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During the twentieth century, inflammatory bowel disease (IBD) was considered a
disease of early industrialized regions in North America, Europe and Oceania'. At the
turn of the twenty-first century, IBD incidence increased in newly industrialized and
emergingregionsin Africa, Asiaand Latin America, while the prevalence in early
industrialized regions continued to grow steadily**. Changes in the incidence and
prevalence denote the evolution of IBD across four epidemiologic stages: stage 1
(emergence), characterized by low incidence and prevalence; stage 2 (acceleration
inincidence), marked by rapidly rising incidence and low prevalence; and stage 3
(compounding prevalence), where the incidence decelerates, plateaus or declines
while the prevalence steadily increases. A fourth stage (prevalence equilibrium) has
been proposed in which the prevalence slope plateaus due to demographic shiftsin
an ageing IBD population, butit has not yet been evidenced. To date, these stages
have remained theoretical, lacking specific numerical indicators to define transition
points. Here, using real-world data from 522 population-based studies encompassing
82 global regions and spanning more thanacentury (1920-2024), we show spatiotemporal
transitions across stages 1-3 and model stage 4 progression. Understanding the
evolution of IBD across epidemiologic stages enables healthcare systems to better
anticipate the future worldwide burden of IBD.

IBD, consisting of Crohn’s disease (CD) and ulcerative colitis (UC), was
first recognized in the 1800s’. In the early twentieth century, IBD was
considered arare disease among the descendants of Europeans who
colonized North America and Oceania (hereafter referred to as early
industrialized regions)®. The changing epidemiology of IBD is charac-
terized in terms of incidence (new diagnoses reported per 100,000
person-years) and prevalence (total affected individuals per 100,000
personsatagiventime); for brevity, the units ‘per 100,000’ are omitted
inthe following text. After the Second World War, the incidence of IBD
inearly industrialized regions increased rapidly®. Although the reasons
for thisincrease remainincompletely understood, evidence suggests

environmental factors associated with Westernization of society—for
example, increased smoking, Western diet and improved hygiene—may
have substantially contributed by altering mucosalimmune responses
to the intestinal microbiome in genetically susceptible individuals®”’.

Duringthelatter half of the twentieth century, IBD was infrequently
diagnosed inregions of Africa, Asia and Latin America that predomi-
nantly beganindustrialization after the Second World War (hereafter,
newlyindustrialized regions) and low-income, developing areas (here-
after, emerging regions)>. By the twenty-first century, the incidence
stabilized in many early industrialized regions, except in children, in
whomit continues torise, whereas the prevalence of IBD continued to
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climbsteadily across all age groups*®. Although IBD cases in emerging
regions remain sporadic, since 2000, newly industrialized regions
havereported asharpincreaseintheincidence of UC, followed by CD".
Today, IBD affects millions of people worldwide*.

The globalization of IBD has invalidated the historical notion that
IBDis specific to the ‘Western world™. Here, we advance the theory that
IBD evolves temporally and spatially across four distinct epidemio-
logic stages. Stage 1 (emergence) is characterized by lowincidence and
prevalence; stage 2 (acceleration inincidence) involves rapidly rising
incidence year-over-year, while the prevalence remains low; stage 3
(compounding prevalence) is marked by the slowing, stabilization or
decreaseintheincidence, withthe prevalence continuingtoaccumu-
late dueto decades of rising incidence outpacing mortality; and stage 4
(prevalence equilibrium) occurs when the prevalence plateaus due to
mortality approximating incidence as the IBD population advances
in age’. By clearly defining these epidemiologic strata with specific
benchmarks for transition across stages, regions can better prepare
their healthcare systems to manage the stage-specific burden of IBD.

Trendsinincidence and prevalence of IBD

Weidentified real-world data of 522 population-based studies reporting
the incidence (n=463) and/or prevalence (n =243) of CD and/or UC,
encompassing 82 countries, nations or territories (henceforth referred
toasregions) and spanning the years1920-2024 (Supplementary Fig.1
and Supplementary Tables 1and 2). Over the past century, the epide-
miologic trends in the incidence (Fig. 1a,b) and prevalence (Fig. 1c,d)
of IBD follow distinct geographical and temporal patterns.

