatic polypeptide (PP), pep-
tide YY (PYY), glucagon-like peptide 1 (GLP-1) and 2 (GLP-2), gastrin, secretin,
obestatin, vasoactive intestinal polypeptide (VIP), gustducin, oxyntomodulin
(OXM) and glucose-dependent insulinotropic polypeptide (GIP) [53]. Although it is
a common effect of almost all procedures, changes on hunger/satiety center medi-
ated by digestive substances seem to be more profound after diversionary procedures.

4.6  Gastric Emptying: Digestive Motility

Upper GI motility may also play a role in the pathophysiology of obesity, since
accelerated gastric emptying may decrease the satiety time and consequently pro-
mote greater food intake. Therefore, it is interesting to evaluate the behavior of
gastric emptying and upper GI motility after bariatric procedures. Esophageal motor
dysfunction and dilation by emptying scintigraphy, esophageal dysmotility by
manometry, and signals of esophagitis by upper endoscopy are the most common
methods employed to clinically evaluate gastric emptying. Although GI motility can
also be investigated by methods such as the migrating motor complex and
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postprandial motor pattern, the relationship between abnormalities usually found
and clinical symptoms remains uncertain [54, 55].

Gastric emptying seems to be normal or accelerated after LSG (and probably
also after BPD-DS). Although this acceleration in emptying of gastric sleeve may
compromise the perception of postprandial satiety to some extent, a rapid delivery
of the ingested food may also promote greater release of satiety gut hormones, such
as GLP-1, contributing to the efficacy of the procedure [56]. Notwithstanding, it
remains controversial whether the amount of antrectomy and Sleeve calibration
influence weight loss. Another source of concern regarding the emptying of gastric
sleeve is the occurrence of the dumping syndrome. Although believed to be less
prevalent, mainly due to preservation of the pyloric sphincter, symptoms perceived
as dumping may occur after LSG, depending on the type of food ingested [57]. The
pathophysiology of this late dumping is probably linked to increased release of
several enteric hormones such as neurotensin, VIP, GIP, and GLP-1, inducing disor-
dered GI motility and hypoglycemia.

As for RYGB (and probably also OAGB), the major concern about gastric pouch
emptying is indisputably the dumping syndrome. The pathophysiology of the early
dumping observed after RYGB appears to be related to the absence of pylorus as a
valve regulating gastric pouch emptying rather than increased motility [58]. At the
same time, the rapid delivery of food ingested in the small bowel (alimentary limb
and common channel) can co-produce symptoms of late dumping [32]. In this sense,
calibrated gastroenteroanastomosis can mimic the barrier normally caused by the
pylorus, providing greater stasis of the food ingested within the gastric pouch,
increasing the feeling of satiety, possibly decreasing the occurrence of early dump-
ing, and ultimately contributing to the postoperative weight loss after RYGB [59].

In AGB, as expected, several esophageal abnormalities associated with impaired
gastric emptying are observed, depending on the amount of insufflation/deflation of
the device. This dysmotility may be related to the mechanical barrier caused by the
narrow lumen that separates the upper and lower gastric chambers when the device
is in place. In some situations, the severity of disorders and symptoms of the upper
digestive system may need withdrawal of the band, and some sequelae can persist
in the long term [54].

4.7 Digestion and Absorption

The major alterations in the digestive and absorptive processes are related to the
gastric volume reduction and length of bypass. The digestion begins in the mouth
during chewing by mixing the food with the saliva. The salivary flow behavior fol-
lowing bariatric surgery is somewhat controversial, but there is some evidence to
suggest that it remains unchanged after RYGB [60]. Gastrin and cholecystokinin
(CCK) are homologous hormone systems that act synergistically in gastric acid
secretion and in gastric and gallbladder emptying. Gastrin is released by G-cells
located primarily in the gastric antrum and duodenum to stimulate the secretion of
gastric acid by the parietal cells of the stomach and enhance gastric motility. Gastrin
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may impact on insulin secretion via gastrin receptors in the islet of the pancreas
[61]. As one would expect, serum levels of gastrin are generally suppressed after
techniques that provide wide gastric and duodenal exclusion, such as RYGB. The
impact of LSG with preserved antrum on gastrin secretion appears to be lower, or
even absent [62]. In turn, CCK behaves controversially. It is synthesized and
secreted by I-cells localized in the duodenal mucosa, helps in satiety, and inhibits
gastric motility and emptying. After LSG, given the non-exclusion of the food bolus
from the lumen of the duodenum, CCK levels appear to be normally increased [63].
Paradoxically, similar observations have been noted after RYGB. Other factors for
CCK release like parasympathetic signaling may be implicated in the increased
levels of CCK following bariatric procedures with duodenal exclusion, like RYGB,
OAGB, and BPD-DS [53, 61]. Pancreatic juice containing several enzymes is
released into the duodenum in response to chime along with bile and helps in the
digestion of proteins, carbohydrates, and lipids. The major enzymes are lipase (lipid
decompositions in fatty acids and glycerol), trypsin (break proteins in minor frag-
ments), and pancreatic amylase (starch decomposition). The secretion of these
enzymes and their actions are usually impaired in procedures with small bowel
(duodenum) diversion, such as RYGB, OAGB, and BPD-DS, impairing the absorp-
tion of these macronutrients.

