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Abstract

Despite little evidence for the therapeutic benefits
of a high-fiber diet for diverticulitis, it is commonly
recommended as part of the clinical management. The
ongoing uncertainty of the cause(s) of diverticulitis
confounds attempts to determine the validity of this
therapy. However, the features of a high-fiber diet
represent a logical contradiction for colon diverticulitis.
Considering that Bernoulli's principle, by which enlarged
diameter of the lumen leads to increased pressure and
decreased fluid velocity, might contribute to development
of the diverticulum. Thus, theoretically, prevention of
high pressure in the colon would be important and
adoption of a low FODMAP diet (consisting of fermentable
oligosaccharides, disaccharides, monosaccharides, and
polyols) may help prevent recurrence of diverticulitis.

Key words: Diverticular disease; High-fiber diet; Low
FODMAP diet; Bernoulli’s principle; Irritable bowel
syndrome
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Core tip: The ongoing uncertainty of the cause(s) of
diverticulitis confounds attempts to determine the validity
of this therapy; however, the features of a high-fiber diet
represent a logical contradiction for colon diverticulitis.
Prevention of high pressure in the colon may help to
avoid or correct diverticulitis, and this may be achieved by
adoption of a low FODMAP diet (restriction of fermentable
oligosaccharides, disaccharides, monosaccharides, and

polyols).
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INTRODUCTION

The theory of colon diverticulitis and diet association
was expanded upon by Painter™, first in 1969 when he
reported that diverticular disease (DD) occurred in people
who ate a low residue diet with refined flour and sugar,
then again in 1970 when he stated there was no DD in
Africa’®. Painter went on to explain that Denis Parsons
Burkitt, the famed United Kingdom surgeon and dietary
fiber proponent, provided a personal communication of
his observation of short oro-anal transit time in Africans.
This information helped to inspire Painter to theorize that
a low residue intake related to, what he described as, the
“civilized diet” would lead to a viscous stool that passes
through the colon more slowly, and that this difference
in fecal consistency would explain the incidence of DD in
the civilized nations. Moreover, Painter recommended a
diet with high residue intake, such as that consisting of
wholemeal bread, unprocessed bran, porridge and fruit,
replace the traditional low-residue diet of the civilized
nations to reduce risk of DD. In 1971, Painter and
Burkitt™ jointly published their “fiber hypothesis” for DD,
suggesting that a diet based on unrefined, natural foods
with adequate fiber may prevent DD.

Subsequent studies found that intake of a higher
fiber diet led to increased volume and less viscous feces
accompanied by a shorter transit time!*®, thereby
preventing the rise of internal pressure in the large
intestine. Advocates of the fiber diet suggested that it
would help to spread the lumen of the large intestine,
thereby suppressing the excessive contraction that would
otherwise be caused by large amounts of compacted
feces. These findings have led to the widely accepted
theory that DD is strongly related to constipation’”.

The most important data published so far in support
of the fiber hypothesis is that showing a correlation
between amount of feces and transit time. In particular,
the relationship between stool volume and transit time is
not inverse, but is exponential [i.e., log(time) = 2.81633 -
0.56057log(weight)].. It is not feasible to shorten transit
time for stools over 300 g; therefore, theoretically, the
effectiveness of high-fiber diet is limited. Methanogenesis
has been linked to the presence of diverticulosis™, and
cellulose, which is contained in dietary fibers, is fermented
by methane-producing bacteria®. A very recent study
used a gas-sensing capsule to measure gas produced by
diets of various fiber content found that the high-fiber diet
produced more gas in the large intestine than the low-
fiber diet™™”. Therefore, ingestion of excess dietary fiber
may exacerbate the conditions that support accumulation
of feces and gas in the intestine.

