» Additional material is
published online only. To view
please visit the journal online
(http:/dx.doi.org/10.1136/
gutjnl-2012-303661).

For numbered affiliations see
end of article

Correspondence to

Dr Siew C Ng, Department of
Medicine and Therapeutics,
Institute of Digestive Disease,
Li Ka Shing Institute of Health
Sciences, Prince of Wales
Hospital, Chinese University of
Hong Kong, Shatin, NT, Hong
Kong, Hong Kong;
siewchienng@cuhk.edu.hk

To cite: Ng SC,

Bernstein CN, Vatn MH,

et al. Gut Published Online
First: [please include Day
Month Year] doi:10.1136/
gutjnl-2012-303661

Recent advances in clinical practice

Geographical variability and environmental risk
factors in inflammatory bowel disease

Siew C Ng,' Charles N Bernstein,? Morten H Vatn,? Peter Laszlo Lakatos,*
Edward V Loftusr,” Curt Tysk,® Colm O'Morain,” Bjorn Moum,®

Jean-Frédéric Colombel,® on behalf of the Epidemiology and Natural History Task
Force of the International Organization of Inflammatory Bowel Disease (IOIBD)

ABSTRACT

The changing epidemiology of inflammatory bowel
disease (IBD) across time and geography suggests that
environmental factors play a major role in modifying
disease expression. Disease emergence in developing
nations suggests that epidemiological evolution is related
to westernisation of lifestyle and industrialisation. The
strongest environmental associations identified are
cigarette smoking and appendectomy, although neither
alone explains the variation in incidence of IBD
worldwide. Urbanisation of societies, associated with
changes in diet, antibiotic use, hygiene status, microbial
exposures and pollution have been implicated as
potential environmental risk factors for IBD. Changes in
socioeconomic status might occur differently in different
geographical areas and populations and, consequently, it
is important to consider the heterogeneity of risk factors
applicable to the individual patient. Environmental risk
factors of individual, familial, community-based, country-
based and regionally based origin may all contribute to
the pathogenesis of IBD. The geographical variation of
IBD provides clues for researchers to investigate possible
environmental aetiological factors. The present review
aims to provide an update of the literature exploring
geographical variability in IBD and to explore the
environmental risk factors that may account for this
variability.

BACKGROUND

The changing epidemiology of inflammatory bowel
disease (IBD) worldwide provides an opportunity
to study disease aetiology. As the incidence and
prevalence of IBD may have stabilised in high-
incidence areas such as North America and north-
ern Europe, they continue to rise in previously low-
incidence areas such as southern and eastern
Europe, Asia and much of the developing world. In
these countries, ulcerative colitis (UC) has emerged
first followed by Crohn’s disease (CD) after a vari-
able period of time.! * This phenomenon mirrored
what took place in the west 75 years ago when the
disease first appeared. The burden of IBD varies in
different countries and populations. These varia-
tions in disease incidence may reflect differences in
the distribution or magnitude of the impact of
environmental aetiological factors. All of these
environmental factors have been hypothesised and
not yet proved as causal. The increased incidence
when there is a transition from ‘developing’ to
developed nation status is currently one of the most
compelling lines of evidence linking changing

epidemiology with changing lifestyle and environ-
mental factors.> * That migrants from developing
to developed countries have an increased risk of
IBD further supports the importance of environ-
mental influence, particularly modernisation and
western lifestyle.”~ Data from migration studies
indicate that the children take on the risk factors of
the new environment whereas the parents maintain
their original risk pattern, suggesting that environ-
mental influence during childhood is crucial.’
However, variations in lifestyle, between countries
and within countries, are great. In IBD, different
risk factors may cause imbalances in the environ-
mental-host relationship in different parts of the
world. Suspected consequences of industrialisation
probably have variable effects on disease develop-
ment in different geographical regions. A valuable
clue to causative environmental factors may be
found in the geographical variations of IBD inci-
dence. Our intent is not to review the worldwide
incidence or prevalence of paediatric and adult
IBD, which has been reported in recent systematic
reviews.* ® ¥ The present review aims to summarise
geographical differences between countries, within
countries and over time in the epidemiology of
IBD, and to define environmental risk factors of
IBD at the regional and population level that may
explain these variations. Finally, we propose poten-
tial studies that need to be performed in the future
to understand further the associations between geo-
graphical distribution and environmental factors in
IBD.

METHODS

We have performed a comprehensive search on
BIOSIS Previews, EMBASE, EBM Reviews, Global
Health and Ovid MEDLINE of all original research
studies and reviews published in English language
journals from 1946 to October 2012 using the fol-
lowing keywords: IBD, UC, CD, epidemiology,
geography, risk factors, environmental factors,
smoking, appendectomy, antibiotics, hygiene, oral
contraceptives, vitamin D and sunlight. In addition,
a manual search of references in review articles was
performed (see supplementary appendix 1, avail-
able online only). A total of 1138 citations was
identified from the literature search. Potential
studies were screened by title and abstract. After
excluding duplicate publications, there was a total
of 117 articles pertaining to epidemiology and
geography of IBD, and 4835 articles related to risk
factors or environmental factors of IBD. We further

Copy¥ighd/ Artizohe;@uiioli(or theaiuteaiplegses) 2013. Produced by BMJ Publishing Group Ltd (& BSG) under licerice.


http://dx.doi.org/10.1136/gutjnl-2012-303661
http://dx.doi.org/10.1136/gutjnl-2012-303661
http://dx.doi.org/10.1136/gutjnl-2012-303661
http://gut.bmj.com/
http://group.bmj.com

Downloaded from http://gut.bmj.com/ on May 12, 2016 - Published by group.bmj.com

Recent advances in clinical practice

selected human studies reporting risk factors, studies that have
reported the role of environmental factors on disease development
as opposed to disease course and review articles that contained ori-
ginal epidemiological data not previously published. This resulted
in a total of 89 articles on epidemiology of IBD and 191 articles
on risk factors of IBD (see supplementary figure 1, available online
only). While we have reviewed all relevant reports, it was not
within the scope of this report to include all the papers on epi-
demiology and risk factors of IBD in the current paper.
Furthermore, systematic reviews on the incidence and prevalence
of paediatric and adult IBD worldwide has recently been pub-
lished.® ® Instead, we have focused on and included papers that
have reported novel disease trends and possible associations with
environmental factors that could be deemed to be associated with
the aetiology and epidemiology of IBD.

Studies were included if they fulfilled the following criteria:
(1) original adult and paediatric studies that have reported
disease trends over time including Asian migrant studies; (2) ori-
ginal studies that have reported disease variation within coun-
tries; (3) hospital and population-based studies from developing
countries including Asia and eastern Europe that have reported
disease incidence and prevalence; (4) case—control and cohort
studies in adult and paediatric populations in developed and
developing countries that have reported potential risk factors
for IBD; (5) systematic review and meta-analysis reporting risk
factors for the development of IBD; and (6) original papers or
review articles that have discussed possible associations between
epidemiological variation and environmental risk factors.

GEOGRAPHY

IBD geographical variation between countries

The highest incidence rates of CD and UC have been reported
in northern Europe, the UK and North America.® ' Such high
incidence rates in these countries may indicate common aetio-
logical factors. Countries in the Pacific, including New Zealand
and Australia, which share many possible environmental risk
factors and similar genetic background as north-west Europe
and North America have high incidence rates of IBD. For
instance, population-based studies from Canterbury in New
Zealand"' and Geelong in Australia showed that the incidence
rates of both UC and CD were among the highest in the
world.’* In countries that are becoming more westernised,
including China, South Korea, India, Lebanon, Iran, Thailand,
the French West Indies and north Africa, IBD appears to be
emerging. In Africa and Central and South America, data are
scarce or not available. Figures 1 and 2 illustrate the incidence
rates of CD and UC worldwide.