UCwasfirstrecognized in the nineteenth century, while Crohn, Ginz-
burgand Oppenheimer’s seminal 1932 paper on regional ileitis (later,
CD) solidified CD as a distinct condition®®. Consequently, data on the
incidence of IBD during the early decades of the twentieth century are
sparse, and prevalence data are non-existent (Fig. 1and Supplementary
Fig.2). Today, with over a century of epidemiologic data, we can analyse
distributions by region and decade. We calculated coalescing ranges
(CR)forincidence (CR-I) and prevalence (CR-P), as defined by the 25th-
75th percentiles within these strata. By the 1940s, the diagnosis of IBD
was establishedin early industrialized regions (Fig.1a,b). For example,
inthe 1940s, the CR-Ifor CD and UCin the United States was 1.15-2.30
and1.02-2.41, respectively, whilein the 1950s, Europe showed arising
IBD incidence, with UC more commonly diagnosed than CD, such as
Sweden’s CR-10f1.88-7.50 for UC and 0.97-2.18 for CD (Fig.1a,b and
Supplementary Figs. 3a and 4a).

Subsequently, early industrialized regions in North America, Europe
and Oceania experienced rapidly rising incidence, which stabilized in
many regions around the turn of the twenty-first century (Fig. 1a,b).
Longitudinal data from Cardiff, Wales (1931-2008) demonstrated a
steadyincreasein CDincidence, withrates nearly doubling each decade
from 1.17 (1946-1955) to 7.09 (1976-1985), before levelling off at 5.88
(1986-1995) and 6.64 (1996-2005)™° (Supplementary Fig. 5a).

The highest incidence of IBD, particularly UC, has been reported in
Scandinavia (Fig.1a,b). In Denmark, incidence steadily increased from
the 1970s (CR-I: 2.05-3.55 for CD; 6.50-9.12 for UC) to 1990s (CR-I:
7.30-10.68 for CD;13.18-20.99 for UC) and to 2010s (CR-1:12.62-15.84
for CD;22.21-30.64 for UC) (Fig. 1a,b and Supplementary Fig. 6a). The
highest ever reported UC incidence was 73.7 in the Faroe Islands in
2011 (ref. 11) (Fig. 1a,b and Supplementary Fig. 7a). Only a small num-
ber of early industrialized regions report population-based incidence
exceeding 40 per 100,000 for either UC or CD separately (Extended
DataFig.1). Thus, 40 per 100,000 serves as a ceiling threshold for the
incidence of CD or UC. Regions with methodologically reliable data
that exceed this threshold should be prioritized for further study to
identify environmental determinants of IBD.

After decades of risingincidencein early industrialized regions, the
prevalence of IBD has steadily climbed (Fig. 1c,d). In Olmsted County,

the prevalence of IBD increased from 0.12% in 1965 to 0.35% in 1991,
0.56% in 2011 and 0.63% in 2019 (Supplementary Fig. 3b). A separate
US study estimated the national prevalence to be 0.72% in 2018™. In
Lothian, Scotland, IBD prevalence increased from 0.57% to 0.78%
between 2008 and 2018 (ref. 13) (Supplementary Fig. 8b), with fore-
casts from Canada and Scotland predicting that 1% of the population
will be living with IBD by 20307,

Duringthe twentieth century, epidemiologic datafrom newly indus-
trialized and emerging regions in Africa, Asia and Latin America were
sparse, with any available datareporting incidence and prevalence far
lower than those in early industrialized regions (Fig. 1). By the turn of
the twenty-first century, epidemiologic data began to indicate that
newly industrialized regions were entering a stage of rapidly increas-
ingincidence. Thisincreaseinreportedincidence canbeattributed to
both improved identification of cases through advanced diagnostic
capabilities and a true increase in incidence driven by environmental
determinants®”’.

Japan provides some of the earliest datafrom anewly industrialized
region, spanning1955t0 2000 (Fig.1a,b and Supplementary Fig.9). The
incidence of IBD in Japan before the 1970s was less than 0.25, increas-
ing to over 0.4 by 1980. By 2000, the incidence had increased tenfold
reaching 4.77 and 1.27 for UC and CD, respectively (Supplementary
Fig. 9a). South Korea showed similar patterns, with low incidence in
the 1980s (CR-1: 0-0.03 for CD; 0.21-0.33 for UC) increasing steadily
into the 2010s (CR-1:2.20-3.20 for CD; 4.11-6.27 for UC) (Fig. 1a,band
Supplementary Fig.10a). Regions with slower economic development
experienced adelayed onset of rapidly rising incidence, as seenin China
and Malaysia, where incidence substantially increased after 2000 (Sup-
plementary Figs. 11a and 12a).