Although the mechanism underlying diverticula
generation remains unknown, the fiber hypothesis has
been widely adopted as an appropriate intervention.
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Indeed, over the past 45 years, the fiber hypothesis
itself has become the basis for dietary advice of DD.
The most current patient guide published by the
American Gastroenterology Association (AGA) formally
recommends a daily fiber intake of at least 25 g™

Yet, findings from several recent studies have cast
doubt on the validity of the high-fiber hypothesis™ ™., A
subsequent study by Peery et af'”! found no association
between a low-fiber diet and DD. More concerning,
however, were their results from the cross-sectional
study of 2104 participants between the ages of 30 and
80 years old, and including 878 cases of DD and 1226
controls without DD, which indicated that high total fiber
intake was associated with an increased prevalence of
multiple diverticula. The particular fiber subtypes that
showed significant association with the occurrence of
multiple diverticula were grains, insoluble fiber, and
soluble fiber. Another study by the same group a year
later found no increased risk of diverticulosis in the
descending or sigmoid colon associated with either less
frequent bowel movements or symptoms of constipation,
and no association between dietary fiber intake and
diverticulosis™®. A subsequent study by Braunschmid
et al'™ found that colonic diverticular disease did not
correlate with constipation symptoms.

PATHOPHYSIOLOGY OF DIVERTICULA

Muscle layer of the colon and diverticula

Theoretically, formation of a mucosal hernia requires
intraluminal high pressure and a pre-existing defect in
the involved muscle layer (i.e., weakened integrity).
Normally, the muscle layer of the human colon is
composed of circular muscle and longitudinal muscle,
the latter of which is bound as three separate formations
(i.e., the taenia) that run from the cecum to the distal
portion of the sigmoid colon®”. When surgical specimens
of diverticulitis in sigmoid colon were examined using
electron microscopy, the taenia showed up-regulated
elastin, with concentration levels greater than 200%
compared to those in controls. Increased elastin in the
region of the colonic tissue afflicted by diverticulitis may
cause unequal elasticity and strength compared to the
adjacent areas of unafflicted tissues®"), Moreover, several
conditions that cause the colon tissue to thicken, such
as inflammatory or infectious conditions, affect elasticity,
as increased thickness leads to reduced tensile strength.
Finally, prevalence of colonic DD has been correlated with
advancing age'*, presumably due to the large intestine
wall becoming brittle. Intriguingly, studies of both Euro-
pean, Asians and African populations have shown similar
findings of sigmoid colon strength decreasing with age™.
Japanese have shown descending colon (lateral direction)
strength decreasing with age (Figure 1)

Investigation of colonic tearing during colonoscopy
showed that when the sigmoid colon wall is affected by
pressure forces from the inside the muscularis propria
ruptures first, followed by the serosa and the mucosa
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Figure 1 Change of strength with aging of the wall of the large intestine. The descending colon (lateral direction) shows reduction in strength related to aging. In

contrast, the ascending colon shows no reduction in strength related to aging.

sequentially’®, As such, the muscle layer appears to be
the weakest point in the wall of the colon, even under
physiologic conditions. Thus, considering the collective
data of factors that affect the structural integrity of the
distal colon, it can be hypothesized that development of
diverticula in this area may be related to vulnerability of
the intestinal wall that increases with age.

In contrast to the descending colon, the ascending
colon shows no reduction in strength associated with
aging (Figure 1). Hard stool is usually not present in the
proximal colon, and this region does not form a closed
space. Theoretically, herniation in the proximal colon
requires the presence of a natural vulnerability.

Not all animals have taenia of the colon, and those
that do are humans and monkeys among the pri-
mates, horses, and guinea pigs and rabbits among the
rodents™. While natural occurrence of DD has been
reported in monkeys and horses, the rodents are used
for study of diverticula since the condition can be created
experimentally and their small size facilitates convenient
research investigation'”’%. These features of diverticula
in the animals with taenia have led to suspicion of a
causal relationship between the two.

Colonic DD are most frequently located along the
side of taenia®!. It has thus been speculated that
these sites represent the weakest points in the colon
muscles, possibly explained by the fact that they are
where penetrating vessels cross through>*, 1t is
theorized that until diverticulum formation is complete,
the outpouching process is advanced by ongoing forces
of pressure; although, this hypothesis has not yet been
proven experimentally. In line with this theory, however,
it is believed that DD does not occur between the
tenia libera and tenia omentalis of the transverse colon
because of the low vasculature at this site.

A report from 1925 by Lineback™ demonstrates
defects on both sides of the taenia. The circular muscle
forms a convergence at the site that is in contact with
the longitudinal muscle, and the most frequent site of
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Figure 2 Muscle clefts.

diverticula is the cleft between the bundles of circular
muscle (Figure 2).