Within Europe marked differences in rates of IBD between
centres have been reported. The highest incidence rates have
been demonstrated in the islands of Iceland and the Faroe
Islands in the north, and the islands of Crete and Sicily’® in the
south of Europe. Within the UK, Germany and Spain, there are
no direct comparisons of national variations. Higher incidence
rates have been reported from studies in Ireland, Scotland and
The Netherlands compared to the UK and western Germany.'?
Many of these differences, however, might be explained by dif-
ferences in the type of cohorts, methods of data collection and
the organisation of healthcare. In the European Collaborative
Study on IBD (EC-IBD), differences in incidence rates between
northern and southern Europe were less than might have been
expected.’® This may reflect an increase in the incidence rate of
both diseases in southern Europe.'*

Within eastern Europe, recent population-based studies from
Hungary and Croatia have reported sharp increases in IBD

incidence rates and prevalence, comparable to that of high-
incidence areas in western European countries.">~!” In contrast,
studies from other eastern European countries such as Romania
and Poland still report relatively low incidence rates.'® ' As a
result of methodological bias, the reported incidence rates may
have been underestimated. The reasons for these changes could
be increased awareness of the disease and differences in diagnos-
tic practices, or they could reflect real differences, as a result of
environmental influence. Changes in lifestyle in eastern Europe
over the past two decades have resulted in a more ‘westernised*
way of living.?° It will be of interest to follow the temporal
trends for IBD in eastern Europe to monitor whether this
increase continues over time.

The impact of increasing immigration to western societies is
important. Earlier reports showed that the prevalence of UC
among southern Asians who migrated to the UK was higher
compared with the European UK population (17 cases per
100 000 persons vs seven per 100 000).° ¢ A recent study
showed that Spanish patients who emigrated within Europe, but
not those who emigrated to Latin America, developed IBD
more frequently than controls.” Individuals who have emigrated
to westernised countries and subsequently returned to their
country of birth also continued to demonstrate an increased risk
of developing IBD, especially UC, suggesting that environmental
factors related to industrialisation play an important role in
disease pathogenesis.” The critical age of living within a high-
incidence area remains to be established, but undoubtedly child-
hood years will prove to be important.

IBD geographical variation within countries

Within certain individual countries there is evidence of epi-
demiological variability, as has been reported in Norway,*'
France,?* Canada®® ** and Scotland.”® Within France,?* %¢ Italy,
Spain and Portugal,'® there is a north-south disease gradient.
The incidence of CD increased by 23% over 12 years in north-
ern France while that of UC decreased by 17% during the same
period.?” Using a Bayesian approach to take into account differ-
ences in population sizes of geographical units and spatial auto-
correlation, more recent data from a hospital-based nationwide
registry continue to show higher incidence rates and prevalence
rates for CD in the north compared to the south of France.”?
Other geographical risk factors for CD in France include higher
urbanisation in northern areas’® and areas with less in-home
sanitation.”” Data on IBD multiplex families in northern France
and Belgium showed clustering in space and time,** suggesting
that shared environmental factors may contribute to these clus-
tering effects within a defined space. A study in Scotland has
shown a higher incidence of paediatric CD from postal code
areas of the north compared with those of the south.”® In
Sweden (within the Uppsala healthcare region), the incidence of
UC and CD has been reported to be higher in urban than rural
areas.>’

In Norway, similar incidence rates have been shown between
the south-eastern, western and northern parts.>! ! % The distri-
bution was more homogeneous in the north compared to south-
eastern and western Norway.>! The north is characterised by a
generally mixed urban and rural population, whereas south-
eastern and western Norway have a more defined separation
between urban and rural areas.”' Both the western and south-
eastern areas showed a generally higher incidence rate in the
scattered rural populations, contrary to previous international
experience, in which urban areas have been considered to be
areas at increased risk of IBD.>® In Norway, the counties with
the most scattered and rural populations were also the areas
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Figure 1 Global map of Crohn's disease incidence.

with only one hospital, in contrast to the many recording hospi-
tals and multidisciplinary doctors in the cities. This gave a vari-
ation in incidence rate between 17 per 100 000 in Oslo and 28
per 100 000 in the scattered populated area of Aust Agder, with
one hospital in the only city of the county. These data may
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Figure 2  Global map of ulcerative colitis incidence.
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provide evidence for the importance of access to healthcare and
awareness of the population under examination.

A key factor that might be related to higher rates in cities and
urbanisation is improved sanitary conditions. An epidemio-
logical study in the UK showed that having a fixed hot water
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supply in childhood before the age of 11 years was associated
with an increased risk of CD.** It may be that different risk
factors are acting concomitantly within an area in addition to
the existence of different risk factors between areas.
Furthermore, variations in the accuracy, efficiency and quality of
registration between areas cannot be ruled out as a contributing
factor.

In the USA, a north-south gradient has been shown by
hospital-based registrations,® *¢ whereas in Canada, a nation-
wide comparison demonstrated an east—west disease gradient.’”
Northern Canada is more sparsely populated than southern
Canada, and its population is overrepresented by ethnic groups
such as Canadian First Nations with low incidence rates of
IBD,*” and thus there is a south-north gradient within Canada.
The high rates in Canada and the northern USA relative to
lower rates in southern USA, Mexico and Central America do
suggest a north-south gradient in the western hemisphere. This
gradient probably reflects differences in environmental exposure
and not genetic factors.

Figure 3 shows a north-to-south disease gradient for UC in
Spain and figure 4 shows an east-to-west disease gradient for
CD within Canada.

Changing epidemiology over time
The incidence of IBD is increasing with time and in different
regions around the world. In the past 50 years, the incidence rate
of UC first increased then stabilised or even decreased while that
of CD has continued to increase. More recent data showed that
the incidence rate of CD in adults in Europe has stabilised.
However, temporal trends showed that the incidence of CD in
Europe is still rising due to paediatric CD.*® For example,
in northern France, the CD incidence rate has increased by 71% in
the 10-19-year-old age group between 1988 and 2007.%°
Traditionally considered an area of low incidence, Asia is wit-
nessing a rise in incidence in parallel with rapid socioeconomic
development.**™*3 Recent data showed significantly higher rates
in Asian populations, and time trend studies from Japan, Korea
and Hong Kong have reported an increase in incidence rates of
UC and a similar but lower rise in CD.* In Japan, the prevalence
of CD has risen rapidly from 2.9 cases per 100 000 persons in
1986 to 13.5 per 100 000 in 1998,** whereas in South Korea
the prevalence of UC has quadrupled from 7.6 per 100 000 in
1997 to 30.9 per 100 000 in 2005.% In Hong Kong, the preva-
lence of UC almost tripled from 2.3 in 1997 to 6.3 per 100 000
over a 9-year period.* In Singapore, the prevalence of CD
increased from 1.3 in 1990 to 7.2 per 100 000 in 2004.%° In
China, the number of cases of UC has increased by fourfold
between 1981-90 and 1991-2000.*” There are no published
studies comparing incidence rates or prevalence figures between
different regions of the Asia-Pacific area. Challenges in the
Asia-Pacific region include difficulty in defining catchment areas
and the lack of uniform criteria for case ascertainment. Much of
the aforementioned data are hospital based, and so there is a
bias in terms of assessing only those populations that access the
hospitals under study. Even within Asia incidence rates and
prevalence of IBD vary according to geography and ethnic
groups. The highest rates have been reported in India (particu-
larly of UC), Japan and the Middle East, whereas overall rising
trends of IBD are seen in east Asia. Rates of IBD appear to be
higher in urban than in rural communities. In Turkey, the preva-
lence of UC was significantly lower in rural (2.2 per 100 000)
than urban areas (5.9 per 100 000).*® Unlike Europe and North
America, there are no data for a north-south or an east-west
divide in the Asia-Pacific region. There is also a lack of

population-based studies evaluating race or ethnicity in develop-
ing nations, although there is some suggestion that certain ethnic
groups such as Indians are more susceptible to UC compared with
Chinese or native Malay within the same country.*® °° The differ-
ences between ethnicities within one country may reflect differ-
ences in genetic susceptibility, living conditions and/or diet.*