Brazil demonstrates a clear case of rising incidence in Latin America,
starting with low ratesin the 1980s (CR-1: 0.08-0.40 for CD; 0-0.46 for
UC), andincreasinginthe2000s (CR-1: 0.34-0.98 for CD; 0.53-1.04 for
UC) and 2010s (CR-1:1.21-3.22 for CD; 2.42-5.66 for UC) (Fig.1a,b and
Supplementary Fig.13a). Heterogeneity within Brazil highlights higher
IBD incidence in more-urbanized, developed areas; for example, the
prevalenceinthe more densely populated and economically advanced
Sao Paulo (182.81in2020) was three times that of Piaui (59.94 in 2020)*°.

The highest prevalence of IBD in newly industrialized regions was
observedinareas whereincidence increased earlier. Japan’s prevalence
increased from 0.067% in 2000 to 0.165% in 2016 (Supplementary
Fig. 9b). Brazil showed a similar trend, with prevalence rising from
0.014%in2000t0 0.1% by 2020 (Supplementary Fig.13b). By contrast,
regions in which the incidence surged after 2000 report much lower
prevalence. For example, Colombia’s prevalence reached 0.067% in
2017 (Supplementary Fig.14b), matchingJapan’s 2000 level. Similarly,
China (Supplementary Fig. 11b), Malaysia (Supplementary Fig. 12b)
and Taiwan (Supplementary Fig.15b) allhad an IBD prevalence below
0.03% in the most recent year of data (China, 2016; Malaysia, 2018;
Taiwan, 2023).

Thefirst three epidemiologic stages of IBD

The observed differencesinIBD incidence and prevalence across vari-
ous geographical areas over the past century suggest that epidemio-
logic patterns shift through time. To further explore these trends and
characterize the epidemiology of IBD independently of geography
and time, we developed a machine-learning classifier to determine
the epidemiologic stage of global regions. This methodology not only
automates the classification of stages across a large, heterogenous
dataset but also establishes benchmarks forincidence and prevalence
that canbe applied to new data as they become available.

Derived from the systematic review, the observed incidence and
prevalence data, along with their change over time (Supplementary
Fig.16),informed aniterative labelling process that resulted in a train-
ing dataset with a subset of regions labelled as epidemiologic stage 1,
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Fig.1| Theincidence (per100,000 person-years) and prevalence (per
100,000) of IBD by decade and region. a, Theincidence of CD by decade, with
regions ranked from the highest (top) to lowest (bottom) most recent median
incidence value available. b, The incidence of UCby decade, with regions ranked
fromthe highest (top) to lowest (bottom) most recent medianincidence value
available. ¢, The prevalence of CD by decade, with regions ranked from the
highest (top) to lowest (bottom) most recent median prevalence value available.
d, The prevalence of UCby decade, with regions ranked from the highest (top)
to lowest (bottom) most recent median prevalence value available. Colour
saturation represents medianincidence/prevalence, calculated fromall studies
withinagivenregionfor thatdecade. CR values (25th to 75th percentiles) of
incidence/prevalence for the corresponding region-decade pairing are provided
inSupplementaryFig.2. Alldataare available at Figshare (https://doi.org/10.6084/
m9.figshare.24952557). Aninteractive map depicting year-over-year changes
inincidence and prevalence is available online (https://kaplan-gi.shinyapps.io/
GIVES21/). Regions are labelled with their International Organization for
Standardization (ISO) 3166-1alpha-3 codes: Algeria (DZA), Argentina (ARG),

