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Inflammatory bowel disease (IBD) is a global condition that progresses
through four epidemiologic stages: emergence, accelerationin
incidence, compounding prevalence and prevalence equilibrium.
Early industrialized countries are currently in the compounding
prevalence stage before transitioning to the prevalence equilibrium
stage, with >1% of their populations expected to live with IBD within the
next decade. Prevalence equilibrium can be modelled using a health-
illness-death compartment framework and partial differential equations
to predict prevalence to 2045. Meanwhile, newly industrialized
countries are projected to shift from accelerated incidence with low
prevalence to compounding prevalence over the next two decades.
This Perspective explores the global evolution of IBD through these
epidemiologic stages, presenting a framework for disease prevention
andinnovative health-care strategies to address the critical challenges
the global IBD community will face over the next 20 years.
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Perspective

Introduction

Total solar eclipses are a global phenomenon — a shared experience
acrosstime and geography — marked by human civilizations throughout
history. Initially explained through divinity and mysticism, they were
later predicted using the tools of astronomy and mathematics.In1919,
asinflammatory bowel disease (IBD) sporadically emerged withahand-
ful of documented cases in Western countries, Sir Arthur Eddington
used a total solar eclipse to experimentally observe gravitational
lensing, confirming Einstein’s theory of general relativity, which
predicted the bending of light by the Sun’s gravitational field. Over a
century later, in April 2024, people in North America had the oppor-
tunity to view another total solar eclipse, including over 2.5 million
individuals — approximately 0.8% of the population of North America—
living with IBD at that time' . The next total eclipse visible in North
Americawill occur in August 2045, a prediction made possible through
temporospatial astronomical calculations of the cyclical orbits of the
Sun, Earth and Moon. Similarly, could modelling epidemiologic trends
of IBD enable us to predict the number of people living with IBD and
their demographic characteristics in 2045 (ref. 4)?

The epidemiologic evolution of IBD has followed distinct patterns
across time and geography, enabling predictions about changing
prevalence and demographics in the coming decades* . Predicting
future epidemiologic patterns of IBD relies on several fundamental
assumptions: IBD is a chronic and incurable disease; although IBD
canbediagnosed at any age, it is most commonly diagnosed in young
adults; the life expectancy of individuals with IBD is comparable to,
oronly slightly lower than, that of the general population; all humans
are susceptible to developing IBD, regardless of ethnicity/race or
geography; and the rate of new diagnoses in each society depends on
genetic predisposition and exposure to environmental factors linked
to industrialization, urbanization and westernization>”%, Given these
assumptions, it was hypothesized that the evolution of IBD could be
classified into distinct epidemiologic stages, which could then be
modelled mathematically*”.

A theoretical framework was proposed to stratify the evolution
of IBD into four epidemiologic stages*’. Emergence (stage1) is charac-
terized by alowincidence and prevalence of IBD, withinitial sporadic
cases appearing in low-income regions. Acceleration in incidence
(stage 2) marks a rapid rise in the incidence of IBD, coinciding with
socioeconomic advances that alter health-care infrastructure, diet,
urbanization and hygiene. During this stage, although new diag-
noses of IBD appear more widely, overall prevalence remains low.
Compounding prevalence (stage 3) involves a steady increase in the
number of people living with IBD due to its chronic nature and low
mortality rate. The rapid growth in incidence seen in stage 2 slows,
but the cumulative effect of new diagnoses over decades leads to
a substantial rise in prevalence over time. Prevalence equilibrium
(stage 4) represents the point at which the growth in prevalence slows
owingto the naturalincrease in mortality associated with ageing of the
IBD population*’. The time to reach prevalence equilibrium and the
prevalence level at this point depend on the value at which incidence
stabilizes and the rate of change inincidence over time*® (Fig. 1). Rec-
ognizing the progression of IBD through these epidemiologic stages
enables health-care systems to predict and prepare for the future
burden of disease™.

This Perspective explains the mathematical modelling required
to examine the transitions between the four epidemiologic stages of
IBD over a20-year period, anticipating the challenges that health-care
systems, governments and the IBD community will face in the years

to come. The goal of this article is to equip clinicians and health-care
systems worldwide with an understanding of the methods used to
predictIBD trends, enabling them to address the challenges posed by
changing demographics and the increasing number of people living
with Crohn’s disease and ulcerative colitis into the mid-twenty-first
century.

The global burden of IBD in 2025

A 2015 Perspective paper examined the epidemiology of IBD and the
challenges the IBD community would face between 2015 and 2025
(ref. 11). The key takeaway was that by 2025, IBD would be firmly
established as a global disease, with the Western world facing a grow-
ing prevalence of IBD in an ageing population, and newly industrial-
ized countries in Asia and Latin America preparing for asharp rise in
incidence". That article concluded that each region must customize its
health-care responseto ensure adequate resources, infrastructure and
personnel to manage the burden of IBD equitably and cost-effectively,
in alignment with the unique needs of its society" ™.

Global epidemiology in 2025

What proportion of the 8.2 billion people living on Earth have IBD in
2025? Astudy co-led by the author analysing over 500 population-based
studies ontheincidence and prevalence of IBD examined cohorts from
1920 to 2024 across more than 80 global regions®. These data were
used to train a machine learning model that classified regions with
available population-based datainto stage1,2 or 3 with an overall 95%
accuracy. Using the machine learning classifier, coalescing ranges (CR)
for incidence (CR-I) and prevalence (CR-P) per 100,000 population
were calculated as the 25th to the 75th percentiles for IBD across the
first three epidemiologic stages: stage 1 (CR-10.2-1.2, CR-P1.1-10.4),
stage 2 (CR-13.3-10.6, CR-P 31.2-100.5) and stage 3 (CR-118.1-34.1,
CR-P 362.9-660.1)* (Fig. 2). The CR integrated epidemiologic data
across time and geography for the first three stages — for example, by
including stage 2 data from the twentieth century for early industri-
alized countries and stage 2 data from the twenty-first century for
newly industrialized countries. Although regional variability exists
within each stage, values that fall between stages could indicate regions
undergoing an epidemiologic transition®. The timing of these transi-
tions varies by region and is influenced by localized factors such as
genetic susceptibility, environmental exposures, health-care access
and cultural practices™.