In summary, there appears to be a north-south gradient of
disease incidence in the Americas, with less of one in Europe in
recent years. Some of the highest incidence rates of IBD occur in
southern Australia and New Zealand.'! '* The east—west gradient
that has evolved in Europe may be either a real phenomenon or
simply a product of evolving healthcare systems and case ascer-
tainment in eastern European countries; the reasons behind these
regional differences are far from clear cut. Other data on intra-
continental differences of IBD in general are few, and mostly
based on results from a single country. Standardised population-
based data of comparisons between the east and west of Europe
as part of the European Crohn’s and Colitis Organisation
(EpiCOM (Epidemiologic Committee) Study) and between
10 countries within the Asia-Pacific region (Asia-Pacific Crohn’s
and Colitis Epidemiology Study) are in progress. Previously
believed to occur less frequently among non-Caucasian com-
pared with Caucasian populations, IBD is increasing in these
populations, particularly in African Americans and Asians.
Epidemiological data from migrant populations indicate that
environmental factors contribute to the risk of IBD; first and
second-generation migrants were at similar risk.’

Relationship between UC and CD
In addition to variations between countries and regions in the
incidence and prevalence of IBD, the ratio between UC and CD
also shows geographical variations. Compared to the rest of
Europe,'® 32 3 a higher incidence rate for UC than for CD has
been reported in Nordic countries.'* 2! °* The reason for this is
not completely clear. In Canada and the USA,® recent incidence
rates suggest that CD is the more predominant disease, although
in some North American studies the prevalence of UC is still
greater than CD. The variation in ratios of UC and CD between
countries and regions might reflect differences in environmental
risk factors, but genetic predispositions may also play a role. In
Europe, the incidence of NOD2 mutations appears to be highest
in the middle part of Europe, which corresponds with regions
where there is a higher CD to UC ratio.>® Interestingly, the CD
to UC ratio is close to 1:1 in some of the eastern European
countries with high IBD incidence; indeed, CD was even surpass-
ing UC in some of the countries such as Croatia.'® V7

In developing countries, the UC incidence increases first, fol-
lowed by a rise in CD incidence.® Reports from Asia have
described a decrease in the ratio of UC to CD over time.* In
China the ratio of UC to CD has dropped from 41 to 15,
whereas in Korea this has dropped from 6.8 to 2.3 in the past
20 years.>® This temporal trend suggests that CD and UC have
both common and distinct risk factors. The former might
explain the rise in both diseases with socioeconomic develop-
ment, the latter might explain the time lag between increased
incidence in UC followed by CD.

ENVIRONMENTAL FACTORS

It stands to reason that the driving forces behind the rise of IBD
in developing nations are environmental factors, as these nations
have undergone tremendous economic and social growth. The
second part of this review focuses on the impact of known
environmental factors on the geographical variation in IBD inci-
dence. The two most well-established risk factors for IBD,
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Figure 3 Variation of incidence rates for ulcerative colitis within Spain showing a north—south disease gradient (generated from data in
supplementary appendix 1, available online only).
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smoking and appendectomy, cannot fully account for all varia-
tions in IBD incidence and prevalence. For instance, the inci-
dence rate of CD is high in some populations with a relatively
low prevalence of adult smokers (Sweden, Canada), and is low
in populations of heavy smokers (Asia, Africa). Appendectomy
also cannot explain the worldwide incidence of UC; rates of
appendectomies have decreased in developed countries, whereas
the incidence of UC has remained constant or even decreased.
By far the most topical and likely factors that may explain geo-
graphical variability and the rising incidence in developing
countries and urban areas are differences in diet, with down-
stream effects on the intestinal microbiota, exposure to sunlight
or temperature differences, improving socioeconomic status and
hygiene, which in isolation or even combination could account
for variations and emerging trends in IBD epidemiology
worldwide.

Smoking

In the west, smoking represents one of the most consistently
reported risk factors for CD in case—control studies and in a
meta-analysis.’’~>° The magnitude of the risk (OR) for develop-
ing CD ranges between 1.5 and 2.0 in most studies. The associ-
ation between smoking and IBD, however, may not be
applicable to all ethnic groups or geographical regions for a
number of reasons. First of all, smoking may not account for
the worldwide trends in disease incidence. Of note, a possible
explanation of this phenomenon may be at least partly the dif-
ferences in the hygiene status and life expectancy. Conversely,
countries with some of the lowest current smoking rates among
adult male populations, such as Sweden and Canada, have
among the highest incidence rates of CD. Approximately 20%
of the adult male Swedish population are daily users of moist
snuff (smokeless tobacco).®® In a large cohort study from
Sweden, there was no significant association between the use of
moist snuff and IBD.®! These data suggest that the link between
smoking and IBD is mediated through airway exposure to non-
nicotinic components of tobacco smoke. Second, in Israeli Jews
who have a strong predisposition to IBD, smoking has not been
associated with the development of CD.®* ® The smoking rates
in the control Jewish population in Israel appeared lower than
rates in other Caucasian studies (19.9-33% vs 30.9-56.2%),%°
indicating that a high background smoking rate could not
explain this lack of association. The disparity observed in the
effects of smoking among Israeli Jews with CD compared to the
non-Jewish white population may reflect a smaller role of
smoking on the pathogenesis of CD in a population group with
a strong genetic predisposition.’® It may be that smoking does
not actually pose a risk for developing CD but modulates the
disease, perhaps through a vascular effect, once the disease is
present, facilitating the expression of disease. There are several
studies that report that smokers have a more aggressive course
of disease, including with earlier relapse rates of a medically or
surgically induced remission.*

In CD, smoking may not play the same role in different
ethnic groups as it does in western populations. One study in
China was not able to demonstrate an association.®> In a cross-
sectional observational study, there were fewer smokers among
Chinese with CD in Hong Kong than Caucasians with CD in
Melbourne, Australia.®® More studies are needed in Asia (a high
smoking area) to determine the impact of smoking on the devel-
opment and progression of CD and its association with disease
phenotype. However, studies in Japan have shown a protective
effect of smoking on UC," as has previously been shown in the
west. One study showed that current smokers had a decreased

risk of UC and former smokers had an increased risk.®” Similar
findings have been reported in a case—control study from
China.*’

The effect of smoking in both UC and CD seems to be modu-
lated by gender, with women being affected more disadvanta-
geously than men.®® ®° More recently, a time-dependent effect
was also reported, suggesting that 4-5 years of smoke exposure
may be associated with an altered risk of IBD.®® In contrast, the
importance of smoking could not be confirmed in IBD patients
with an elderly onset. Therefore, the effect of smoking in an
individual may be the sum of the interplay of different host
genetic and environmental factors (including smoking, non-
steroidal anti-inflammatory drugs, or ultraviolet exposure from
sunlight, etc). The mechanisms behind smoking and the onset
of IBD remain unclear, but among siblings discordant for
smoking, smokers had an increased risk of developing CD,
whereas non-smokers tended to develop UC.”° This may suggest
an interaction between smoking and genetic susceptibility or, as
suggested above, that smoking is a modulating factor in those
who present with the disease.