2 or 3. We began with the assumption that many early industrialized

regions are currently in stage 3. From there, we visually inspected his-
toricaltrendsin these regions to define preliminary stage assignments
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Australia (AUS), Austria (AUT), Bahrain (BHR), Barbados (BRB), Belgium (BEL),
Bosniaand Herzegovina (BIH), Brazil (BRA), Brunei (BRN), Canada (CAN), China
(CHN), Colombia (COL), Croatia (HRV), Cyprus (CYP), Czechia (CZE), Denmark
(DNK), Estonia (EST), Faroe Islands (FRO), Finland (FIN), France (FRA), Germany
(DEU), Greece (GRC), Greenland (GRL), Guadeloupe and Martinique (GLP and
MTQ), Hong Kong (HKG), Hungary (HUN), Iceland (ISL), India (IND), Indonesia
(IDN), Iran (IRN), Ireland (IRL), Israel (ISR), Italy (ITA),Japan (JPN), Kazakhstan
(KAZ), Kuwait (KWT), Lebanon (LBN), Lithuania (LTU), Macao (MAC), Malaysia
(MYS), Mexico (MEX), Moldova (MDA), Netherlands (NLD), New Zealand (NZL),
Norway (NOR), Oman (OMN), Panama (PAN), Philippines (PHL), Poland (POL),
Portugal (PRT), Puerto Rico (PRI), Romania (ROU), Russia (RUS), San Marino
(SMR), Saudi Arabia (SAU), Serbia (SRB), Singapore (SGP), Slovakia (SVK), South
Africa (ZAF), South Korea (KOR), Spain (ESP), SriLanka (LKA), Sweden (SWE),
Switzerland (CHE), Taiwan (TWN), Tanzania (TZA), Thailand (THA), Tiirkiye (TUR),
United Kingdom (GBR), United States of America (USA) and Uruguay (URY).
Regionswith1SO3166-2 codes are as follows: Catalonia (ES-CT), England (GB-ENG),
NorthernlIreland (GB-NIR), Scotland (GB-SCT) and Wales (GB-WLS).

onthebasis of observable changesin the epidemiology of stages1and 2.
These observed trends were visually compared to trends in emerg-
ing and newly industrialized regions suspected to be in stage 1 or 2
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Fig.2|CRs of CD and UCacross epidemiologicstages1,2and 3.a, The CR-Iof
CD (left) and UC (right) across the three epidemiologic stages. Number of
observations:n=263 (CDstage1),n=1,011(CDstage2),n =796 (CD stage 3),
n=277(UCstagel),n=847 (UCstage2),n=760 (UCstage3).b, The CR-P of
CD (left) and UC (right) across the three epidemiologic stages. Number of
observations:n =86 (CD stage1), n =247 (CD stage 2), n =443 (CD stage 3),
n=118 (UCstagel),n=238 (UCstage2),n=435(UCstage 3). Dataare categorized
by type (incidence/prevalence), disease type (CD/UC) and epidemiologic stage

to corroborate classifications. This method enabled us to effectively
compare current low-incidence regions with historical periods of lower
incidencein current high-incidence regions, establishing equivalencies
across varying times and geographies.

Ak-nearest neighbours (k-NN)” model supported the manual label-
ling process, facilitating aniterative refinement of classifications until
stage labels for a subset of data were agreed upon by three independ-
entreviewers. The labelled dataset was used as the traininginput fora
random-forest classifier'®, which used the magnitude of incidence and
prevalence, along with the rates of change, to inform the model and
define the three epidemiologic stages (Extended DataFig.2). After classi-
fication using a supervised random-forest model, benchmarked CR-I
and CR-P values corresponding to stages 1-3 were calculated (Fig. 2).
Although the number of epidemiologic stages was predefined, the
supervised machine-learning classifier accurately classified unseen
validation datainto the three stages with a high accuracy of 95.15%
(95% confidence interval (CI) = 92.60-97.01). Classification errors on
validation data mainly occurred in regions with datapoints between

(stagel, stage 2, stage 3), asdetermined by the random-forest classifier. For the
box plots, the centre line shows the median, the lower hinge shows the 25th
percentile (thatis, first quartile) and the upper hinge shows the 75th percentile
(thatis, third quartile). The 25th and 75th percentiles are labelled and correspond
to the CRs. Statistical analysis was performed using negative binomial regression
with post hoc comparisons of estimated marginal means with Tukey adjustment
for multiple comparisons, showingsignificant differences between all stages
fortheincidence and prevalence of CD and UC (P< 0.001for all comparisons).

the CRs, which probably represent regions in transition toward the
next epidemiologic stage.