Furthermore, since circular muscles and longitudinal
muscles are connected, these clefts may be widened
upon contraction of the muscle. This theory does not
contradict the fact that multiple diverticula of the same
size are present simultaneously. Moreover, these clefts
may contain blood vessels®®, and may be present from
birth. In line with this theory is the explanation as to DD
not occurring between the tenia libera and tenia omentalis
of the transverse colon because of the low influence of gas
at this site.

Intraluminal pressure after diverticulitis

It is widely believed that feces produced by a high-fiber
diet increases colon diameter and in turn decreases
intraluminal pressure, in accordance with Laplace’s law
(wall tension = pressure x radius)®**”). This idea is
based upon the theory of “segmentation hypothesis”
that was first put forth by Painter, in which he described
the colon obstructed at both ends as an enclosed space
that acts as a series of “little bladders™"”}, However, the
large intestine is functionally and structurally different
from a bladder; indeed, it is a continuous space without
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Figure 3 According to Bernoulli's principle, the pressure at the extended
site is increased.

complete obstruction, with its outlet at the anus.
Besides, in order for this theory to be feasible and valid
the colon wall must be flexible enough to adapt the
Laplace’s law. In patients who have optimal contractility
of the intestines, the high-fiber diet may be an effective
prevention or intervention measure. However, in pa-
tients who have an intestinal wall that is stiff or has
excessive contraction, the intestinal tract will not extend
adequately in response to the high-fiber diet, leading to
higher intraluminal pressure and consequent increased
forces acting on the intestinal wall.

Colon affected by diverticulitis shows thickened
wall and signs of post-inflammatory fibrosis®®*, In
vivo studies using colon manometry in patients with
diverticulitis showed motility of the intestinal tract as
being increased in the descending colon and sigmoid
colon but no concomitant increase in the rectum®*,
Another study using CT colonography (colonoscopy)
to assess symptoms of patients with diverticula in the
sigmoid colon showed that pain was associated with
air pressure", Considering these data, high bulk feces
produced by a high-fiber diet would not be expected to
prevent the recurrence of diverticulitis. Not only that but,
theoretically, this diet might even promote the symptoms
of diverticulitis and pose a risk of recurrence.

Dynamics of fluid and gas

High pressure in the lumen of the colon cannot be
produced by small hard stool alone. Although multiple
hard stools can accumulate in the intestinal lumen, they
cannot exclusively explain the influences of pressure.

In theory, in order to obtain a pressure increase
sufficient to affect the intestinal wall, a substance
that can rapidly move in the colon is required; such a
substance would be gaseous or liquid in form. In 1964,
Painter”*?! used a fluid (barium) to produce internal
pressure in the intestinal tract and showed that pressures
> 50 mmHg were reached in the closed sigmoid colon;
additionally, the author theorized that the pressure levels
may have reached > 90 mmHg, but limitations of the
equipment precluded accurate measurement. The higher
forces (specifically 56-80 mmHg) were confirmed by
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other studies using barium enema administration from
a height of 3 feet (91 cm) above the examination table,
and these pressures were considered safel*l, However,
when the barium enema was administered from a height
of 6 feet (1.8 m) above the table the intraluminal colonic
pressures reached 140-168 mmHg, which surpass the
threshold of safety and can cause perforation™®,

Intestinal perforation caused by air pressure has been
the subject of many studies™***). The upper limit of the
safety air pressure of the endoscope is 80 mmHg™®.
Brayko et a*"! studied the characteristics of high-pressure
perforation in serosa and mucosa and found that the
pressures required for rupture (202 mmHg and 226
mmHg respectively) translated to low risk of perforation
of the diverticula in normal endoscopy™". Another study,
however, showed that the lower pressure forces of CT
colonography (38-40 mmHg) can induce abdominal
pain“", Thus, the human colon can feel pain caused by
air pressure at = 40 mmHg, but the risk of perforation
occurs at = 80 mmHg. While the diverticulum may be
induced in the cleft of the muscle layer by a pressure of
< 80 mmHg, it is not easily ruptured due to the strength
of the mucosa and serosa (which require pressures >
200 mmHg). Considering that most cases of diverticula
present as asymptomatic (without abdominal pain), it is
likely then that the pressure required for completion of a
new diverticulum might be 40 mmHg or less.