The overall absorptive capacity of the digestive system is mainly due to the
integrity of the small bowel, including the duodenum. In procedures without small
bowel diversion, such as AGB and LSG, the absorptive surface remains intact, and
therefore, limited change in the absorption is expected postoperatively. Nutritional
deficiencies observed after exclusive gastric procedures such as LSG can be due to
reduced food intake (mechanical restriction and/or early satiety), food intolerance
(vomiting), and/or changes in the regulation and release of digestive enzymes.
Surgical procedures with intestinal diversion can additionally lead to impaired
absorption of macro and micronutrients, depending on the extent of the intestinal
bypass. The larger the bypassed area, the greater is the impairment in the absorptive
process. In this regard, malabsorptive procedures, such as BPD-DS and distal
RYGB (longer alimentary and/or biliopancreatic limbs and shorter common chan-
nels) are more commonly associated with postoperative nutritional disorders.
Severe, and sometimes clinically uncontrollable, nutritional disorders represent the
high biological cost associated with this group of procedures for a greater efficacy
in weight loss and control of comorbidities [64—67]. According to the recent litera-
ture, OAGB has also been associated with a higher rate of hypoalbuminemia and
anemia [36, 68, 69]. However, regardless of small bowel diversion, all types of
bariatric procedures can virtually cause nutritional deficiencies, each due to specific
reasons [70].

Although specific deficiencies are expected according to the gut segments
bypassed, due to disruption of the digestive sequence, additional deficiencies of
macro- and micronutrients can manifest.

Micronutrients are essential dietary factors that are needed in minimal amounts
to support various biochemical pathways and metabolic processes in the human
body and include trace elements (chromium, copper, manganese, selenium, and
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zinc), essential minerals (calcium, iodine, iron, and magnesium), fat-soluble vita-
mins (vitamins A, D, E, and K) and water-soluble vitamins such as thiamine (vita-
min B1), riboflavin (vitamin B2), niacin (vitamin B3), pantothenic acid (vitamin
B5), pyridoxine (vitamin B6), biotin (vitamin B7), folic acid (vitamin B9), cobala-
min (vitamin B12), and ascorbic acid (vitamin C). In turn, macronutrients are nutri-
ents that provide daily energy and make up the structure of the human body and are
therefore required in large quantities. Major components are proteins, fats, carbohy-
drates, and also water. The most common micronutrients deficiencies with clinical
significance after bariatric procedures, especially after small bowel diversion, are
related to iron (iron-deficiency anemia), vitamin B12 (pernicious anemia), folates
(macrocytic anemia), thiamine (neurological commitment), and calcium and vita-
min D (osteoporosis/fractures). In turn, protein malnutrition is the most common
macronutrient deficiency associated with patients undergoing bariatric surgery
[28, 71-74].

4.8 Micronutrient Deficiencies

Bariatric techniques that include either gastric resection or gastric exclusion, such
as LSG and RYGB, respectively, may lead to hypochlorhydria and reduction in the
intrinsic factor. Reduction of gastric acid decreases the bioavailability of vitamin
B12 from food, while the quantitative reduction of gastric intrinsic factor may sig-
nificantly compromise the absorption of B12 in the distal ileum. The result of these
two mechanisms can be a low rate of serum vitamin B12. In addition, impairment
in the pancreatic proteases action caused by duodenal exclusion may contribute to
poor vitamin B12 absorption. Other secondary causes of B12 deficiency may
include food intolerance (and therefore even more drastic reduction of food intake)
and small intestinal bacterial overgrowth. Fortunately, body storage of vitamin B12
is substantial and clinical deficiencies usually only emerge in the late postoperative
period (after 1 year) [28, 71, 72, 75].