Negative binomial regression models with post hoc comparisons of
estimated marginal means with Tukey adjustment revealed significant
differences between all stages for the incidence and prevalence of CD
and UC (all values, P< 0.001). The clear distinctions across stages define
the CRsfor theincidence and prevalence of IBD—stage 1: CR-1=0.1-1.2,
CR-P=1.2-10.5; stage 2: CR-1=3.3-10.6, CR-P = 31.2-100.5; stage 3:
CR-1=18.1-34.1, CR-P =362.9-660.1 (Fig. 2). Values that fall between
CRsindicate regions transitioning between stages. For example, Taiwan
was classified as stage 1in 2010-2019, showing increases in incidence
from1.32and prevalence from11.24in2010 to anincidence of 2.51 and
aprevalence of 21.16 in 2019. These rising trends suggest that Taiwan
was transitioning towards stage 2; with newly available data, the model
subsequently assigned a stage 2 classification in the 2020s based on
prevalence 0f29.2in2023 (Supplementary Fig.15b). These ranges may
help to define the burden of IBD on healthcare systems by providing
estimated numbers of incident and prevalent IBD cases year over year
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Fig.3|Global mapsdepicting epidemiologic stages of IBD evolution from
1950t02024. a, Epidemiologic stages from1950t01959.b, Epidemiologic stages
from1960t01969.c, Epidemiologic stages from1970t01979.d, Epidemiologic
stages from1980t01989. e, Epidemiologic stages from 1990 to 1999.
f,Epidemiologic stages from 2000 t02009. g, Epidemiologic stages from 2010
t02019. h, Epidemiologic stages from 2020 to 2024; because regions cannot

and linking the estimated rates to their respective costs and resource
needs>”.

Anoverallincreaseinincidencerates was observed over time across
stages1,2and 3, with several regions transitioning to stage 3 after 19990
(Extended DataFig. 2). Prevalence remains consistently low in regions
classified as stage 1. Prevalence noticeably increasesinstage 2 and then
rises rapidly in stage 3 (Extended Data Fig. 2). Our findings demon-
strate regional transitions across stages and highlight the increasing
number of regions included in population-based studies over time
(Fig. 3). For example, data spanning a century from the United States
display a transition from stage 1to stage 2 in the 1950s, followed by a
shift to stage 3 in the 1970s. Today, most early industrialized regions
in Europe, North America and Oceania are classified as stage 3, while
many newly industrialized regions in Latin America, East Asia and the
Middle Eastareinstage 2 (Fig. 3). Datafromemerging regionsinstage 1
(such as many regions in Africa) remain limited, as data scarcity is a
typical characteristic of this stage.

The underlying drivers of transition across stages remain unclear.
The shift fromstage1to 2 can be partially attributed to the unmasking
of incidence. As IBD begins to emerge in aregion, the local medical
infrastructure (such as access to colonoscopy) must be sufficient to
diagnose CD. In low-income regions where access to colonoscopy is
more limited than sigmoidoscopy, cases of CD may be misdiagnosed as
UC or missed entirely. We observed asignificant difference (P < 0.001)
intheUC:CDratioacross the three epidemiologic stages: amedianratio
of 3.24:1in stage 1, decreasing to 1.87:1in stage 2 and further to 1.54:1
instage 3 (Supplementary Fig.17).

Beyond the unmasking of incidence, environmental factors have
also contributed to a true increase in incidence. Industrialization,
urbanization and Westernization have been linked to increasing inci-
dence of IBD'. To quantify societal changes over time, we examined
five time- and region-specific indicators: the Augmented Human
Development Index (AHDI)?, obesity?, percentage urbanization?,
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Stage 3 (pre-2020)

No data available

regressinstage, regions without datain2020-2024 but witha previousstage 3
classification areshadedinalighter green thanregionsinstage 3 thatdo have
dataduring this period. Eachregionis coloured accordingtoits epidemiologic
stage as predicted by the random-forest classifier. Interactive maps are available
online (https://kaplan-gi.shinyapps.io/GIVES21/).

the Universal Health Coverage Service Index* and the Western Diet
Index (WDI)* (Methods). Each of these societal indicators showed a
significant difference when analysed by stage (Extended Data Fig. 3);
for example, on a 0-1scale, the median AHDI increased from 0.39
instage1to 0.53 in stage 2 and to 0.70 in stage 3 (P < 0.001 between
epidemiologic stages).