Intestinal pressure is affected by the dynamics of
liquid as well as air. Compressed gas, according to Boyle’
s law, has a higher energy than the uncompressed liquid.
Therefore, the presence of liquid will increase air pressure
in a confined space such as the intestine. A study using
barium contrast showed that the transit time in the
proximal sigmoid of patients with DD was twice as fast
as that in the non-DD control group, but the total time of
gastrointestinal emptying was similar in both groups®?.
These results can be explained by Bernoulli's principle,
which states that if the diameter of the lumen is large,
the pressure will be increased and the fluid velocity will
be decreased (Figure 3). Considering this law, narrowing
of the rectum will be expected to increase the internal
pressure of the sigmoid colon, and when the descending
colon is contracted, the pressure of the proximal colon
will be expected to be increased. There are seven
sphincters located along the length of the colon™?.
The hydrodynamics of each sphincter and influence
of its contraction (including the Haustral type) may be
explained by Bernoulli’s principle (Figure 4). Thus, the
difference in frequency of right DD and left DD may be
related to differences in pressure at each site.

Japan has a high incidence of DD in the proximal
colon®*, Moreover, study of Japanese cases of DD, but
specifically with the condition affecting the right side,
showed a high intraluminal pressure (> 20 mmHg)
and abnormal motility in the ascending colon™. When
another group examined the dynamics of gas pressures
by scintigraphy they found that gas generated in the
right and left colon does not move, as evidenced by
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Figure 4 Distinctions in the background and symptoms of right and left
diverticular disease. The width of the right colon is about twice that of the left
colon®™. The large intestine contains seven sphincters®, including S1: Busi
ring; S2: Hirsh ring; S3: Cannon ring; S4: Payr-Straus ring; S5: Balli ring; S6:
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site. In Caucasians, diverticular disease (DD) most frequently occurs on the left
side and after middle age. In Asians, DD most frequently occurs on the right
side and during childhood. Right-side diverticula is more likely to bleed but less
likely to develop the severe diverticula-associated complications of perforation,
abscess formation, fistulation, or structuring™*”.

observations at 60 min post-injection when gas injected
into the jejunum remained in the cecum and the right
colon and gas injected into the rectum remained in the
recto-sigmoid colon™®., Thus, the segmental location
at which gas is fermented will be impacted by the
corresponding pressure.

It has already been established that excessive
pressure in the colon is related to the intraluminal
concentrations of both gas and water. The next question
of interest is then, what is the cause of increased levels
of gas and the water in the colon?

Dietary fiber increases gas within the colon
The primary dietary fiber contained in vegetable and
fruit is inulin, and its intake leads to flatulence™. The
2015 AGA guidelines cited at the beginning of this article
recommend that dietary fiber be obtained through
intake of legumes (as lentils), yogurt, and fresh fruit™".
However, yogurt and beans contain oligosaccharides,
both of which are known to generate gas in the gut by
fermentation®*®”’, In the case of individuals with fructose
intolerance, eating of fresh fruit can result in abdominal
pain, belching, bloating, an uncomfortable feeling of
fullness, indigestion, and diarrhea®. Therefore, the diet
components recommended by the AGA are expected to
produce a substantial amount of gas in the intestines.

[10,57]

ALTERNATIVE DIET FOR DIVERTICULITIS

Recently, there has been increasing interest in developing
diet-based therapies for IBS, and the diet consisting
of low fermentable oligosaccharides, disaccharides,
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monosaccharides, and polyols (FODMAP) appears a
promising candidate. FODMAPs are not digested or
absorbed in the small intestine®®*, Therefore, their
intake causes increased fluid in the ileum due to the
corresponding high osmotic pressure; in addition, they
lead to a large amount of gas produced by fermentation
in the colon. The daily adoption of the low FODMAP diet
by patients with IBS has led to significant improvements
in symptoms!®*®),

The detrimental impact of a high FODMAP diet on
the intestinal tract has been shown by a study in which
the participants drank lactulose™®, which has been
demonstrated by MRI to increase fluid content in the
ileum™®, Since this study measured the lactulose-induced
increase of gas indirectly, with the hydrogen breath
test, a more recent study of the FODMAP diet obtained
a direct confirmation of the increasing intestinal gas by
abdominal X-ray®®; these findings, thus, support the
theory that the FODMAP diet increases the intraluminal
volume of gas and fluid.