A low-iron diet and chronic disease features associated with obesity predispose
for iron deficiency and anemia in morbidly obese patients in the preoperative period.
Post bariatric surgery, this situation may be worsened by hypochlorhydria, reduc-
tion in iron intake, and duodenojejunal bypass. The hypochlorhydria resulting from
almost all bariatric procedures hinders the reduction of ferric iron into the absorb-
able ferrous form, reducing iron uptake. In addition, food intolerances, especially
for red meat, maybe a relevant factor for low oral iron intake. Finally, poor adher-
ence to dietary guidelines and recommended supplementation may also reduce the
luminal amount of iron available to be absorbed. Thus, even in procedures without
small bowel diversion, such as LSG, there may be deficiencies in serum iron avail-
ability, albeit to a lesser extent [76]. However, techniques that bypass the primary
site of iron absorption (duodenum), such as RYGB, OAGB, and BPD-DS, signifi-
cantly increase the incidence of clinical or laboratory deficiency of iron, especially
in menstruating women [77].
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Folic acid is a micronutrient primarily absorbed in the duodenum and proximal
jejunum. Although widely present in several types of foods, folate storage in the
liver is generally not sufficient for more than 2-3 months of consumption. Folate
deficiency has been associated with macrocytic anemia in patients following bariat-
ric surgery, mainly after procedures with small bowel diversion (RYGB, OAGB,
and BPD-DS). Poor intake can also be blamed as a source of deficiency after AGB
and LSG. On the other hand, high serum levels of folic acid in the postoperative
period may also occur and have been considered as a marker of small intestinal
bacterial overgrowth following bariatric surgery [71, 74].

Thiamine deficiency is a worrisome nutritional complication after bariatric sur-
gery, since this co-enzyme is essential for the metabolism of carbohydrates and
amino acids, and in the reactions that produce energy (Krebs cycle). In addition,
cerebral metabolism is highly dependent on thiamine. The major consequence of
thiamine deficiency is beriberi, a clinical syndrome featured by psychiatric, neuro-
logic, cardiac and/or gastrointestinal manifestations. The hallmark of neurological
commitment associated with low levels of thiamine is the paresthesia of the hands
or feet, motor impairment, or loss of balance soon after 1-3 months after bariatric
surgery (“bariatric beriberi”). The presence of small intestinal bacterial overgrowth
should always be considered when oral thiamine supplementation is not resolutive
[78]. In addition, symptoms of Wernicke’s encephalopathy or acute psychosis
should be considered medical emergencies. Although thiamine can be absorbed
throughout the small bowel (jejunum and ileum), an efficient absorptive process is
also dependent on the duodenal mucosal enzymes [28, 71]. Thus, techniques with
duodenal bypass may be more prone to the development of thiamine deficiency,
such as RYGB [79]. However, reduced food intake, supplementation non-adherence,
and especially recurrent vomiting also appear to be important factors, since thia-
mine deficiency has been reported after LSG as well [80].