During the twentieth century, IBD was characterized as a disease
of the Western world®™. However, twenty-first century epidemiologic
data revealed that IBD is a global disease capable of manifesting
anywhere®. Areview of a century’s worth of historical epidemiologic
data highlighted transition zones between stages, reflecting pat-
terns not confined to specific geographical regions but inherently
predictable*. Long-standing stage 1 (low incidence and prevalence) is
societally triggered to transitioninto stage 2 (acceleratingincidence
with low prevalence), followed by a mathematically anticipated shift
to compounding prevalence in stage 3 (refs. 4,5). Societal triggers
initiate a predictable wave of rising incidence that eventually sta-
bilizes, followed by increasing prevalence, with the rate of increase
in prevalence gradually slowing over time* (Fig. 1). Although the
timing of these points differs geographically, the progression of
IBD is expected to follow similar patterns globally, albeit shifted
acrosstime.

Early industrialized countries in North America, Europe and
Oceania transitioned into stage 2 following World War I, with the
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Fig.1|Understanding the four epidemiologic stages of IBD evolution.
Aguitar-string analogy demonstrates the four epidemiologic stages of
inflammatory bowel disease (IBD) evolution, in which incidence is represented
by the vibration of the guitar string and prevalence would be the pitch we hear.
Instagel(emergence), the guitar stringis slack; few vibrations pass down the
neck. Low-frequency waves symbolize the rare, sporadic appearance of IBD
cases, and the ear hears only afaint, low pitch (prevalence is minimal). In stage 2
(accelerationinincidence), environmental forces tighten the tuning peg,
raising string tension. Wave frequency climbs, representing the accelerating
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influx of new cases. The perceived pitchrises, and prevalence begins its upward
trajectory. Instage 3 (compounding prevalence), the string is now at maximal
tension. Wave frequency plateaus at its highest level with the continuous stream
of vibrations causing more crests to fill the neck of the guitar. Prevalence keeps
climbing even though incidence is no longer increasing. In stage 4 (prevalence
equilibrium), with no further tightening, the propagating wave gradually loses
amplitude, illustrating how the annual addition of new cases is offset by the
mortality of anageing IBD population. The pitched sound stabilizes and softens,
mirroring a steady-state prevalence.

greatest rise in incidence during the latter half of the twentieth
century®”, Forexample,analysis of datafromthe USA spanningacentury
using a machine learning classifier indicated a transition from stage 1
tostage 2inthe1950s, followed by stage 3 in the 1970s*'*" (Fig. 3). Simi-
larly, the modelidentified a transition from stage 2 to stage 3 in Sweden
during the1970s, and confirmed stage 3in Canada, withits earliest data
from the 1980s**'3%°, By 2025, early industrialized countries are firmly
entrenched in the third epidemiologic stage®.

At the turn of the twenty-first century, countries in Africa, Asia
and Latin America demonstrated susceptibility to IBD®. Industrializa-
tion, urbanization and westernization triggered awave of IBD in these
regions, only delayed in time compared with countries thatindustrial-
ized early’. Temporal shifts in the epidemiology of IBD occur across
newly industrialized nations (Fig. 3). For example, Japan experienced
rapid industrialization after World War Il in the 1960s, whereas China
underwenteconomicreformin the 1990s. The machine learning clas-
sifier showed that Japan transitioned from stage 1 to stage 2 in the
1990s, whereas Chinatransitioned in the 2010s — a 30-year difference
paralleling the timing of societal economic advances*?°?. By contrast,
the epidemiology of IBD in economically less advanced nations in Asia
isfurther delayed. Malaysia, with continuous epidemiologic datafrom
the 1980s to 2020s, remained in stage 1 for decades until the model
classified the country as in stage 2 with newly available data from the
2020s**, By 2025, most countries in Asiaand Latin America with avail-
able epidemiologic data were either in stage 2 or transitioning from
stage1to stage 2 (ref. 4) (Fig. 3).

Notably, IBD epidemiologic data for Africa are sparse®. Algeria
was classified as in stage 2in the 2000s*, whereas data from the 2020s
classify Tanzania, Zambia and Egypt asin stage 1 (refs. 4,24-26) (Fig. 3).
Non-population-based studies document IBD in Ghana and Sudan,
with rates estimated to be very low”**., Collectively, these limited data
suggest that most of Africaremainsin stage 1in 2025, underscoring the
urgent need for population-based epidemiologic surveillance.

The transition fromstage1to2
Therapidriseintheincidence of IBD during stage 2 is thought to result
froma combination of unmasking previously undiagnosed casesand a
true increase in incidence driven by environmental risk factors’.
Health-care infrastructure, resources and personnel develop in
tandem with the economic progress accompanying the industrializa-
tion and urbanization of society””. With increased national wealth,
the number of gastroenterologists and their expertise in IBD grow,
availability of diagnostic tools such as colonoscopy expands, and
awareness of previously uncommon diseases such as IBD broadens
within the medical community®®*". Urbanization involves the migra-
tion of people from rural areas to densely populated urban areas
with better access to gastroenterologists®. Over time, expanded
medical care for individuals of lower socioeconomic status in rural
areas enhances equity in health-care delivery®. Collectively, these
transformations in health-care access resultin the unmasking of previ-
ously unrecognized cases of IBD, contributing to an apparentincrease
inincidence over time>*,
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A study from the Punjab state, India, effectively demonstrated
the concept of unmasking®. In 1999, investigators conducted over
50,000 home surveys to identify individuals with symptoms consist-
ent with ulcerative colitis, who were then transported to an endos-
copy unit for diagnosis. This systematic approach established that the
prevalence of ulcerative colitis was 44 per 100,000 populationin1999.
A follow-up survey a year later identified new cases within the same
communities, yielding an incidence of 6 per 100,000 person-years
in 2000 (ref. 34). This study demonstrated the effects of enhanced
health-care infrastructure on identifying new cases that would have
otherwise remained undetected, contributing to the observedincrease
inincidence of IBD**.