In summary, although tobacco smoking is the only environ-
mental factor consistently predisposing to CD, there are no reli-
able data about the geographical distribution of tobacco
smoking. It is likely that smoking does not cause CD but modu-
lates the disease once present.

Meta-analyses confirmed that in Caucasian populations,
smoking is an important environmental risk factor in IBD, with
opposite effects on UC (OR 0.58) and CD (OR 1.76),%
whereas in other ethnic groups with different genetic suscepti-
bility, smoking may play a lesser role. The reason why CD in
Israeli Jews or Asians is not as sensitive to smoking as in other
populations is not clear. Explanations might include differences
in genetic and/or environmental factors (eg, type of tobacco,
way of smoking or other dietary factors). Therefore, smoking
may influence the course of CD but may not influence popula-
tion trends of IBD. The biological mechanisms for the contrast-
ing associations of smoking on UC and CD remain unknown,
but microbial and immunological mechanisms are plausible, as
smoking has immunosuppressive effects on T-lymphocyte func-
tion, which may lead to alterations in the gut microbiota.
Smokeless tobacco has not been shown to increase the risk of
CD, suggesting that the inhaled non-nicotinic components of
cigarette smoke may be more important than nicotine itself in
disease aetiology.

Appendectomy

The declining appendectomy rates in the past 15 years cannot
account for the constant or decreasing incidence of UC in devel-
oped countries. In case—control and cohort studies from Europe
and the Asia-Pacific region, appendectomy has been shown to
be protective for the development of UC.”! 72 In a large
Swedish case—control study consisting of more than 200 000
patients who underwent appendectomy between 1964 and
1993, appendectomy before the age of 20 years for appendicitis
or lymphadenitis (as opposed to abdominal pain or other
causes) was associated with a lower risk of developing UC.”! In
contrast, appendectomy without confirmed appendicitis was not
associated with a protective effect.

Several studies from Asia have reported a similar protective
effect of appendectomy against UC, with OR ranging from 0.11
to 0.38.*7 7> 7* In a Japanese multicentre study, UC patients
diagnosed after appendectomy appeared to have more limited
disease extent and fewer clinical relapses compared to patients
with an intact appendix.”® Studies from France and Australia
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have demonstrated that UC patients who had undergone
appendectomy before diagnosis were less likely to require immuno-
suppressive therapy”” or colectomy.” 7® In a meta-analysis of 13
case—control studies, appendectomy conferred a 69% risk reduction
for the development of UC when smoking was controlled for.””

In contrast, the relationship between appendectomy and CD
is less clear.”® Although several studies have demonstrated that
appendectomy is a risk factor for the development of
CD," 79783 others have either shown a protective effect”> or no
association®* 8787 (table 1). A meta-analysis has demonstrated a
significant risk of CD (relative risk (RR) 1.61) following an
appendectomy, but heterogeneity was observed between
studies.”® The risk was increased within the first year after
surgery (RR 6.69), and at up to 4 years (RR 1.99), but after
§ years or more following an appendectomy, the risk dropped
to baseline levels (RR 1.08).”® The increased risk of CD
appeared to be higher in women than men, and in those with
perforated appendicitis than non-perforated appendicitis.®® In a
recent large Swedish—-Danish population-based study, it appeared
that diagnostic bias might account for the observed association
between CD and appendectomy®® as the increased risk of CD
within the first year after an appendectomy reduced significantly
after 5 years, possibly reflecting a misdiagnosis of patients with
incipient CD.”® There is currently no published study on the
association of appendectomy and CD in Asia, Africa or eastern
Europe.

In countries where there is an excess of CD compared with
UC, such as France, it has been hypothesised that a high rate of
appendectomies may account for this discrepancy.?*> The
appendectomy rate in France was at least three times higher
than that observed in other European countries or in the USA.

In summary, despite some variation, the literature overall sug-
gests a protective effect of previous appendectomy with

confirmed appendicitis (reduction of 13-26%), particularly at a
young age, and the development of UC across different geo-
graphical regions and populations, and a modest association
with the development of CD. The inverse association with UC
may be a causal one because it is not related to surgery for non-
specific abdominal pain. The mechanism by which appendec-
tomy protects against the development of UC but increases the
risk of CD is not known; proposed hypotheses include
alterations in mucosal immune responses that lead to appendi-
citis or, as a result of appendectomy, negatively impact on the
pathogenetic mechanisms of UC.*~! The appendix may act as
a reservoir of enteric bacteria involved in antigen sampling that
regulates the immunological response to host microflora.?’ °1 92
It would appear that this proposed mechanism may apply to
worldwide populations.

Dietary influence on IBD
Global variation in dietary habits probably explains the differ-
ences in the risk of IBD across geographical regions and the
increase in disease incidence in migrant and developing popula-
tions. However, the effect of diet on the risk and clinical course
of IBD has not received as much research attention as is prob-
ably warranted. This is because the sheer numbers of possible
dietary exposures, and their interactions with host factors such
as genetics and the microbiome make the identification of
dietary risk factors for IBD a challenging and formidable task.
The foods we eat contain macronutrients, micronutrients, addi-
tives, pollutants and caloric content of variable concentration;
and the water we drink varies in the amount of trace elements,
microorganisms and organic and inorganic compounds.

The rates of IBD increased steadily in Europe and the USA
from 1940 to 1960, and in Asia in the early 1990s. The rising
rates coincided with the introduction and expansion of fast food

Table 1 Studies of appendectomy and the risk of CD from selected geographical regions
Author (ref) Setting Study design No of subjects Association
Frisch et al’ Denmark Inpatient casecontrol 6172 CD Positive
5 matched controls
Kurina et a/*° UK Nested case—control hospital 5023 CD Positive
7273 UC
750000 controls
Frisch et a/' Denmark Population-based national hospital discharge registry data 154434 patients with appendectomy Positive
Koutroubakis et a/*? Greece Case—control 76 CD Positive
Hospital setting 76 controls
Firouzi et al* Iran Case—control 382 CD Positive
Hospital setting 46 UC
566 controls
Gearry et al'' New Zealand Population-based 638 CD Positive
Case—control 600 controls
Radford-Smith et a/’® Australia Brisbane Inflammatory BowelDisease database 335 CD Negative
207 UC
3808 twin controls
Duggan et a’* UK Case—control 110 CD None
337 controls
Reif et af®* Israel Case—control 260 CD None
903 controls
Garcia Rodriguez et a/®® Spain Nested case—control General Practitioner Research Database 444 |BD None
10000 controls
Russel et a/®® Netherlands Case—control 208 CD None
208 controls
Sicilian et af®’ Spain Population-based 103 CD None
Case—control
CD, Crohn's disease; IBD, inflammatory bowel disease; UC, ulcerative colitis.
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chains, packaged food, increased use of antibiotics and aluminum
foils. In an ecological study from Japan the increased incidence
of CD correlated closely with the increased intake of animal
protein and dietary fat, especially n-6 fatty acids and a decreased
intake of n-3 fatty acids.”® With the absence of NOD2 muta-
tions,”* the increasing incidence and prevalence of CD in Japan
is likely to be accounted for by dietary changes. In a retrospective
study from Japan performed within 3 years after diagnosis, a
higher consumption of sweets was positively associated with UC
risk, whereas the consumption of sugars, sweets, fats, oils, fish
and shellfish was positively associated with CD risk.”’