Vitamin D is a prohormone steroid that has two main sources: skin (in response
to ultraviolet radiation) and dietary. Intestinal absorption occurs primarily in the
small bowel with an efficiency of approximately 50% in the normal digestive sys-
tem and is facilitated by bile salts. After its synthesis or absorption, vitamin D is
metabolically activated in the liver to form 25-hydroxyvitamin D (250HD), and
then into the kidney to generate the active circulating metabolite, 1,25-dihydroxy
vitamin D (1,25(0OH)2D), or calcitriol. Vitamin D is an essential modulator of cal-
cium metabolism, maintaining adequate calcium and phosphate levels required for
bone formation by promoting absorption in the intestines [81]. Based on this, low
sunlight exposure, reduced food intake, and decrease in the gut absorptive surface
are considered pivotal causes of post-bariatric vitamin D deficiency. The major
impact of vitamin D deficiency is the decrease in calcium absorption, secondary
hyperparathyroidism, hypophosphatemia, and increased bone turnover. Altogether,
these alterations usually result in lower bone mineral density and can lead to the
development of skeletal disorders, notably osteopenia, osteomalacia, and osteopo-
rosis. Therefore, bariatric patients undergoing techniques that combine restriction in
food intake with a significant decrease in the small bowel absorptive area (distal
RYGB, OAGB, and BPD-DS) are more likely to exhibit impairment in the
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metabolic availability of vitamin D and, hence, the development of clinical features.
In turn, calcium plays a crucial role in numerous biological processes, ranging from
muscle contraction and blood clotting. Adequate intestinal absorption is essential
for calcium acquisition and bone is the major calcium reservoir. Resorption is a
physiological pathway in maintaining calcium homeostasis, closely regulated by
the parathyroid hormone. When calcium absorption is declined and serum levels
drop (due to low intestinal absorption related to hypochlorhydria, poor consumption
of calcium-containing foods, and/or vitamin D deficiency), excessive resorption is
triggered, generally at the expense of decreasing bone density mineralization and
acceleration of bone remodeling, probably increasing the risk of osteoporosis and
bone fractures mainly in unsupplemented situations [28, 71, 72, 74, 82, 83]. After
LSG, where anatomical small bowel absorption area is not compromised, preopera-
tive suboptimal levels (both calcium and vitamin D) plus postoperative restricted
dietary intake may probably be the reasons for clinical deficiencies.

4.9 Macronutrient Deficiencies

Protein malnutrition is the principal macronutrient deficiency after bariatric surgery
and is a major source of concern in the postoperative period since, unlike carbohy-
drates and fat, protein is not stored in the human body. Protein deficiencies may
have a very broad clinical presentation ranging from mild laboratory hypoalbumin-
emia to generalized edema and death. Thus, protein malnutrition following bariatric
surgery should be inspected periodically by serum albumin levels, which can accuse
difficulties in protein uptake long before the arising of more serious clinical fea-
tures. The incidence of postoperative hypoproteinemia depends on the type of bar-
iatric surgery, being relatively smaller after restrictive procedures without intestinal
bypass (AGB and LSG) and greater after procedures with a malabsorptive compo-
nent. Notoriously, the greater the small bowel bypass the greater the risk of protein
malnutrition [72, 84-86]. Pathogenesis is most commonly related to malabsorption
due to bypassing segments of the small bowel where the protein is absorbed primar-
ily (duodenum and proximal jejunum). To a lesser extent, limitation in food intake,
substantial decrease in pepsinogen levels, and reduction of pancreatic secretion of
proteolytic enzymes may also be unfavorable factors for digestion and protein
absorption [18]. Dietetic counseling with increased protein intake in the daily diet
and oral supplementation are the most effective management to prevent post-
bariatric hypoproteinemia. If this fails consistently, reversion of the malabsorptive
component of the surgery may be lifesaving in selected cases.

Fat uptake mainly depends on biliary and lipolytic enzymes released by the gall-
bladder and pancreas, which are primarily regulated by CCK. In bariatric proce-
dures with small bowel diversion (RYGB, OAGB, and BPD-DS), dietary fats
(triglycerides, phospholipids, cholesterol) remain almost intact until reaching the
common channel (or distal segments of efferent limb, in case of OAGB). Later lip-
ids breakdown with delayed formation of micelles strongly limiting the amount of
fat available for absorption in the small bowel. Hence, undigested fat goes to the
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large intestine and produces fat malabsorption and steatorrhea. Although uncom-
mon, this pathophysiology can be present even after procedures that comprise a
weaker malabsorptive component, such as RYGB [87].

Although bariatric procedures can alter carbohydrate digestion and absorption,
mainly due to the limited action of the pancreatic amylase to convert polysaccha-
rides into oligosaccharides present in small bowel diversion techniques, deficiencies
are virtually nonexistent, as this essential macronutrient is absorbed in the entire
gut. Absorbed carbohydrates are stored in the liver and skeletal muscle as quickly
available glycogen to serve as a major source of energy for body metabolism and,
most importantly, for the brain and red blood cells. In addition, in the face of inad-
equate carbohydrate substrate (low food intake and/or some degree of malabsorp-
tion), fat and protein are broken down through gluconeogenesis to provide nutritional
substrate for the brain and red blood cells. Thus, carbohydrate deficiency is always
preceded by a marked loss of fat mass and severe protein deficiency [18].