The breath test, however, remains a valid method
of analysis. Jang et al'®”’ performed a breath test in
patients with right DD at 180 min following ingestion
of 10 g of lactulose and determined that methane gas
was increased but hydrogen gas was decreased in these
individuals as compared to controls. It is important
to note here, though, that gas volume is known to
significantly increase in response to lactulose ingestion at
time points greater than the 180 min used in that study,
specifically at 240 to 300 min after the ingestion®®.
Therefore, to more accurately investigate the influence of
colon gas on clinical symptoms, it is necessary that the
study design allow for adequate time for fermentation to
occur in the large intestine.

The low FODMAP diet purports avoidance of foods
that contain lactose. Lactose not only causes an increase
in intestinal water content (via increased osmotic
load in the ileum) but is also readily fermented by the
colonic microbiota, which leads to production of short-
chain fatty acids and gas: Mainly hydrogen (Hz), carbon
dioxide (COz), and methane (CH4)"™. Thus, individuals
with lactose intolerance can experience diarrhea and
abdominal distension as a result of dietary intake.

Prevalence of lactose intolerance is high in Asia
and Africa, and lower in Caucasian populations. From
this point forward, the article will discuss the potential
correlation between DD of right colon (RDD) and lactose
intolerance. Among the nine countries with reports of
RDD and lactose intolerance in the publicly available
literature (Table 1)**7*®1 all show a strong correlation
(r” = 0.9524, Figure 5). Incidence of RDD is lowest
in European countries, while the incidence of lactose
intolerance is lowest in the United States; however, the
Asian countries show high incidences for both RDD and
lactose intolerance. These findings support a hypothesis
of lactose intolerance and RDD.

In Japan, DD in young individuals almost exclusively
involves the right side of the colon (Figure 6)7”. LDD risk
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Table 1 The proportion of diverticular disease of right colon
and lactose intolerance

Country Lactose intolerance (%) RDD (%)’
Singapore 1007 47
Thailand 9g™! 55
China 957! 5ok
Japan 9t 45"
South Korea 88! 527!
Poland 27 151"
India 207 i
United Kingdom (White) 6™ g
Australia (White) 47 5

"Not including pan-DD and bilateral DD. DD: Diverticular disease; RDD:
DD of right colon.

was found to increase with age, likely due to increased
vulnerability of the muscle layer over a person’s lifespan.
In adults under 29 years of age, 100% of the DD cases
involved the right side. In Japan, pediatric DD between
the ages of 7-15 years is not rare: These cases of
pediatric DD occur in cecum and ascending colon!®>%°,
This finding cannot be explained merely by age-related
vulnerability of the muscle layer and may indicate factors
related to childhood. It has been reported that up to 86%
of Japanese children develop lactose intolerance by the
age of 6 (30% in 3-year-old, 36% in 4-year-old, 58% in
5-year-old)"®. The time that it takes for gas to increase
in the intestines after lactose intake is 1-2 h® % which
is shorter than the times required for any of the other
constituents of a high-FODMAP diet. Thus, lactose intake
may induce a large amount of gas and liquid in the right
colon of Japanese children, especially those with lactose
intolerance. The physical pressure brought on by the
increased gas and fluid will affect the mucous membrane,
presumably pushing it outward into the physiological cleft
that exists from birth. This may explain why diverticulum
in young Japanese tends to be generated only on the
right side.

Yet, many Europeans and Americans experience
DD of the left colon LDD. This phenomenon may be
related to the higher ingestion of wheat™, compared
to Asian societies historically. The fructan component of
wheat is a part of the high-FODMAP. The time required
for fermentation of fructan in the gut is relatively long,
between 2 and 6 h®®*?, so that the high pressure would
occur in the left colon. In Japan, however, consumption
of wheat has increased since World War 1T, and this
change in dietary pattern - towards one that more closely
resembles the European and American diets - has been
accompanied by an increase in colonic DD. For example,
DD was reportedly 2% in the 1960s”* but had increased
to 20% by the 1980s®". Additionally, the cases of LDD
have increased in Japan as well®®7, This trend is similar
to that reported in South Koreans™®.