The difference in the incidence of CD in the north and south
of France could also be accounted for by differences in exposure
to dietary components.”® Individuals living in the south of
France generally consume a diet that is richer in fruit, vegeta-
bles, fish, olive oil and wine (dietary factors that have been
shown to be associated with a reduced risk of IBD), whereas
those in the northern regions consume more butter, eggs, pota-
toes, sausage, ham and beer.””

In studies from Europe, the most consistent dietary association
linked to the development of IBD, particularly for CD, is
increased sugar intake”®'%* (table 2). A population-based case—
control study from The Netherlands showed that cola drinks and
chocolate are potential risk factors for IBD.'% A second key
dietary factor might be animal protein.'®* '% The European
Prospective Investigation into Cancer and Nutrition, consisting
of more than 200 000 subjects across five European countries,
showed that an increased intake of linoleic acid (n-6 fatty acid;
particularly high in red meat, cooking oils and polyunsaturated
margarine) more than doubled the risk of developing UC (OR
2.49).1%% The time point at which dietary factors impacted on

Table 2 Studies on diet and the risk of IBD

disease evolution, however, could not be derived from the
study.'® In a large French prospective questionnaire cohort
study of women aged 40635 years, a high total protein intake,
specifically animal protein, before disease onset was associated
with an increased risk of IBD.'®> These data are consistent with
an earlier Swedish population-based case—control study showing
that the consumption of ‘fast food‘ was associated with an
increase in UC (OR 3.9) and CD (OR 3.4).1% Conversely, intake
of dietary fibre, fruit and vegetables has been reported to be pro-
tective for both CD and UC,”® '°7 although results vary between
studies.!% 193 106 The main difficulty with dietary studies is
understanding the timing of dietary intake in relation to disease.
Is it more critical to assess childhood diet, or perhaps the diet
taken within 5 years of diagnosis? Studies that survey subjects
after diagnosis are confounded by recall bias issues and the prob-
ability that people will change their diets once symptoms have
begun. Of patients not changing their diet, a high consumption
of red meat and cheese was associated with CD, while a high con-
sumption of margarine was associated with UC.'*®

One of the factors associated with westernisation of diet
includes urbanisation. The incidence of UC appeared to rise
rapidly in relation to urbanisation. This has been observed in
several developing countries, while the number of patients with
CD remained low or increased with a delay of 15 years com-
pared to UC.1% It could well be that changes in lifestyle factors
including diet affect UC risk more than CD, as reflected in
increased incidence, years before CD risk is affected.

Using data from a population-based cohort in Norway and a
registry of water quality, the risk of developing IBD was asso-
ciated with high iron content. The RR of developing IBD
increased by 21% when the iron content in the drinking water

No of
Author (ref) Setting subjects Age (years) Study design Outcome
Kitahora et al'®*  Japan 10819 UC - Observational (1957-85)  Increased UC incidence parallels increased dairy
products and meat
Shoda et al®? Japan 242 CD 20-24 Observational (1966-85)  Increased CD incidence correlates with increased
n-6:n3 PUFA and animal protein
Sakamoto Japan (multicentre) 239 IBD 15-34 Case—control Sweets associated with UC
et al®® (retrospective) Sweets, sugars, fats and oils associated with CD
Fiber, fruits and vegetables protective of IBD
Yamamoto Japan - - - Increase fat intake associated with UC
etal'®*
Sonnenberg'® Australia, Canada, USA, Europe, - - Observational (1970-9) No temporal or geographical correlation between
Japan (21 countries) (1962-82) CD and sugar/margarine intake
Hart et a/'% Europe 260 686 20-80 Population-based No association of macronutrient and UC risk
Tjonneland Europe 203 193 35-74 Population-based Linoleic acid (n-6 fatty acids) increased UC
etal'®
John et al"®’ UK 25639 46-77 Population-based n-3 polyunsaturated fatty acids protects UC
Jantchou et a/'®  France 77 1BD 40-65 Population-based Animal protein associated with increased risk of
IBD
Persson et al'®  Sweden 152 CD 5 years before Population-based Increased risk of CD and UC associated with
145 UC diagnosis (retrospective) increased fast food intake
305 controls
Maconi et al'®  Italy 83 IBD - Case—control Margarine associated with UC; Red meat and
160 controls cheese associated with CD
Russel et a/'®? Netherlands 43 UC 6 months before Case—control Cola drinks and chocolates associated with IBD.
43 controls  diagnosis Citrus fruits protective for IBD
Geerling et al'”  Netherlands - - Case—control Mono- or polyunsaturated fat and vitamin B6

increased UC
Fiber, fruits and vegetables protect UC and CD

CD, Crohn's disease; IBD, inflammatory bowel disease; PUFA, polyunsaturated fatty acids; UC, ulcerative colitis.
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increased by 0.1 mg/l. A high iron concentration may work as a
catalyst for oxidative stress, resulting in inflammation, or may
stimulate the growth of bacteria, thus increasing the likelihood
of inappropriate immune responses in genetically predisposed
individuals.**°

In summary, dietary antigens very likely play a role in the
expression of IBD. Prospective studies suggest that a diet high in
protein, particularly animal protein, is associated with a higher
risk of IBD. Intake of the n-6 polyunsaturated fatty acid linoleic
acid may confer risk, whereas n-3 polyunsaturated fatty acids
may be protective for UC.''' No prospective data have been
reported on risk related to the intake of fruits, vegetables or
food microparticles on UC or CD development. However,
despite an increasing number of studies examining the associ-
ation between diet and IBD, no causal food item has been iden-
tified and no consensus has been reached, partly because results
from studies remain difficult to interpret, and in some, findings
were not reproducible. Methodology limitations include recall
bias for presymptomatic food intake and the possibility of alter-
ation of diet because of symptoms before a formal diagnosis of
IBD. Based on epidemiological data and case—control series, the
relationships between changes in food consumption would fit,
in a timely manner, with changes in microbiota associated with
IBD. With ongoing observation of existing cohorts and the
development of population-based cohorts, more data on dietary
risk factors may be expected during the coming years. Such data
may benefit from considering interactions between the gut
microbiota and any confirmed dietary factors.

Environmental effects on microbiota

Dysbiosis reported in IBD is likely to be a consequence of
changes in environment including hygiene and food, resulting in
an imbalance in the microbial-host relationship with mucosal
barrier dysfunction and reduced microbial diversity.!'* Dysbiosis
with a decrease in beneficial bacteria, such as the Bifidobacteria,
Lactobacilli, Bacteroides and Firmicutes,'*> and an increase in
pathogenic bacteria, such as adherent invasive Escherichia coli
(AIEC)!'*11¢ and Mycobacterium avium paratuberculosis ssp
(MAP),"” 118 have been reported in IBD. Little is known about
how diet affects the microbiome. It has been postulated that
dietary fructose, sucrose, animal fat and iron preferentially
stimulate the growth of pathogenic bacteria, while poorly
absorbed oligosaccharides promote the growth and metabolic
profile of beneficial bacteria.

It remains controversial whether primary pathogens such as
MAR which causes Johne’s disease in cattle,"!” may be an aetio-
logical factor for CD, but problems related to diagnosing the
infection and having a biomarker of its presence remain a key
obstacle to either moving this hypothesis forward or fully elim-
inating it. Clinical studies up to now have been inconclusive
with regard to the impact of MAP in IBD. Several studies have
detected a high prevalence of MAP in CD patients, and a
meta-analysis of 28 case—control studies showed a positive asso-
ciation, both for enzyme-linked immunosorbent assays and
PCR.M8 A recent study,'?” however, performed with highly sen-
sitive methods in the intestinal mucosa, failed to detect the pres-
ence of MAP in newly diagnosed, treatment-naive cases, in
contrast to many affected cases among hospitalised CD patients
on treatment, within the same catchment area. MAP was not
found among patients with long-standing UC. A study of sero-
positivity showed a high seroprevalence for Manitobans at
approximately 35%, but failed to demonstrate a difference
between CD, UC and controls.'?® Furthermore, no interaction
between the NOD2 genotype and MAP serology in relation to

CD or UC has been identified.’! Whether seropositivity reflects
past infection in humans is unknown. Based on these data, MAP
is probably not an aetiological factor. It may be a bystander
appearing during the course of disease, or it could be that MAP
is a permissive infection (for instance, impacting on macrophage
function) facilitating the pathogenicity of a second organism.>?