Based on these expected adverse effects common to almost all types of bariatric
procedures, periodic clinical and laboratory screening for nutritional deficiencies
and, if needed, targeted and standardized supplementation both for macro and
micronutrients, are recommended. A more intensive surveillance is recommended
after malabsorptive procedures. In the long term, it is even admissible that small
bowel adaptive mechanisms would attenuate mainly macronutrients deficiencies in
post-bariatric patients.

4,10 Enterohormones

Undoubtedly, the growing understanding of the postoperative behavior of entero-
hormones may be considered as one of the major advances in bariatric surgery in
recent years. These sets of knowledge gave rise to the principles of so-called meta-
bolic surgery and anchored new pharmacological drugs for the clinical treatment of
obesity and T2DM. Liraglutide, a glucagon-like peptide 1 agonist (GLP-1), is a
prime example.

Fasting and postprandial levels of several enterohormones are significantly
altered after bariatric surgery, with a well-documented impact on the hunger/satiety
regulation and metabolic control in bariatric patients. Although all obesity-
associated metabolic diseases may be positively affected, the incretin-mediated
T2DM outcomes have been the most addressed to date.

The incretin effect is a very old concept in which the oral glucose administration
promotes greater insulin secretion compared to a similar parenteral infusion [88,
89]. The insulinotropic gut-derived factors that could be responsible for this
enhancement in insulin secretion after oral/enteral glucose intake were then denom-
inated as incretins. Thus, the incretin effect is an amplification of insulin secretion
driven by incretins and is recognized as the major mechanism for normal glucose
tolerance. As expected, this effect is greatly reduced or totally missing in obese
diabetic patients and the restoration of this physiological effect is one of the goals
sought by bariatric procedures. To date, only glucose-dependent insulinotropic
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polypeptide (GIP) and GLP-1 fulfill the definition of an incretin hormone in humans.
GIP and GLP-1 are produced by specialized enteroendocrine K- and L-cells, respec-
tively. K- and L-cells are sensitive to mainly macronutrients (carbohydrates, fats,
and proteins). By responding more to the nutrient uptake than to the presence in the
gut lumen, increased enterohormones levels may accurately indicate the arrival of
such nutrients into the bloodstream [90].

GIP was the first incretin identified and was initially nominated as a gastric
inhibitory polypeptide, given its ability to delay gastric emptying (satiety hormone).
Later, GIP was renamed to glucose-dependent insulinotropic polypeptide after rec-
ognition of its action as an enhancer of insulin secretion by the pancreas. GIP is
secreted mainly by enteroendocrine K-cells, found at higher density in the duode-
num. It was recognized that GIP alone could not fully explain the incretin effect
commonly observed after bariatric surgery, since impairment of endogenous GIP
activity attenuates but does not abolish the incretin effect. Given its controversial
profile after bariatric procedures, with scarce data after procedures like LSG, the
relevance of GIP in mediating weight loss and incretin effect remains to be better
determined and therefore has currently been undervalued [53, 91, 92].

GLP-1 is undoubtedly the most powerful incretin associated with bariatric sur-
gery [93]. This gut hormone is primarily secreted by enteroendocrine L-cells, which
increase in number toward the distal small bowel, being also numerous in the large
intestine [91, 92]. GLP-1 is a satiety hormone that delays gastric emptying, increases
insulin release, and decreases glucagon production. Although fasting GLP-1 levels
do not markedly change after bariatric surgery, postprandial levels of GLP-1
increase significantly after most bariatric procedures [93]. RYGB (and other proce-
dures with small bowel bypass and hence, functional gut shortening such as OAGB
and BPD-DS) have exhibited high postprandial levels of GLP-1, coinciding with
high rates of glycemic control in diabetic patients. Indeed, bariatric surgery pro-
vides an expressive increase in GLP-1 release, normalizing the attenuated incretin
effect generally presented in diabetic patients. The higher and earlier the stimulation
of ileal L-cells by luminal content (secretions, bile salts, and foods), the greater the
release of GLP-1. Thus, dramatically elevated postprandial levels of GLP-1 were
measured after RYGB (10-20 times higher than normally observed in healthy peo-
ple with original digestive tube) [11, 58], a phenomenon also observed after BPD-DS
[94] but not after LAGB [95]. These high levels substantially contribute to both
weight loss (suppression of appetite) and glucose homeostasis (incretin effect) [11].
After LSG, GLP-1 also rises, but at slightly lower levels [45, 58, 96]. Faster gastric
emptying and lower small bowel transit time have been indicated as the key mecha-
nism for sustained post-Sleeve stimulation of ileal L-cells, rising the GLP-1 levels
and subsequently activating the ileal brake [56, 97, 98].