However, the unmasking of IBD incidence alone does not fully
explainthe transition fromstage1to stage 2, nor the subsequentaccel-
eration in incidence’, as demonstrated by a study from Telangana
state, India*. Between 2020 and 2022, investigators conducted arural
outreach programme, bringing gastroenterologists and a mobile
endoscopy unit to underserved villages®. They identified IBD in 5.6%
of symptomatic individuals, a rate comparable to that observed in
urban centres and substantially higher than found in the 2006 sur-
vey of over 4,800 villages, which found only two cases of IBD (0.1%)
out of 1,500 colonoscopies performed in symptomatic individuals®.
Although some discrepancies might be attributed to methodological
heterogeneity*®, the data collectively highlight the progression of IBD
in India, even when accounting for improved access to health-care
infrastructure®.

As IBD evolves within asociety, ulcerative colitis is initially diag-
nosed more frequently than Crohn’s disease; however, this ratio
narrows over time”. Collectively, in stage 1 regions, the incidence
ratio of ulcerative colitis to Crohn’s disease is 3.2:1, compared with
1.5:1in stage 3 regions®. This shift could be explained by improved
health-care resources as increased access to colonoscopy facili-
tates the diagnosis of mild Crohn’s disease that might otherwise go
undetected”.

Although health-care advances play a critical part in unmasking
hidden cases, environmental and societal factors drive the genuine
increase in IBD incidence’. Westernization of society — characterized
by changes in lifestyle and diet — alters the gut microbiota in geneti-
cally susceptible individuals, contributing to the development of IBD’.
Environmental determinants of IBD have been extensively reviewed in
theliterature®®**, highlighting risk factors such as smoking*°, consump-
tion of ultra-processed foods* and childhood antibiotic use*?, which
are associated with heightened risk. Conversely, protective factors
including breastfeeding®’, adhering to a Mediterranean diet* and
maintaining healthy lifestyle habits (such as adequate sleep, physical
activity and a healthy weight)* could reduce the likelihood of devel-
oping IBD. Moreover, studies published in the past couple of years
suggest that population-level shifts in environmental exposures —
such as air and ingestible pollutants, agricultural practices, and the
alteration of food composition through additives and emulsifiers —
might contribute to the milieu that fosters the development
of IBD***,

After transitioning to stage 2, the trajectory of rising and peak
incidence varies across regions®. This regional heterogeneity in
incidence values and trends is influenced by several factors, includ-
ing geographical differences in genetic susceptibility (for example,
population-level variability in the NOD2 gene)*® and variationsin how
environmental exposures affect different populations (for example,
the absence of an association between smoking and Crohn’s disease

in Asia)*’. Additionally, disparities in clinical access and health-care
resources can influence the likelihood of IBD diagnosis®’, whereas
the methodological rigour and completeness of disease surveil-
lance systems — particularly in stage 1 and stage 2 regions — affect
thereliability of incidence and prevalence estimates®. Collectively,
these factors shape the timeline forincidence stabilization, the pla-
teau level it reaches, and the long-term growth in prevalence over
subsequent decades.

Forecasting the future prevalence of IBD
Understanding shifts in disease prevalence, demographic changes and
theevolvingburden of disease enables health systems to strategically
allocateresources and plan for future demands. Accurate forecasting
enables policymakers and health-care systems toimplementinformed
changesto positively shape societal and individual health outcomes™.
Epidemiologic studies in IBD from the past few years have forecast
prevalence using multiple methodologies to combine short-term
accuracy with long-term adaptability"**. This dual approach is par-
ticularly effective for modelling dynamic trends influenced by changing
demographics, incidence rates and unforeseen events. However, each
modelling approach must beinterpretedinthe context of itsinherent
limitations (Box 1).

Short-term prediction of prevalence: ARIMA models
Autoregressive integrated moving average (ARIMA) models are a
popular tool for forecasting future values based on past data. The AR
(autoregressive) component identifies temporal patterns by assuming
that prior observationsinfluence future values. The MA (moving aver-
age) component uses past forecasting errors, or residuals, toimprove
predictions. Thel (integration) component ensures stationarity, stabi-
lizing data with processes such as differencing to account for long-term
trends or repeating patterns®'.
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Fig.2 | Epidemiologic stages of IBD across global regions. A machine learning
model classified epidemiologic stages across global regions, defining coalescing
incidence ranges (25th-75th percentiles) (parta) and coalescing prevalence
ranges (25th-75th percentiles) for IBD (part b) across stage 1, stage 2 and stage 3
(ref. 4). Data source and availability: https://kaplan-gi.shinyapps.io/GIVES21.
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ARIMA’s ability to handle complex time-series data makes it
well-suited for short-term IBD prevalence forecasting. In all regions
with population-based longitudinal epidemiologic data, IBD preva-
lence has shown asteady increase. For example, in Olmsted County,
MN, USA, prevalence more than doubled from 0.15%in 1965 to 0.36%
in 1991 and nearly doubled again to 0.63% by 2019 (refs. 16,17).
National data from the USA, which includes a more racially diverse
population than Olmsted County, show similar trends, with the
overall prevalence of IBD estimated at approximately 0.7%>. This
consistentrisein prevalenceis primarily driven by incidence exceed-
ing mortality, a pattern characteristic of IBD, as most new diagno-
ses occur in young adults with a high likelihood of survival over a
limited forecasting horizon (for example, 10 years)*’. By analysing
historical epidemiologic trends, ARIMA models have been applied
to predict future IBD prevalence in countries such as Canada and
Scotland, with estimates suggesting that the prevalence of IBD is
approximately 0.85% in 2025 and will exceed 1% of the population
before 2035 (refs. 1,2,53).

Validation studies have confirmed that ARIMA models can
accurately forecast the prevalence of IBD over a short time horizon®
Anational Canadian study used historical prevalence data from 2002
to 2008 to project future prevalence', with an updated study incor-
porating datathrough 2014 for comparison”. This step enabled direct
comparison between the forecast prevalence for 2009 to 2014 in the
original study (0.64% in 2014) and the actual measured prevalence
(0.65%in2014)"

Limitations of ARIMA models arise when unexpected changes
in future incidence or mortality rates challenge the model’s accuracy
(Box 1). For example, the emergence of a cure for IBD or a new envi-
ronmental exposure that markedly increasesincidence could disrupt
historical trends and compromise forecast validity”**. Over longer time
horizons, forecast uncertainty increases, reflected by widening predic-
tionintervals around prevalence estimates. Moreover, a gradual shift
occurs in epidemiologic stage 3 that influences mortality over time:

the changing demographics of the ageing IBD population’. To explore
thetransition from stage 3 to stage 4, prevalence equilibrium, a differ-
ent modelling approach is considered: partial differential equations
(PDEs) derived from compartment models®.