Mathematically modelling the transition to stage 4

Partial differential equations (PDEs) were developed to model time-
dependent prevalence® for three stage 3 regions: Canada, Denmark
and Scotland. Prevalence was modelled out to 2043, the last common
year of projected population data available?*® (Fig. 4a). On the basis
ofthe assumption of stableincidence over time, calculated as the mean
incidence for each age group over the most recent 8-year period, the
models indicate a rising prevalence in each region: Canada (0.65% in
2014 t0 0.83% in 2025 to 0.96% in 2035 to 1.05% in 2043); Denmark
(0.86%in 2014 t01.19% in 2025 t0 1.44% in 2035 t0 1.59% in 2043); and
Scotland (0.74% in 2014 t01.04% in 2025 t01.32% in 2035t01.51% in
2043) (Fig. 4a). Time-dependent prevalence stratified by IBD type
shows a similar distribution of CD and UC prevalence in Canada over
the next 20 years, while UC s projected to be more prevalent than CD
inScotland and Denmark (Supplementary Fig. 18a,b).

Modelled prevalence continues to climb for each region; however,
therate of prevalence growth decreases, signalling a transition towards
stage 4. This transition occurs as mortality begins to approximate inci-
dence, leading to a slowing of prevalence growth—a state driven by
an ageing IBD population. For example, in Canada (observed data,
2007-2014), we observe a greater growth in prevalence among older
adults compared with in the paediatric and young-adult age groups
(Supplementary Fig.19a); similar trends are seenin Denmark (observed
data, 2010-2017) and Scotland (observed data, 2010-2017) (Supple-
mentary Fig.19b,c). Ineachregion, PDE-modelled prevalence indicates
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that the prevalence among older adults and older people with IBD will
steadily increase across 2023-2043 (Supplementary Fig.19a-c).

The prevalence growth rate (that is, slope) decreases in each ana-
lysed region, as calculated using central difference approximations®
(Fig.4b).In Canada, the slope decreases from 0.018% per year in2015 to
0.010% per yearin2042.InDenmark and Scotland, the slope decreases
from 0.033% per year in 2018 to 0.018% and 0.022% per year in 2042,
respectively. When examining a 20-year period of overlapping data
(2022-2042), all three regions exhibit similar reductionsin prevalence
growthrates (P=0.947). Aslowing of prevalence growth rates was also
observed in central difference approximations for both CD and UC
(Supplementary Fig.18c,d).

Inaddition to modelling prevalence with stable incidence rates, we
modelled four additional incidence rate scenarios: 2% and 1% decreases
inincidence per year, and 1% and 2% increases in incidence per year.
Theseincidence scenarios were modelled for Canada (Fig. 5a), Denmark
(Fig. 5b) and Scotland (Fig. 5¢). The no-change scenario corresponds to
model predictions based on stable average incidence for each region
(Fig.4a).In2043, the modelled prevalence across incidence scenarios
(-2%102%) ranges between 0.97% and 1.16% for Canada, 1.45% and 1.76%
for Denmark, and 1.36% and 1.69% for Scotland.

We propose that stage 4—prevalence equilibrium—occurs when the
changein prevalence slopereducesto anaverage of 0% (+0.01%) over a
5-year period. Under the model assumption of stable yearly incidence,
prevalence slope changes near 2040 are approaching zero; however,
by 2042, only Canada (among analysed regions) reaches this threshold
(Extended Data Table 1). Thus, ifincidence remains stable, the models
suggest that it will take decades for the examined stage 3 regions to

reach prevalence equilibrium. Ifincidence is decreased by 2% per year
through preventative medicine and policy interventions targeting
modifiable behavioural and environmental exposures, our models
suggest that prevalence equilibrium may be achievable in the 2040s
forallthree regions® (Fig. 5d-fand Extended Data Table 2). Prevalence
equilibrium is a desired state in the evolution of IBD for healthcare
administrators and policymakers, as it would allow for appropriate
allocation of resources to ensure timely, high-quality healthcare for
those affected with IBD.