Besides the change in eating habits, the increased
longevity of the Japanese population in recent decades
may also have contributed to the observed rise in LDD. In
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addition, the prevalence of IBS has remarkable increased
in Japan; according to the various revised definitions
of IBS made by the Rome diagnostic criteria, incidence
was 3.6% in 1996 (Rome I ), 10.7% in 2006 (Rome
1), 14.0% in 2010 (Rome I )"*”. Thus, not only may
DD and IBS be correlated but they also may share an
etiologic component of diet.

Several reports have addressed the potential corre-
lation between IBS and DDP*'°*'%), Symptoms consistent
with IBS are common among patients with DD, and this
symptomology has been reported as significantly higher in
the DD patients when compared to non-DD controlst?*%,
However, this overlap of symptoms can cause diverticulitis
to be misdiagnosed as IBS!"*,

IBS and DD are distinct conditions, the former having
demonstrated characteristics of inflammation as a distin-
guishing feature; as such, it may be inappropriate to
adapt the diagnostic criteria of IBS to patients with DD.
Yet, the two share common symptoms of abdominal
bloating accompanied by abdominal pain, which are
presumed to be consequent to internal pressure in the
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digestive tract. Regardless, if the cause of symptoms
in either is an excess volume of gas and liquid content
in the colon, reduction of either or both might help to
prevent the chronic symptoms of diverticulosis.

IBS is classified as a functional disorder, while DD
is classified as an organic disease. The most obvious
difference between the two is that including a case
having homeostatic stenosis after inflammation and/or
inflammation among the group of DD. Shape change and
inflammation is the result, the cause may be the same.
Patient with DD will sustain severe symptoms than IBS
without diverticulum. Cuomo et al''®! suggested that
these symptoms may be used to differentiate the patients
with DD from those with IBS. However, their study design
was based upon a patient population presenting with fever
and requiring hospitalization and treatment, so that cases
of diverticulum without inflammation were not considered.

It is possible that inflammation related to diverticulitis
may lead to excessive contraction and support development
of IBS™®, In both conditions, Bernoulli’s principle may be
at play, namely production of non-uniform pressure in the
intestinal tract caused by any variety of factors. It is also
possible that in patients with asymptomatic DD without
stenosis, a high-fiber diet with high FODMAPs may be lead
to IBS. In such a diet, the inulin and oligosaccharides may
produce short-chain fatty acids and gases by fermentation
at 6 to 48 h after ingestion, and pH of feces is reduced
from 7 to 611,

It has been demonstrated that IBS patients have
reduced colonic intraluminal pH, compared to healthy
controls™®*: the lower pH is suggestive of higher
colonic fermentation. Specifically, these studies used a
wireless motility capsule (SmartPill™) to show that IBS
patients had a pH of 6.8 in the colon (vs healthy controls
who had a pH of 7.3) and showed that colonic low-
pH levels were correlated with IBS symptom severity
scores and abdominal pain. IBS is characterized by
excessive contraction of the descending colon, starting
from the sigmoid colon'", Interestingly, when another
study found low-pH of the cecum in IBS patients, it was
correlated with a reduction in right colon contraction™,
These collective findings indicate that IBS is likely subject
to the Bernoulli's principle, which is also inferred for the
pathogenesis of DD.

CONCLUSION

The high fiber hypothesis represents a logical contradiction.
A high-fiber diet is most likely not suitable for long-term
management of diverticulitis. The anatomical clefts that
are present in the musculature of the large intestine are
prone to diverticula caused by gas and fluid-related force
pressures following Bernoulli's principle. RDD, however,
may also be related to lactose intolerance. The currently
recommended diet of high fiber with high FODMAPs may
bring about substantial amounts of gas in the colon and a
low pH, which is linked with IBS symptoms. Theoretically,
then, a low FODMAP diet will be valid for the prevention of
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recurrent diverticulitis.
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