Long-term predictions of prevalence: PDE

In 1991, Keiding proposed a compartment model framework for
chronic diseases that transition between health, chronicillness and
death® (Fig. 4). Transitions between these compartments were gov-
erned by age-specific and time-specific incidence rates, as well as
the mortality rate in the general population relative to that among
individuals with the chronic disease*®. Brinks, Landwehr and Hoyer,
inaseries of groundbreaking papers, explored the use of aPDE derived
from a health-illness-death compartment model to predict changes
in age-specific prevalence over time>*° (Fig. 4). PDE models have
been used to project future prevalence in chronic conditions rang-
ing from diabetes to dementia®®®, with estimates derived for chronic
immune-mediated diseases including rheumatoid arthritis, psoriatic
arthritis and IBD*%>%,

Incountriesinstagel,2or3,themaindriver of prevalenceincrease
is the time-dependent, age-specific incidence rate. Although IBD can
be newly diagnosed at any age — from infancy to old ages — most epi-
demiologic studies report annual age-specificincidence with a classic
left-skewed distribution in which incidence rises with age, often peak-
inginthe fourth decade oflife and then gradually declining thereafter®.
Some studies have suggested a double peak, with asecond smaller rise
inincidence during mid-adulthood to late adulthood, particularly for
ulcerative colitis. However, the single-peaked, left-skewed pattern has
largely remained consistent across geographical regions and time,
as demonstrated in studies from Canada in the 1990s to Brazil in the
2020s°+%, This age stratification ensures that each year, new cases are
added to the PDE model in proportion to the age-specific incidence
distribution, resultinginmore 20-year-olds than 60-year-olds entering
the projected IBD population annually.
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Fig.3|Spatiotemporal transitions across the four epidemiologic stages
infour example countries: the USA, Japan, Malaysia and Zambia. Shifts in
disease burden across four example countries are shown as they transition
through the epidemiologic stages (stage 1, emergence; stage 2, acceleration
inincidence; stage 3, compounding prevalence; and stage 4, prevalence
equilibrium). The USA is a country with epidemiologic data supporting its
progression through the first three stages and is expected to enter stage 4 in the

following decades. Japan s a stage 2 country that is on the verge of transitioning
to stage 3. Malaysiais a country that only entered stage 2 within the past decade.
Zambia’s epidemiologic datasuggest itis currently in stage 1, with a projected
transition to stage 2 as the country undergoes greater industrialization,
urbanization, westernization, and associated lifestyle and dietary changes.
Representative burden data were derived from ref. 4.
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Box 1| Challenges in forecasting prevalence of IBD

Limitations based on choice of forecasting model

A variety of statistical approaches are available for projecting
disease prevalence, ranging from linear regression to
autoregressive integrated moving average (ARIMA) models to
partial differential equations derived from health-chronic-
illness-death compartment models. Model selection depends on
data availability, model complexity and the projection horizon.
Using an inappropriate model or applying it beyond its scope can
compromise forecast accuracy.

Uncertainty over longer time horizons

As the forecast period extends, statistical uncertainty increases,
resulting in wider prediction or confidence intervals.

Quality and completeness of epidemiologic data

Reliable forecasts depend on high-quality, population-based data.
However, data availability and completeness vary across regions,
particularly in countries in an early epidemiologic stage.

Limited availability of projected inputs

Forecasting models require accurate estimates of future
demographic trends, mortality and migration in both the general
population and the inflammatory bowel disease (IBD) population.
These inputs are often lacking or imprecise, especially in
low-income and middle-income settings.

Regional heterogeneity in epidemiologic determinants
Differences in genetic susceptibility, environmental exposures,
health-care access, socioeconomic status and cultural practices

In a PDE model, scenario analyses can incorporate time and
age-dynamic variationsinincidence (Fig.4). Ifincidence remains stable,
asobserved in countries such as Canadaand the USA*", atime-constant
but age-dependentincidence rate can be applied across each calendar
year to forecast future prevalence. PDE models can also account for
variations in incidence across subpopulations, such as demographic
differences. Forinstance, epidemiologicstudies have indicated that the
incidence of paediatric-onset IBD might be rising in stage 3 countries®®,
whereas the incidence of adult-onset IBD is declining?®.

Thereasonsunderlying the differingincidence patterns between
paediatric-onset and adult-onset IBD remain unclear but could be
driven by gene-environment interactions. For instance, one study
found that children with Crohn’s disease show enrichment in NOD2
mutations, whereas adults diagnosed after 40 years of age have low
penetrance of NOD2 mutations®. By contrast, a history of smoking
was common among adults diagnosed after 40 years of age, but absent
among children diagnosed with IBD®. In adults, active smoking raises
the risk of Crohn’s disease, whereas smoking cessation increases the
risk of ulcerative colitis in adults®®. The steady decline in smoking rates
instage 3 countries from the 1980s to the 2020s could have contributed
toreducing the incidence of adult-onset IBD, with little effect on pae-
diatric IBD rates®’. Accordingly, PDE models canapply afixed increase
inpaediatricincidence (for example, +1% per year) and simultaneously
adjust adult-onset incidence downward (for example, 1% per year)°.

Important limitations in PDE models should be considered, such
as the differential mortality betweenindividuals with the chronic dis-
ease and the general population. Mortality acts as a counterbalance
to incidence, gradually reducing the size of the IBD population over
time. When mortality rates in people with chronic disease approximate

lead to variation in incidence and mortality, which might impair
interpretation of prevalence forecasts between regions.

¢ Variability in health-care access and disease management
Heterogeneity in diagnostic tools and health-care infrastructure
can influence diagnosis and prognosis, affecting prevalence
estimates and their comparability across regions.

¢ Migration and immigration dynamics
Migration between regions at different epidemiologic stages
might affect prevalence depending on the IBD risk in migrants
and their offspring, which might converge with the risk in the host
population over time.

¢ Ageing population and shifting demographics
As the IBD population ages, age-related mortality increases.
Forecasting models must incorporate these demographic shifts
and their effect on survival and prevalence growth.