The high prevalence of AIEC associated with ileal CD repre-
sents another potential primary pathogenic strain of bac-
teria.'"® 1% 12* Colonisation leads to strong inflammatory
responses in the gut suggesting that AIEC could play a role in
CD immunopathogenesis. Furthermore, the presence of AIEC
in the mucosa of patients with CD at initial diagnosis suggests
that they may play a role in the early stages of disease onset.'*
In France, it was found that AIEC reference strain LF82 was
able to adhere to intestinal epithelial cells, to invade epithelial
cells and to survive and replicate within macrophages,'?® %7
whereas in Canada other strains of AIEC including UM 146 and
UM147 that produce an increase in serine proteases have been
reported.’'® '2® Much of the work on this organism, and its
potential role in CD, has been undertaken in areas of high CD
incidence. The significance of this pathogen in the pathogenesis
of CD worldwide is currently unknown. It is not clear whether
AIEC is a pathogen worldwide or is restricted to some coun-
tries. Characterising AIEC in low but increasing incidence, and
high incidence countries and different ethnic populations may
allow the identification of specific causal factors in the micro-
biota. These data can potentially provide an insight into the
relevance and role of AIEC in the global epidemiology of CD.

The ‘hygiene hypothesis‘ postulates that individuals raised in
a sanitary environment are more likely to develop IBD. This
hypothesis implies that the increasing frequency of immuno-
logical disorders can be attributed to the lack of childhood
exposure to enteric pathogens, or alternatively to the loss of
saprophytic microorganisms that may impact on regulatory
T-cell development. In support of the hygiene hypothesis are
the generally negative associations with the epidemiology of
Helicobacter pylori**® and the inverse association to the preva-
lence of helminthic colonisation.”*® 31 Although Canada has
one of the highest rates of IBD in the world, the low rates of
IBD among First Nations Manitobans could be explained by the
hygiene hypothesis. Many of the Manitoban First Nations live
in crowded and poor conditions, and are infected with pin-
worms, hepatitis A and H pylori.

The suggested ‘cold chain hypothesis‘ represents a more
direct explanation of a causal relationship between specific bac-
teria and the immunocompromised host, and originated from a
molecular perspective postulating that CD is a result of a defect
in the host recognition of pathogenic bacterial components that
usually escape the immune response leading to an excessive host
response to bacteria, such as Yersinia spp and Listeria spp,
which can survive refrigerator temperatures.’>* The definition
relies on the introduction of refrigeration in society, which was
related to the time of the rising incidence of CD. Case—control
studies have supported this hypothesis, in combination with
other socioeconomic risk factors.'?? 134

As IBD is most common in the northern hemisphere, most
studies with regard to microbial risk factors have been per-
formed in this region. While one might speculate that an
improvement in sanitary conditions is responsible for reduced
microbial diversity, industrial pollution in society might serve as
another explanation for a changed environment. It is unlikely
that the exogenous predisposition to IBD can be explained by
one single environmental factor. At the moment, our knowledge
regarding possible risk factors derived from industrialisation
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must be divided mainly into primary direct effects of endogen-
ous dysbiosis as some risk factors may act earlier than dysbiosis
and secondary effects on this microbial imbalance. The latter
explanation will include all the risk factors that will either
increase the microbial instability or increase the vulnerability of
the host organism.

Infectious agents causing an episode of infectious gastroenteritis
may play a role in the initiation and/or exacerbation of IBD.
Several studies have shown that acute gastrointestinal infec-
tions'>*~137 are associated with the development of IBD, especially
with Campylobacter and Salmonella, with an OR of 4.1 in the first
year after infection when compared with unexposed controls. The
risk of developing IBD was significantly higher among 13 148
patients exposed to Salmonella or Campylobacter gastroenteritis
than among 26 216 control patients."*” In a study assessing the
incidence of positive and negative stool tests among patients
already diagnosed with IBD, the findings of high incidence rate
ratios (IRR) for IBD the first year after both positive (IRR 5.4-9.8)
and negative (IRR 53.2-57.5) stool tests suggest that increased
rates of stool testing of patients with unclear gastrointestinal symp-
toms may lead to detection bias."*® In a study from Maryland
using a military database, an episode of gastroenteritis increased
the risk of IBD with an OR of 1.40. The risk was slightly higher
for CD compared with UC.3*

No evidence for causation of IBD by a single agent has been
identified, whereas a number of microbes have been strongly
associated with the presence of disease. Many of the features of
a modern lifestyle observed in developing countries, including
changes in domestic hygiene, family size, birth order, antibiotic
usage, crowding and parasitism may be proxy markers of micro-
bial exposure during childhood."*° Alterations in the gut micro-
biota could also be linked with a westernisation of diet,
increased stress levels and obesity.> New emphasis has also been
placed on common viral infections as important environmental
factors in the pathogenesis of IBD, and studies investigating
the host interactions with the human virome in IBD are
warranted.'?’

Antibiotics

The composition of the intestinal microbiota has been proposed
as an important factor in the development of IBD. Antibiotics
have the potential to alter the composition of the intestinal
microflora, especially during the first year of life, as this is the
period of stabilisation for commensal gut flora in the
newborn.'*® In a retrospective case—control study, Shaw et al'*!
showed a significant association between antibiotic use in the
first year of life and the development of IBD, with an OR of 2.9
(95% CI 1.2 to 7.0) for all IBD and 5.3 (95% CI 1.6 to 17.4)
for CD. In the recent nationwide Danish prospective cohort
study in children, the RR of IBD was 1.84 for antibiotic users
compared with non-users. This association appeared to be
higher for CD (RR 3.41) and was strongest in the first 3 months
following use (RR 4.43) and among children with seven or
more courses of antibiotics (RR 7.32).1*? The observation that
antibiotic use was not associated with the onset of UC was an
important negative finding, and supports the idea that CD and
UC are two separate diseases with distinct pathogenic mechan-
isms. Two studies have shown that the use of antibiotics and the
development of CD affects boys more than girls."*! ** No cor-
relation could be firmly assessed between the type of antibiotics
and the development of IBD. Only tetracycline and cephalos-
porins have been correlated with IBD.'*' '*3 A recent study
reported an association with antibiotic use 2-5 years before the
diagnosis of IBD in adults."* A dose-response effect of

antibiotics has been reported in a study from the UK whereby
the receipt of more than two antibiotic courses in childhood
was more highly associated with the development of IBD than
one to two courses of antibiotics.'*

Although cumulative data suggest a possible triggering role of
antibiotics in the onset of IBD, as with any observational study,
causality or biological mechanisms cannot be inferred from
these results.'** Methodological limitations also need to be
addressed. In all studies, data were collected retrospectively
from databases registering prescriptions or from questionnaires.
Recall bias, particularly in controls who may hardly recall
having used antibiotics (being otherwise healthy) could lead
to an underestimation of antibiotic use in the controls.
Nonetheless, these data support the hypothesis that alteration of
gut microbiota by antibiotics in early childhood as the immune
responses are becoming established or while the gut microbiome
is becoming established may trigger CD. Alternatively, factors
that necessitate the early need for antibiotics are also contribut-
ing to the development of IBD. It may also explain the dramatic
increase in the incidence of childhood CD in recent years. For
example, in Denmark the incidence of paediatric IBD has
increased 15-fold in the past 30 years,'*® whereas in Norway,
there has been a marked rise in the incidence of childhood CD
in contrast to no increase in UC compared with the figures from
the past 15 years.!*” *® Unlike many other environmental
factors, antibiotic use can rapidly change the spectrum of bacter-
ial species and composition in the gastrointestinal tract, and
thus explain rapid changes in disease incidence in the paediatric
population or in developing nations. However, it is unclear
whether the effect of antibiotics on the microbiota is long-
lasting, and the importance of transient changes on the micro-
biota remains questionable.