Discussion

IBD serves as a case study on the evolution of chronic inflammatory
diseases that have predominantly manifestedin the last two centuries
following the industrial revolution®. For centuries, the occurrence of
IBD was confined to sporadicincident cases with persistently low preva-
lence (stage 1: emergence)®. Economicadvancement, industrialization,
urbanization, improved healthcare access and delivery, and shifting
environmental exposures trigger arapid increaseinincidence, whereas
prevalence levels remain low (stage 2: accelerationinincidence) IBD
is typically diagnosed in young adults and, as mortality remains low,
prevalence steadily climbs (stage 3: compounding prevalence)?. Dur-
ing stage 3, incidence rates tend to show less growth, stabilize or even
decline; this, combined with an aging IBD population, is proposed to
slow prevalence growth, and eventually plateau (stage 4: prevalence
equilibrium)?. Understanding IBD epidemiology prepares healthcare
systems for theincreasing burden of IBD asregions transition through
these stages®.

Several low-income regions in Africa, Asia and Latin America are
likely in stage 1. The exact drivers and timing of transition to stage 2
are unclear. However, in the absence of robust epidemiologic data,
societal-level indicators such as the AHDI may provide insights into
animpendingincreasein IBD cases as economies develop, healthcare
infrastructure improves and lifestyles shift towards environmental
factors that trigger IBD. As these regions transition to stage 2, rais-
ing awareness of IBD, differentiating from infectious diseases, and
enhancing training and resources, including access to colonoscopy,
are crucial®. Population-based studies in regions with sparse data,
particularly Africa, are essential. Moreover, studying regions as they
progress into stage 2 offers opportunities to investigate genetic, envi-
ronmental and microbial determinants of IBD*.

Many newly industrialized regions in Asiaand Latin Americaare cur-
rently in stage 2, with robust population-based data indicating rising
incidence throughout the past two decades. Japan and South Korea,
whichunderwentrapid industrializationin the latter half of the twenti-
ethcentury, havereported prevalence exceeding 0.1%, placing them on
thebrink of transitioning towards stage 3***. By contrast, regions like
China and Malaysia, which industrialized later, entered stage 2 more
recently, and report fivefold lower prevalence®*?. Evenif newly indus-
trialized regions never reach the incidence and prevalence levels of IBD
seenin Europe, achievinga prevalence of 0.1% over the next few decades
will stillimpose asubstantial burden onsocieties with large populations
like India and China. Moreover, the age distribution of IBD cases in
theseregions s likely to be skewed towards the young?®, exacerbating
the economic burden for working-age adults with IBD or caregivers of
children with IBD. As managing IBD is expensive, equitable access to
treatmentsis essential toavoid theindirect burden of achronicillness
in ayoung population, such as loss of work productivity™.

Many early industrialized regions are in stage 3. Variations in
IBD-susceptibility genes and environmental exposures influence the
magnitude and change of incidence over time*°. Methodological dif-
ferences in surveillance systems may also contribute to heterogene-
ity, potentially leading to outliers in epidemiologic data**2. Stage 3
regions face the rising burden of IBD, with increasing numbers of
individuals living with IBD and a growing proportion of older people.
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Fig.5|Calculations of IBD prevalence over time under scenarios ofincidence
ratechange. a, The prevalencein Canadaundera2%,1%,0%,-1% and -2% change
inincidence per year, with the base incidencerate set equal to the average
incidence from 2007 to2014.b, The prevalencein Denmark undera2%,1%, 0%,
-1%and 2% changeinincidence per year, with the base incidence rate set equal
totheaverageincidence from 2010 to 2017. ¢, The prevalencein Scotland under
a2%,1%,0%,-1% and -2% change inincidence per year, with the baseincidence

These regions must balance the demands of new diagnoses in young
individuals withthe intricacies of caring for anageing IBD population.
The challenges are particularly pronounced in adult gastroenterol-
ogy clinics, as managing IBD withimmunosuppressive therapies and/
or intestinal resections becomes more complex in older people with
age-related comorbidities such as diabetes, cancer or dementia®. Pro-
active healthcare planningis essential, as multidisciplinary care teams
will be needed to manage ageing IBD populations*.

Prevalence will continue to steadily climb while mortality is low?
However, the shifting demographics of an ageing IBD population
over the next few decades is projected to slow the rate of prevalence
growth: although the prevalence will still increase, it will do so at a
slower pace. Assuming astableincidence, the prevalenceis estimated
to range between 1.02% and 1.59% in the 2040s in Canada, Denmark
and Scotland, and between 1.10% and 1.76% if the incidence increases
by 2% per year. Future epidemiologic studies in stage 3 regions that
monitor the slowing of prevalence growth are essential for determin-
ing the timing of the transition to stage 4. Our models underscore that
interventions aimed at reducing IBD incidence have the potential to
stabilize and possibly decrease IBD prevalence.