¢ Evolving mortality gap between the IBD population and the
general population
Improvements in IBD care could narrow the mortality gap between
individuals with IBD and the general population, influencing
long-term prevalence projections.

o Unforeseen events influencing incidence and mortality
Sudden shifts in environmental exposures or unexpected events —
such as pandemics — that alter incidence or increase mortality
(especially in older adults with IBD) can disrupt forecast accuracy.

thoseinthe general population, age-related mortality roughly follows
Gompertz law, which describes a low baseline mortality in youth that
rises exponentially with age*’. However, the accuracy of PDE models
depends on access to reliable, age-specific mortality rates for both
individuals with IBD and the general population. These data are often
unavailable, and when they are, the model typically assumes that his-
torical differences in mortality will remain constant over time — a
limitation that might not hold true in future scenarios.

Meta-analyses published in2007 and 2010 indicated that mortality
rates are slightly higher among individuals with Crohn’s disease, but
not those with ulcerative colitis, than among those without IBD”*"% In
2011, life expectancy for individuals with IBD in Canada was 76 years
for men and 78.4 years for women, which was 6 and 7 years shorter
than for men and women without IBD, respectively”. This reduced
life expectancy associated with IBD can be attributed to higher rates
of comorbidities, such as venous thromboembolism and cardiovas-
cular disease, colon cancer, and cirrhosis in individuals with primary
sclerosing cholangitis, as well as complications directly related to IBD
such as bowel obstruction. The primary driver of these comorbidi-
ties and complications is disease activity; for instance, postoperative
mortality is over five times higher following emergent surgery for IBD
than following elective surgery”. Owing to this differential mortality,
scenario analyses can be integrated into PDE models to account for
potential age-specific changes in mortality over time. For example, a
scenario could model reduced mortality rates with the advent of safer
and more effective medical treatments with lower complication rates.

Another factor that can be incorporated into PDE models of IBD
prevalence is the rate of in-region and out-of-region population migra-
tion. For countries with low migration rates or where the migrating
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population has similar IBD rates to the modelled country (for example,
migrationbetweentwo stage 3 countries), the migration termisrelatively
insignificant and canbe omitted. However, in countries with high immi-
grationfromregions withlower IBD prevalence (for example, migration
from a stage 1to a stage 3 country), the initial effect is a dilution of the
IBD population, reducing the overall prevalence. Over time, this effect
diminishes, as studies have shown that the IBDrisk inindividuals migrat-
ingfromstage1orstage 2 regionsto stage 3regions eventuallyincreases
tothatintheir new region, particularly among first-degree offspring’®””.

Policy decisions in health care made today — such as health-care
workforce planning, resource allocation and research investment —
rely onaccurate predictions of how disease burden will evolve in com-
ing decades'. For IBD, understanding the number of individuals living
with the disease and its shifting demographicsis crucial, as the needs
of an ageing IBD population over the next 20 years will differ greatly
fromthose of ayounger population shaped by age-specificincidence
patterns from 20 years ago>". By combining the high accuracy of
short-term projections from ARIMA models with the long-term horizon
projections from PDE models, societies can develop plausible forecasts
of age-specific prevalence from 2025 to 2045 (Fig. 4). Running these
models today provides the lead time needed to adapt to the evolving
landscape of IBD in the decades ahead>>".

The global burden of IBD in 2045
InJuly 2024, the United Nations published the 2024 revision of ‘World
Population Prospects’,abiennial report summarizing global population

A Incidence (t, a)
Health Illness
l Recovery (t, a, d) J

Mortality (t, a) 1 l Mortality (t, a, d)

Death

|

B PDE model
Rate of change in Increase or
prevalence with Increase due to decrease due
time and age incidence rate to migration

N \

o @) Ca-p) | i mPR=D _
<6t =y - (-p)|i mp(R—1)+1 + z (pk(pk(m) p)
Fraction of

Decrease due
population
without disease

—

to differential
mortality rate

Fig. 4| An example of acompartment model framework for IBD. The
compartment model for a chronic disease illustrates how individuals transition
between three states: healthy, illand deceased. These transitions are influenced
by the individual’s age (a), disease duration (d) and calendar time (t). New cases
ofillness arise at the incidence rate (incidence (t,a)), whereas the recovery

rate (recovery (¢t,a,d)) returns individuals from the ill to the healthy state.

Two separate mortality rates are shown: mortality (¢,a) for the healthy state

and mortality (t,a,d) for theill state, representing age-dependent and disease
duration-dependent mortality (part A). The equation in part B captures this
model mathematically, demonstrating how changes in age-specific prevalence
over time (left) are influenced by the incidence rate, adjusted for the differential

size and demographics from 1950 to 2023, and projecting changes in
population size and age distribution through 2100 using Bayesian
probabilistic hierarchicalmodels™”. In1950, the global population was
2.5billion, doubling to 5billion by the mid-1980s, reaching 6.2 billion at
the turn of the twenty-first century, and growing to 8.2 billion by 2025
(ref. 79). Although the population will continue to expand throughout
the twenty-first century, the growth rate has been slowing since the
1990s — from 1.75% per year t01.35%in 2000, 1%in 2019, 0.84%in 2025
and an anticipated 0.5% in 2045. This deceleration is attributed to an
ageing population, increasing age-related mortality and a decline in
globalfertility rates, which dropped from approximately five live births
perwoman duringthe 1950s and 1960s to 2.24 in 2025, and are projected
to remain stable to 2045 at 2.21 per woman’’. As a result, the global
populationis expected to gradually rise to 9.44 billion by 2045 (ref. 79).