In summary, at least nine observational studies have shown an
association between antibiotic use and the subsequent diagnosis
of IBD, whether they were taken in early infancy, childhood or
at any time before IBD diagnosis'*'™14* 147153 (table 3). It has
been hypothesised that an imbalance in normal gut microbiota,
due to antibiotic use, might have a sustained effect on gastro-
intestinal immune tolerance and sensitivity to pathogens, pos-
sibly favouring the onset of IBD. Alternatively, antibiotic use
might be a surrogate marker for infectious processes leading to
IBD, for instance the prescribing of antibiotics to children with
intestinal symptoms of as yet undiagnosed CD could be one
explanation. Studies investigating antibiotic use in developing
countries are important to explore whether this is a contributing
factor to the rising incidence.

In a recent large prospective cohort study, the frequent use of
non-steroidal anti-inflammatory drugs appeared to be associated
with the increased absolute incidence of CD (HR 1.59) and UC
(HR 1.87)."*

Socioeconomic factors

Socioeconomic factors may be responsible for the variation in
the occurrence of IBD reported worldwide. Several studies have
reported on the increased incidence of both UC and CD in
more densely populated areas.’®® '*¢ 2* In a case—control study
from Sweden, perinatal health events and infants from families
with low socioeconomic status independently increased the risk
of IBD,"** while a population-based study from Israel showed
that surrogate markers of enhanced childhood hygiene were
associated with the risk of IBD, including living in an urban
environment (OR 1.38), small number of siblings in the family
(for one sibling vs five or more, OR 2.63), and higher birth
order (for birth order of five or higher vs one, OR 2.35)."%¢ In
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Table 3 Studies on association of antibiotics and IBD development

Author (ref) Setting Subjects Study design OR (95% ClI) Type of infection treated/antibiotics used
Gilat et a/'* Israel 302 CD Retrospective questionnaire ~ — -
197 UC
998 controls
Wurzelmann et al'®  USA 322 (D Retrospective questionnaire  2.07 (1.03 to 4.14) Otitis, pharyngitis
181 UC
Card et al'>' France 587 CD Hospital database 1.32 (1.05 to 1.65) -
1460 controls
Ruemmele et a/'>? France 10 IBD Hospital database - -
No controls
Hildebrand et al'>? Sweden 1098 CD Population-based database 4.94 (1.83 to 13.23) Pneumonia
6550 controls
Shaw et al'*? Canada 36 IBD Population-based database 2.9 (1.2 to 7.0) Otitis media 61%
360 controls
Hviid et al'* Denmark 117 IBD National database 1.84 (1.08 to 3.15) -
Virta et al'®® Finland 233 CD National database 2.82 (1.65 to 4.81) Cephalosporin
362 UC
2380 control
Shaw et a/'** Canada 2234 IBD Population-based database 1.5 (1.3 to 1.8)
22346 controls (2-5 years before IBD diagnosis)
Kronman et a/'* UK 148 IBD UK ambulatory practices 5.51 (1.68 to 18.28) at 1-year-old -

2.62 (1.61 to 4.25) at 5 years old

CD, Crohn's disease; IBD, inflammatory bowel disease; UC, ulcerative colitis.

a recent meta-analysis, living in urban environmental was asso-
ciated with an increased risk of CD and UC.3?

Further studies among German employees suggested that
work in the open air and physical exercise were protective,
while being exposed to air conditioned, artificial working condi-
tions or extending and irregular shift working increased the risk
of IBD."” In population-based studies in Norway, the incidence
of IBD was higher in rural areas with a recent increase in socio-
economic status, based on years of education, compared to
urban areas with a stable high socioeconomic level.*! In an epi-
demiological study in the UK, the availability of a fixed hot
water supply in childhood before the age of 11 years was asso-
ciated with CD.**

Environmental exposures in early life have been implicated in
the aetiology of IBD. Siblings have been used as proxy markers
to characterise patterns of exposure relevant to the risk of IBD.

In a case—control study from the Swedish In-patient Register,
both family size and the number of older siblings, as well as
birth order, were related to the increased risk of UC, and with
smaller families and few older siblings related to CD,™® which
might be a sign that UC is more directly affected by environ-
mental factors than CD. This explanation was also supported by
a shorter interval between first-degree relatives acquiring UC
compared to CD.'® The relationships between IBD and other
household-related conditions, such as pets, are unclear,'¢%-1¢3
Overall, as IBD emerged in the developed world, it was consid-
ered a disease of higher socioeconomic standard of living;
however, as reviewed this is not a uniform finding.

The greater environment

One underexplored area in relation to IBD is that of the
greater environment, such as sun exposure, soil, climate or
temperature change and air pollution,'®* which may explain
geographical variation. Studies from Europe suggest that low
sunlight exposure may contribute to the pathogenesis of IBD,
although the exact mechanism for this is not clear. It has been
hypothesised that people in sunnier states may have higher
exposure to ultraviolet light, leading to higher vitamin D

levels, which help to regulate immunity and inflammation.
A link between latitude and incidence rates of CD and UC has
been supported by a large prospective study from the USA.'®*
By tracking the location and lifestyle information of approxi-
mately 175 000 female American nurses biennially over
20 years, the authors detected a greater increase in the inci-
dence rates of CD and UC the further subjects lived from the
equator. At age 30 years, living in southern latitudes was asso-
ciated with a roughly halved risk of developing CD and
approximately a 40% reduced risk of developing UC. In that
study, most of the patients developed CD in their late 40s or
early 50s, suggesting that latitude may play an important role
in relatively late-onset CD. The results are consistent with
European studies linking latitude with the development of IBD.
This hypothesis also reconciles with the comparably high inci-
dence rates of CD in Canada and in New Zealand,!! but does
not reconcile with the increasing incidence in other counties
such as India. The relationship between IBD and latitude might
also be explained by changes in sunlight exposure and vitamin
D. A protective effect of vitamin D on the risk of CD has been
reported. Women with a higher level of vitamin D had a sig-
nificantly reduced risk of CD (HR 0.38).'¢°

In addition, temperature might represent the sole mechanistic
explanation leading directly or indirectly to a change of micro-
biota. Latitude differences have also been described for other
immune-mediated diseases, especially multiple sclerosis.'®”

Another environmental explanation for the north-south gra-
dient could be exposure to the sun. In a geographical study
from France using the national health insurance database, inci-
dence rates of CD and UC were estimated for each of the 94
French administrative areas between 2000 and 2002. Low sun-
light exposure was associated with an increased incidence of CD
with no association with UC. Further studies are needed to
determine if this association is causal.”®

Based on these observations, the relationship between
seasonal environmental risk factors may affect the outbreak of
IBD differently according to the occurrence of risk factors
around the world. Large nationwide studies might dilute
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important local variations, which might seem negligible when
the results are not broken down into smaller regions, such as
communities.'*®

Oral contraceptives

Several case—control and cohort studies from the USA and UK
involving more than 80 000 women have reported an increased
risk of CD'**~'"! following the use of oral contraception.'”? 173
In addition, studies have suggested that the risk of CD increased
with the length of exposure to oral contraceptives.!”? 1747176 An
earlier meta-analysis'”” pooling the results of seven case—control
and two cohort studies showed an OR of 1.4 for CD after
adjusting for smoking among oral contraception users. A recent
meta-analysis of 14 studies reported on a positive association
between the use of oral contraceptives and both UC and CD,"'”®
with a reduced effect on discontinuation. The pooled RR for
CD and UC for women currently taking oral contraception was
1.46 (95% CI 1.26 to 1.70) and 1.28 (95% CI 1.06 to 1.54),
respectively, after adjusting for smoking. Overall, there appears
to be a modest association between oral contraceptive use and
IBD, but the mechanisms for this link is not known.