In addition to the well-documented effects of incretins (GIP and GLP-1), a pleth-
ora of enterohormones have also their fasting and postprandial profile significantly
changed after bariatric surgery. Glucagon-like peptide 2 (GLP-2) is produced by
enteroendocrine cells and also by neurons in the central nervous system. Intestinal
GLP-2 is derived from proglucagon and co-secreted by L-cells along with GLP-1
upon nutrient uptake [11]. The main recognized action of GLP-2 in the digestive
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system is to promote intestinal villi hypertrophy and to downregulate apoptosis. In
general, the post-bariatric GLP-2 profile has sparked little interest to date and there-
fore has been rarely addressed. After RYGB, high postprandial levels of GLP-2
have already been observed and interestingly correlated with aspects of satiety regu-
lation [53, 99]. Oxyntomodulin (OXM) is an anorexigenic peptide also derived from
proglucagon and co-secreted with GLP-1 by enteroendocrine L-cells. OXM appears
to reduce hunger, food intake, and ghrelin levels, as well as decrease gastric acid
secretion and GI motility (satiety hormone). Although high levels of OXM have
been observed shortly after RYGB [100] no OXM-specific receptor has yet been
well identified, and its relevance in bariatric outcomes remains to be better deter-
mined [19, 53]. Peptide YY (PYY) is also released by enteroendocrine L-cells in the
distal small bowel and colon in response to feeding. In the bloodstream, PYY is
converted to PYY(3-36), its active form. PYY(3-36) appears to be a satiety hor-
mone, since circulating levels usually increase in the postprandial period, leading to
a delayed gastric emptying, reduced insulin production, and altered GI motility.
However, the major target of PY'Y(3-36) is the central regulation of appetite, reduc-
ing food intake. Serum levels of PYY(3-36) appear to be enhanced postprandially
following bariatric surgery, regardless of procedure (RYGB, LSG, and BPD-DS).
However, a better understanding of the PYY(3-36) physiology is still needed to
establish the real impact of this enterohormone on weight loss and metabolic con-
trol after bariatric surgery [19, 53, 94, 101, 102].

In summary, the release of enterohormones and the interaction between them is
profoundly altered after bariatric surgery, assuming a pivotal place in weight loss
and improvement/remission of obesity-related comorbidities, and even surpassing
in relevance the role of classic restrictive and malabsorptive mechanisms.

4,11 Gut Microbiota

As gut microbiota disarray has often been associated with obesity and its metabolic
comorbidities [103, 104], there also has been a rising interest in gut microbiota
behavior following bariatric surgery since some studies have suggested that gut
microbial communities play a key role in mediating beneficial effects attributed to
bariatric procedures, whether in relation to weight loss or to metabolic control
[105-107]. The list of the gut microbiota modifications after bariatric surgery is
already very long, but it is still far from complete or fully understood, since few
studies have specifically addressed this relevant topic in humans at present. The
increased relative abundance of the phylum Proteobacteria (class
Gammaproteobacteria; genera Escherichia, Klebsiella, and Enterobacter), as well
as an increase in members of the phylum Bacteroidetes and a general decrease in
members of the phylum Firmicutes, are the major changes commonly observed
[105, 108], regardless of the procedure.

The relevance in assessing the species Escherichia coli in studies involving gut
microbial changes after bariatric surgery comes from the fact that it constitutes part
of the “core microbiome,” that is, bacterial species that can be found in most gut
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microbiota profiles of healthy individuals. Also, Escherichia coli is recognized by
its high translocation ability which may impact chronic systemic inflammatory
response. In turn, the assessment of the Bacteroidetes/Firmicutes ratio takes a lead-
ing role in the studies of gut microbiota after bariatric surgeries because these phyla
correspond to about 90% of the gut microbial community [104, 109-111]. Although
the profile of higher levels of several species in the Gammaproteobacteria class and
lower levels in species belonging to Firmicutes phylum seem to be sustainable in the
long term [112], the investigations that address the stability of microbial profile
after bariatric surgery are still sturdy.