As populations age and demographic growth slows, the epide-
miologic profile of chronic conditions such as IBD is also expected
to shift, influencing future health-care demands. What proportion of
the 9.44 billion people living on Earth will have IBD in 2045? Answer-
ing this question requires understanding how regions worldwide will
transition across epidemiologic stages during the period to 2045.
A dual approach is necessary: global studies provide the ‘forest’, cap-
turing overarchingtrends, whereas local analyses focus onindividual
‘trees’, addressing the unique nuances of each society’s data, environ-
mentand projections. Collecting data and forecasting outcomes pro-
vides the cruciallead time needed to prepare for the rising prevalence
and ageing in the IBD population in 2045. This foresight enables the

C  stableincidence scenario Decreasing incidence scenario

a b
) )
8 O5O
Q Q
(@) o 40
Q Q
5 5 30
< <
0] o 20
8] 8]
5 g 10
o o
6] o
£ £

Qo
o
o

(1]

Prevalence (%)
Prevalence (%)

Age (years) Age (years)

mortality between the general population and individuals with IBD, and
accounting for migration from regions at different epidemiologic stages (right).
Part C presents representative scenario analyses illustrating how incidence
patterns affect the age structure of prevalence. A stable incidence rate from

2015 to 2045 (panel Ca) results in an upward and rightward shift of age-specific
prevalence, with prevalence equilibrium occurringin the 2040s (panel Cc).

By contrast, a scenario with slowly declining incidence (panel Cb) achieves a
lower prevalence and an earlier transition to prevalence equilibrium (panel Cd).
Representative dataand model are based on methodology presented in refs. 4,55.
PDE, partial differential equation.
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IBD community to prioritize research efforts on disease prevention
while innovating care delivery to meet the evolving needs of the IBD
populationin2045 (ref. 33).

Global epidemiology in 2045

In2025, stage 1 countriesin Africa, Asiaand Latin Americaare expected
to maintain low incidence and prevalence of IBD until societal, eco-
nomicand environmental factors trigger arapidrise inincidence’. The
rate ofincrease and the peakincidence during transitions across stages
will vary by region, shaped by the interplay of environmental exposures,
genetic backgrounds and health-care infrastructure®,

The timing of societal triggers that drive the transition from
stage 1 to stage 2 remains uncertain. Identifying these transitions is
further complicated in stage 1 regions due to the lack of robust epi-
demiologic surveillance tools required to track population-based
incidence and prevalence. However, multi-country prospective cohort
studies, such as the Global IBD Visualization of Epidemiology Stud-
ies in the twenty-first century (GIVES-21) and Inflammatory Bowel
Disease-Emerging Nations Consortium, are generating high-quality
researchinregions withscarce epidemiologic dataon IBD**®. Through
longitudinal data, annualized trends can be integrated into the machine
learning epidemiologic stage classifier to better understand transitions
fromstage 1tostage2 (ref. 4).

Despite growing researchin stageland stage 2 regions, many coun-
triesstill lack the infrastructure and resources to conduct epidemiologic
studies. Extrapolating data from regions with available information to
those without enables modelling estimates of IBD epidemiology. For
example, the Global Burden of Disease (GBD) project providesincidence
and prevalence estimates for every country by modelling data from
regions withavailable information and extrapolating to nearby regions
with no data. However, GBD models do not account for epidemiologic
differences across stages, leading to underestimation of prevalence in
stage 3regions and overestimation of incidence in stage 1 regions®. For
instance, despite several high-quality population-based prevalence
estimates from Canada"®, the 2017 GBD model provided a tenfold lower
prevalence for Canada (-50 per 100,000 population) than the actual,
non-modelled prevalence estimates®. In the 2019 revision, this value
was adjusted upward but remained substantially underestimated at~350
per100,000 population®*. These discrepancies, despite the success of
the GBD ingenerating high-quality global estimates for numerous other
conditions®, highlight the complex and nuanced nature of IBD epidemio-
logic data. To accurately estimate the global burden of IBD, modelling
efforts mustintegrate epidemiologic stage frameworks and incorporate
precise local data to minimize underestimations or overestimations™.

Stage 2 regions such as Japan, Brazil and South Korea, which are
likely to transition to stage 3 over the next decade, might not experi-
ence the same magnitude of IBD incidence over time as observed in
current stage 3 countries®***¢%, Consequently, they might not reach
the same prevalence peak during stage 3. However, even if the preva-
lenceof IBDin Asiaand Latin Americaremains a fraction of thatin 2025
in early industrialized countries, the sheer population size in these
regions will resultinan absolute number of IBD cases that far exceeds
those managed in North America and Europe by 2045 (refs. 31,50).
Thus, a concerted effort to address the rising global burden of IBD
in 2025 is crucial to effectively manage the anticipated challenges of
2045 (refs.9,10).

Other regions with delayed economic advance that only recently
transitioned into stage 2, such as China, might remain in stage 2 over
the nexttwo decades®. However, the continuousrise inIBD incidence in

these regions means that new cases will predominantly affect younger
individuals®. Consequently, those primarily affected by IBD in stage 2
regions are working-age adults with IBD or parents caring for children
with IBD. This particular age demographic faces both the increased
direct cost of accessing expensive therapies and the indirect cost of
managing a chronic illness, such as loss of educational opportunity
and reduced work productivity®*?°,

The fundamental question for stage 3 regionsis how long the tran-
sition to stage 4 will take and at what level prevalence will peak during
this process. In Canada, incidence has stabilized at 30 per 100,000
person-years®. PDE modelling, which incorporates the changing
demographics of an ageing IBD population, predicts a slowing rate
of increase in prevalence throughout the 2030s. By the 2040s, the
model estimates that the rate of change in prevalence willapproach 0%
over a 5-year period, suggesting that Canada will achieve prevalence
equilibrium (stage 4) by 2043, witha prevalence 0f1.05%". By contrast,
PDE models for Denmark predict substantially higher prevalence of
IBD, rising from 1.19% in 2025 to 1.44% in 2035, and reaching 1.59%
by 2043 (ref. 4). Scandinavian countries have consistently reported
higher incidence and prevalence of IBD than other early industrial-
ized countries®. Although most stage 3 countriesin North Americaand
Europe showed stabilization of incidence during the first decade of the
twenty-first century?®, incidence in Denmark continued to climb”, with
only data published in2023 indicating stabilization since 2020 (ref. 92).
Asaresult, modelling for Denmark suggests that prevalence will peak
higher thanin Canadaandthatit will take longer for Denmark to achieve
prevalence equilibrium®.