Perinatal factors and vaccinations

Disease expression has been proposed to be influenced by early
childhood events such as mode of feeding, domestic hygiene,
perinatal infections or immunisations. Whether breastfeeding
protects against the development of IBD remains unclear. While
several studies have shown a protective effect of breastfeeding,
others have shown no such association.'”® '7® A meta-analysis
of 14 case—control studies showed that breastfeeding protects
against CD and UC;'”? this protective effect appeared to be
greater in CD than UC,'®” and may be modulated via the micro-
biota. The hypothesis that a paramyxovirus such as measles or
vaccination against such viruses might cause IBD remains con-
troversial.'®! Although an initial study showed that patients who
received measles vaccination were two to three times more
likely to develop IBD,'® subsequent case—control studies in dif-
ferent countries have not been able to reproduce similar find-
ings.'®>'% A population-based study from Manitoba showed
no association between having acquired measles, mumps, or
rubella (by natural infection or through vaccination) and CD or
UC. Seropositivity for measles and mumps was similar in con-
trols, CD and UC subjects.’”® 8¢ In fact, a protective effect was
evident in those seropositive for rubella.

FUTURE DIRECTIONS

Although a strong body of evidence supports the role of envir-
onmental influence in the development of IBD, identifying con-
clusive environmental risk factors has proved to be difficult.
Inconsistent results between observational studies may partly
relate to differences in study methodologies.'®” IBD has also
been studied rarely in the context of complex interactions
between susceptibility genes and environmental exposure. First,
methodological standardisation is necessary to produce consist-
ent environmental associations in cohort and case—control
studies. Second, appropriate analytical techniques are required
to control for all known confounders and to adjust for multiple
comparison errors. Third, patients should be stratified into
homogenous phenotype—genotype populations. Finally, results
need to be replicated in an independent cohort.

To explore environmental factors in IBD, lessons can be
learned from studies of other chronic immune disorders.'s®
Studies that aim to assess the risk of IBD before disease onset
will be informative. Multicentre prospective cohort studies that

follow large numbers of healthy individuals and at-risk first-
degree relatives with high-risk genotypes to a new diagnosis of
IBD are required to determine environmental risk factors. These
studies should assess biomarkers specific to preclinical IBD,
infectious and non-infectious exposures (diet, toxins, vaccina-
tions) at regular intervals. Similar studies have been conducted
successfully to identify environmental triggers for diabetes melli-
tus and metabolic syndrome. In Europe (ORIGIN study) and
Canada (Genetic Environmental, Microbial), two long-term
prospective studies are enrolling large cohorts of high-risk
asymptomatic individuals, assessing in parallel infections and
antibiotic use with analysis of microbiota and its evolution over
time until the development of IBD.

Studying diet is complex and studying infections often relies
on surrogate markers. It also remains unclear whether one or
several infectious agents should be sought. The food frequency
questionnaire is the dominant tool in nutritional epidemiology
but has limitations especially when applied retrospectively. The
prospective collection of dietary record over a prolonged period
of time is possible, as has been demonstrated by the Nurses
Health Study. This is particularly important in developing
nations in which westernisation of diet is evident. The north-
south disease gradient for CD in France has highlighted the
importance of prospective cohort studies investigating the effect
of the ‘prudent diet® (rich in fruit, vegetables, fish, olive oil and
wine) on CD development. The observation that the timing of
the introduction of certain foods or chemicals to infants affects
the risk of developing diabetic autoimmunity and coeliac disease
is also likely to be relevant to IBD.

Future efforts should be focused on targeting at-risk popula-
tions. Populations optimal for studies include paediatric popula-
tions, muliplex families and nations of increasing rates of
disease if important environmental factors are to be captured.
There can be a long latency period from environmental expos-
ure to preclinical biochemical changes, subclinical intestinal
inflammation and eventually clinical disease. Studying environ-
mental exposure from early childhood will be important. The
rising incidence of CD in children in northern France suggests
that studies on CD risk factors should focus on the population
under 20 years of age.

In recent years, instead of looking at one environmental
exposure or a class of exposures at a time, it is possible to use a
broad-based assessment to study exposures, a concept known as
‘exposome’.'®? Two such approaches exist. The first, known as
the ‘bottom-up® approach, is a strategy whereby external sources
of an individual’s exposome (eg, air, water, food) are measured
at multiple time points using innovations in global information
systems, remote sensing or personal sensing devices.!”® 1°! An
alternative approach, called the ‘top-down‘ approach, focuses
on biomonitoring (eg, blood sampling) to assess the internal
milieu, including using technologies such as proteomics, tran-
scriptomics and metabonomics.'”® With the accumulation of a
growing number of signatures of environmental exposures, it
may become possible to develop high-throughput, multiplex
assays to register each person’s environmental exposures. In dia-
betes, an environment-wide association study, in which epi-
demiological data are comprehensively and systematically
interpreted in a manner analogous to a genome-wide association
study, have revealed novel associations between type 2 diabetes
and specific chemical agents.'®* Currently, the National Institute
of Environmental Health Sciences is focusing on comprehensive
approaches to define environmental factors in human disease,
and one of their initiatives relevant to IBD is an exposure
biology programme aimed at developing a better measurement
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of exposure.'®® The majority of chronic human diseases are
accounted for by environmental exposures. Innovative
approaches and strategies to identify and measure environmental
risk factors in several chronic human diseases, not excluding
IBD, will continue to be an area of intense discussion.
Development of IBD-specific prospective cohorts, enhancements
in data sharing of established IBD populations and improve-
ments in our ability to measure environmental exposures will all
aid in future studies of environmental triggers of IBD.
Ultimately, collaborative efforts between international consor-
tium groups of IBD from different countries provide the best
chance of unearthing the clues to aetiology.

CONCLUSION

IBD has become a global disease. Accumulating data suggest
that the increased frequency of IBD in the industrialised parts of
the world is mainly explained by environmental risk factors.
Compelling evidence suggests that gut microbes participate in
an important way in disease pathogenesis. The relationship to
latitude might be explained by changes in sunlight exposure and
vitamin D. Which aspects of the environment impact to the
greatest extent and whether the timing of such exposure
throughout one’s life is important remain unknown. Of all
factors identified, not a single one alone may, up to now, totally
explain the worldwide epidemiology of IBD. This is partly due
to a multiplicity of potential routes for disturbances in the inter-
actions between microbe and host. Some issues studied may not
be factors in themselves but rather markers for other unidenti-
fied influences. It is highly likely that genetic influences critically
determine the role that individual environmental factors may
play in triggering disease. It is also possible that the strength of
influence by risk factors or lack of protective factors in a society
is different, depending on geography or urbanisation. Selecting
unique populations to assess disease development, for instance
in immigrants, the paediatric population or in nations with
increasing rates of disease incidence, will be potentially
rewarding.
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