Interestingly, some studies involving morbidly obese individuals submitted to
bariatric surgery have shown changes in gut microbiota profile soon after 3 months
of surgery, therefore, long before the final weight loss [113, 114]. This finding is in
agreement with prompt metabolic improvement usually observed after bariatric sur-
gery, since gut microbial balance has been recognized as a hallmark of the host’s
health status [115-117]. In general, technical designs of bariatric surgeries appear
to be a favoring factor to commonly observed changes in the gut microbial com-
munities. These functional changes may be influenced by drastic changes in food
intake, either in quantity or in quality/preferences [118, 119]. Thus, the intestinal
microbiota would be forced to conform to this new pattern of food consumption. In
addition, changes in luminal pH, nutrient supply, motility, and increased oxygen
concentration in the small bowel can be implicated in the arising of a new micro-
biota profile, which would ultimately represent no more than an adaptation to the
new anatomic and physiological configuration of GI tract.

Not surprisingly, most studies on changes in gut microbiota following bariatric
surgery involve RYGB, the most traditional bariatric procedure worldwide and also
the most commonly performed until very recently. This procedure may increase the
richness of gut microbiota, especially the bacteria belonging to Proteobacteria
[113]. Although the exact mechanism is still unclear, factors such as the luminal pH
and modifications in the nutrient supply can be pivotal. On the other hand, few stud-
ies have addressed the postoperative gut microbial behavior after LSG to date.
Notwithstanding, some data available have shown that LSG also affects both the
microbiota profile and gut permeability [106, 120, 121]. The exact underlying
mechanism also remains poorly understood, but, as expected, the LSG appears to
provide a different and less pronounced impact on microbiota balance than proce-
dures with small bowel diversion, such as RYGB and duodenojejunal bypass [106,
121, 122]. Even so, the alterations in gut microbiota after LSG appear to go beyond
dietary restriction and consequent fat mass loss [123, 124]. Food preferences,
decrease in energy intake, and alterations in GI motility may be underlying factors.

4.12 Conclusion

The anatomy and physiology of the digestive system are markedly altered after
bariatric surgery. Most of these changes are expected and are the therapeutic target
of surgical interventions, having a positive impact on obesity and related
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comorbidities. The same anatomical and physiological changes may also be the
source of severe adverse effects following bariatric surgery. Therefore, all profes-
sionals involved in the surgical treatment of morbid obesity should be thoroughly
familiar with the anatomical and physiological changes caused by a variety of pro-
cedures, to help them recognize the therapeutic targets as well as deal with the pos-
sible adverse outcomes.

Key Points

Bariatric surgery brings about changes in the GI system by means of Bile flow
alteration, Reduction of gastric size, Anatomical gut rearrangement and Altered
flow of nutrients, Vagal manipulation, and Enteric and adipose hormones
modulation.

Changes in appetite, food preferences, taste perception and chewing time may
diminish food intake postoperatively, impacting weight loss. An increased prefer-
ence for low-sugar and low-fat diet have been frequently observed after bariatric
procedures.

Gastric emptying time is reduced after sleeve gastrectomy and BPD-DS.

Late dumping, commonly seen after the diversionary procedures, is also
reported after Sleeve gastrectomy, probably secondary to accelerated gastric
emptying. It is related to the increased release of several enterohormones such
as neurotensin, VIP, GIP, and GLP-1, inducing disordered GI motility and
hypoglycemia.

A decrease in absorption is due to hypochlorhydria, decreased Intrinsic Factor,
reduction in absorptive surface due to division, billow alteration, and reduced
intestinal transit time.

Increased delivery of nutrients to the distal intestine leads to increased levels of
enterohormones like GLP1, GIP, PYY, and oxyntomodulin leading to an incre-
tin effect.

An increase in members of the phylum Bacteroidetes and a general decrease in
members of the phylum Firmicutes are the commonly observed major changes in
the gut microbiome. The changes precede the weight loss and are seen as soon as
3 months after the surgery. These changes have been observed in some studies
after LSG as well.
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