Scenario analyses that adjust age-specific incidence projections
haveimportantimplications for future prevalence estimates. For exam-
ple, ifincidence in Denmark continues to rise by 2% per year over the
next two decades, the prevalence of IBD is projected to reach 1.76%
by 2043 (ref. 4). Conversely, a 2% annual decline in incidence would
resultinaprevalence of1.45%, with the PDE model predicting a slowing
growthrate, achieving prevalence equilibriumin the 2040s*. Similarly,
in Canada, a scenario analysis modelling a modest 2% annual decline
in age-stratified incidence projected that prevalence would actually
decrease, falling below 1% by 2045 (ref. 4) (Fig. 4). These projections
underscore that future prevalence estimates for stage 3 regions depend
heavily on the ability of local regions to influence incidence trends over
the next two decades.

Addressing the global burden of IBD in 2045

By 2045, most countries will be in stage 2 or stage 3 of IBD evolution,
with fewer countries remainingin stage 1and some potentially achiev-
ing stage 4 (refs. 4,5). Globally, all nations must anticipate and prepare
for the rising burden and shifting demographics of IBD within their
regions. Insights from PDE modelling of stage 3 countries transition-
ing to stage 4 suggest that even modest changes in annual incidence
caninfluence prevalence estimates for the 2040s. Preventive health
strategies aimed atreducingincidence over time have the potential to
alter prevalence trajectories and, in some cases, reverse the trend. In
the interim, every health-care jurisdiction must focus on optimizing
disease management, innovating care delivery, and implementing
cost-effective strategies to mitigate the burden of IBD (Fig. 5).

Reducing the incidence of IBD — an achievable goal? The discovery
of novel biomarkers of disease risk, combined with advances in pre-
dictive modelling, presents an opportunity to identify individuals at
highrisk of developing IBD*>*. Identifying these high-risk individuals
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could enable the design ofinterventional studies aimed at delaying or
preventing IBD onset’**, Potential interventions mightinclude phar-
macological therapies, preventive microbiome-targeted strategies,
dietary modifications or vaccination. Proven preventive strategies
targeting individuals with high-risk biomarkers could modify disease
risk and reduce IBD incidence in the future® .

Work in pre-disease cohorts has identified promising blood
and faecal biomarkers predictive of IBD development. Antibodies
such as perinuclear anti-neutrophil cytoplasmic antibodies (pANCA)
and anti-Saccharomyces cerevisiae mannan antibodies (ASCA) were
detected prior to the diagnosis of ulcerative colitisand Crohn’s disease,
respectively®. Pre-disease antimicrobial serum antibody responses”’
and autoantibodies to granulocyte-macrophage colony-stimulating
factor (GM-CSF)”® were observed years before the diagnosis of Crohn’s
disease. Beyond serology, protein signatures such as those related
to intestinal barrier integrity and macrophage function have also
demonstrated predictive value years before clinical diagnosis® %%

Alterations in gut microbial communities were detected up to
5years before a Crohn’s disease diagnosis'®®, whereas elevated faecal
proteolytic activity was observed prior to ulcerative colitis onset'*".
The Crohn’s and Colitis Canada Genetic, Environmental, Microbial
(CCC-GEM) project, which tracked over 5,000 healthy first-degree
relatives of people with Crohn’s disease, developed the GEM-Integrated
Risk Score, amachinelearning model thatintegrates clinical data, stool
biomarkers (such as calprotectin levels) and microbiome profiles,
and demonstrates high accuracy in predicting Crohn’s disease risk'®.
Moreover, ongoing research is evaluating simple serum-based risk
scores that could serve as more feasible alternatives or complements
to stool-based predictive tools®”.

The ultimate objective of identifying pre-disease biomarkersis to
differentiate individuals at lower risk fromthose at higher risk, enabling
targeted interventions. For high-risk individuals, strategies such as
dietary modifications or faecal microbial transplantation to improve
microbiome composition could be explored to determine whether
these approaches reduce the future risk of developing IBD?>~%1°°,

Certain pre-disease biomarkers such as neutralizing anti-GM-CSF
autoantibodies are elevated in individuals who later develop a more
complicated disease course of Crohn’s disease”. Those at higher risk
of developing severe Crohn’s disease with complications could be
considered for proactive pharmaceutical therapies aimed at delay-
ing the onset and reducing the severity of IBD**'?”, This concept is
analogous to randomized controlled trials involving teplizumab,

which slowed the onset of type 1 diabetes in relatives at high risk of
disease development'®®, and abatacept, which curtailed the progres-
sion of rheumatoid arthritis in those with serological markers of
emerging disease'”’.

A more ambitious preventive strategy involves developing a vac-
cineto preventthe onset of IBD. Advances in microbiome analysis may
eventually lead to the identification of pathogenic microorganisms
that contribute to disease onset, paving the way for vaccines that
target these microorganisms for disease prevention or modulation'*® —
a strategy recently piloted against Mycobacterium avium complex
in those with active Crohn’s disease'’. The advent of mRNA technol-
ogy has created new opportunities to modulate immune responses,
as demonstrated in multiple sclerosis™ . In animal models, mRNA
vaccines delivering multiple sclerosis autoantigens to dendritic cells
have shown the ability to reduce disease severity and progression™ ',
Although vaccine research in IBD is still in its infancy, future studies
could explore targeting specific microorganisms or modulating the
immune response to reduce disease risk.

Although targeting individuals at high risk of disease with proven
preventive interventions is the ideal scenario, implementing this
approach into clinical practice remains a long-term goal. In the mean-
time, population-level strategies to modify environmental exposures
offer a practical approach the clinical community can adopt today®*.
Initiatives such as smoking reduction policies, promoting breastfeed-
ing, judicious antibiotic use, minimizing exposure to environmental
pollutants in air and food and encouraging healthy diets (for example,
Mediterranean diet) can generate cohort-wide effects, lowering expo-
surerisks and potentially preventing future cases™*>**"*, Advocacy for
health-promoting policies, such as fostering balanced diets and healthy
lifestyles, could further contribute to reducing IBD incidence onasoci-
etallevel****"* Moreover, emphasizing population-level interventions
targeting lifestyle and dietary habits in low-income and middle-income
countries is crucial to curbing the rise of IBD as these regions undergo
economicdevelopmentand adopt characteristics of Westernsocieties™.

Although controlled interventional trials are currently lacking,
cumulative evidence supports the integration of environmental health
strategies into preventive care™. Lifestyle factors present a promis-
ing avenue for reducing IBD risk. Observational studies suggest that
dietary and behavioural modifications can markedly influence dis-
ease risk’. Specifically, adhering to a combination of healthy lifestyle
practices — including minimal alcohol intake; maintaining a healthy
weight; engaging in regular physical activity; avoiding smoking;
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consumingadiet richinfruits, vegetables, fibre, nuts, seeds and fish; and
limiting red meat — could lower the incidence of IBD*. Estimated preven-
tionratesrange from48.8%t0 60.4% for Crohn’s disease and from 46.8%to
56.3% for ulcerative colitis**. By emphasizing environmental and lifestyle
modifications, IBD prevention might be possible while simultaneously
promoting overall healthand reducing other age-related comorbidities,
such as diabetes, cardiovascular disease, cancer and dementia™*®*,
Governmental and non-governmental organizations will need to
fund the translational, clinical and public health research necessary
to build the evidence base for preventive health'>". However, these
investments hold the potential to not only enhance patient well-being
but also alleviate broader societal and economic pressures'. Reduc-
ing the incidence of IBD and achieving prevalence equilibrium more
rapidly would enable health-care resources to be redirected towards
enhancing the management of individuals living with IBD'*,

Innovating health-care delivery to needs. Societies might be
ill-equippedto address the growing global IBD population while main-
taining equitable, accessible and high-quality health care without a
concerted effort to innovate health-care delivery and models of care.
Over the next two decades, collaboration among patients, providers
and policymakers will be essential to developing systems that optimize
health outcomes, quality of life and cost-efficiency for individuals
living with IBD'" (Fig. 5).

Patients play a critical part by advocating for IBD prioritization
within health-care systems, adhering to disease management plans,
participating in surveillance monitoring and adopting healthy life-
style habits that improve outcomes"*"”. The International Organi-
zation for the Study of Inflammatory Bowel Diseases has published
guidelinesrecommending lifestyle and environmental modifications
for people living with IBD, including smoking cessation, adherence
to aMediterranean-type diet, regular physical activity and managing
mental health conditions®*. Research should focus on understand-
ing patient preferences and improving engagement to ensure that
individuals with IBD and their care-givers are supported in actively
participatingin their own care®".

Multidisciplinary care teams are essential for managing the mul-
tifaceted needs of people with IBD, including gastroenterologists,
colorectal surgeons, non-gastrointestinal specialists, primary care
physicians, nurses, nurse practitioners, pharmacists, dietitians and
counsellors"®, Multidisciplinary teams can address diverse patient
needsacross age, gender, socioeconomic status and geographicalloca-
tion, while considering variations in disease phenotype, preferences
and acceptance of care”. Although multidisciplinary, personalized
care adds complexity, strategies can enhance efficiency today and
guide future research. Shifting to home-based care models, such as
telemedicine and remote monitoring (for example, home faecal cal-
protectintesting), canalleviate clinic constraints for expanding patient
populations"®72°_Similarly, clinic-based surveillance tools, suchas bed-
sideintestinalultrasonography, enablereal-timeintervention, reducing
reliance oninvasive and costly endoscopic monitoring'?. Home-centric
care models can improve access for individuals facing barriers
such as logistical challenges for older individuals or geographical
limitations in rural areas?*'?,

Theincreasingburden of IBD on patients, care-givers, health-care
systems and society — marked by rising prevalence and escalating
health-care costs® — places further strain on systems already challenged
to deliver efficient, accessible and equitable care®". The reliance on
costly advanced therapies such as biologic agents is a major driver of

IBD-related expenses®’. However, these costs can be mitigated through
the integration of biosimilars and generic medications, alongside
government-led efforts to negotiate reduced drug prices'*'**. Savings
from these strategies could be reinvested to improve health care for
individuals living with IBD¥.

Although IBD is currently considered an irreversible chronic
disease, compartment models include a recovery term, allowing for
the possibility of a return to a non-diseased state*’ (Fig. 4). Although
PDE models typically exclude recovery as a factor influencing future
prevalence (in the absence of a transformative discovery that cures
IBD), recovery need not imply complete disease eradication. Instead,
recovery might encompass achieving deep, sustainable transmural
and histological remission. Within the PDE framework, incorporating a
recovery component could allow researchers and health-care planners
to define strata of patient outcomes (for example, sustained remission
offtherapy) and generate forecasting projections that stratify the IBD
population by varying levels of disease activity or remission.

Over the next two decades, advancesin understanding IBD patho-
genesis could enable strategies such as microbiome modulation or
immune system reprogramming to redefine recovery. Although these
approaches might not cure IBD in the traditional sense (as with infec-
tious diseases or early-stage cancers), they could substantially reduce
theburden of the disease to the extent that its effects on the individual,
health-care provider and society become negligible. In such cases,
individuals in deep remission might be considered recovered and
excluded from the prevalent IBD population.

Artificial intelligence holds substantial potential to enhance
efficiencies in care delivery and advance research into disease
prevention'”. Asan underlying, unifying thread, artificial intelligence
cansupportcollective efforts toreduce IBD incidence through preven-
tive strategies and drive innovation in health-care delivery models to
address the growing global burden of IBD'* (Fig. 5).

Conclusions

Inthe twentieth century, IBD was often described as a Western disease.
However, by the turn of the twenty-first century, its global reach had
expanded to include early industrialized countries in North America,
Europe and Oceaniaand newly industrialized and developing regionsin
Africa, Asiaand Latin America. A century’s worthof incidence and preva-
lence data haverevealed predictable temporal shifts in epidemiologic
patterns across geography and time. As such, future definitions of IBD
epidemiology should move away from arbitrary geographical classifi-
cations and adopt the framework of the four epidemiologic stages as
the gold standard. In2025, every country falls into one of the first three
stages, with transitions through the stages expected over the next two
decades. By using accurate short-term modelling (for example, ARIMA)
and flexible long-term modelling (for example, PDE), we can forecast
these transitions, enabling countries to prepare for the anticipated
rise in prevalence and shifts in the demographics of their IBD popula-
tions. Armed with these predictive tools, we can collectively prioritize
research aimed at preventing IBD and innovate health-care delivery to
meet the challenges posed by the rising global burden of the disease.

Data availability

Global IBD epidemiologic datadepictedin the figures are providedin
anopen-access,downloadable, online interactive source, the ShinyApp:
https://kaplan-gi.shinyapps.io/GIVES21.
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