Prevention of some IBD cases is an ambitious yet potentially achie-
vable goal*>*, Pre-disease cohorts have linked biological markers
(such as genes, serology, microorganisms) to future IBD develop-
ment, indicating the potential to identify those at moderate risk who
might benefit from targeted interventions, such as modifying their
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microbiome** ™8 For those at higher risk, pharmaceutical interven-
tions could be explored to delay IBD onset, similar to strategies used
in type 1 diabetes with teplizumab*® and rheumatoid arthritis with
abatacept®. Observational research also indicates that lifestyle and
dietary changes may reduce CD and UC incidence®. Thus, prioritizing
researchon preventative strategiestoreduce the risk of IBD is crucial.

This study represents the most comprehensive analysis of
population-based data on IBD incidence and prevalence, but several
limitations must be considered (see the ‘Strengths and limitations’
section in the Methods). The quality of data sources varied, particu-
larly for historical data from the twentieth century and data from
regions without robust healthcare surveillance systems. While our
machine-learning classifier demonstrated high accuracy (>95%), classi-
fication errors were more common in regions with limited dataandin
those transitioning between stages. Investigating distinct transition
phases between predefined stages or further subdividing these stages
may become feasible as more longitudinal data from diverse regions
become available. Moreover, the PDE model did not account for dif-
ferential mortality between IBD and non-IBD populations, potentially
overestimating future prevalence.

Conclusion

Incidence and prevalence data spanning the past century were analysed
to explore epidemiologic trends in the evolution of IBD across the



world. Machine-learning algorithms were applied to the data to cre-
ate a classification system across three epidemiologic stages: stage 1
(emergence), low incidence and prevalence; stage 2 (acceleration
inincidence), rapidly increasing incidence and low prevalence; and
stage 3 (compounding prevalence), reduced incidence growth while
prevalence rapidly increases. Our classification system was used to
define benchmarks for transition across these stages for regions
worldwide. Modelling population demographics enabled us to pre-
dict prevalence over the next two decades, while also demonstrating
the plateauing of prevalence that characterizes stage 4 (prevalence
equilibrium). These data can be used by healthcare systems and soci-
ety to address the rising global burden of IBD. Furthermore, the test-
able predictions made by the epidemiologic transition theory that we
advance here should serve asamodel for future researchers investigat-
ing analogous diseases with global, longitudinal epidemiologic data.
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Methods

Systematic review

We conducted asystematic review of population-based studies toinves-
tigate changesinincidence and prevalence of CD and UC across global
regions over time. The systematic review was conducted in accord-
ance with the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) 2020 statement®.

Search strategy. We reassessed population-based studies reporting
the incidence and prevalence of IBD from our team’s two previous
systematic reviews>*, covering the period before 2017. We updated
the previous systematic reviews by performing a search of Embase,
MEDLINE, PubMed and Web of Science for the period covering1January
2017 to 8 May 2024 with no language restrictions (the search strategy
isshown in Supplementary Table 3).

Study selection. All studies underwent independent title and abs-
tract screening by at least two reviewers. The reference lists were also
inspected for additional citations. Weincluded population-based stud-
ies publishedinarticle formatany time or abstracts from 2020 or later,
whichreportedtheincidence and/or prevalence of CD and/or UC sepa-
rately or provided sufficientinformation to calculate the corresponding
incidence or prevalence. Population-based studies were defined as
studies deriving incidence and/or prevalence for the entire popula-
tion of a specified geographical region or a representative sample.
Exclusion criteria were as follows: no defined geographical region,
less than 1 year of data, study population limited to paediatric cases
only, self-reported cases identified by survey, reviews and clinical tri-
als. Studies published inlanguages other than English were translated
using Google Translate®. All included articles were re-evaluated by
authors with local expertise and local language proficiency (see the
‘Data verification’ section below).

Data extraction. Author, publication date, geographical area (region
and/or subregion), study period, ages, year (or midpoint of range),
total population, datatype (incidence or prevalence), rate type (crude
or standardized), rate of UC, CD and/or IBD-unclassified (IBD-u) and
case counts were extracted fromeach selected study. Aggregate rates
were removed if an annual rate for the mid-period year was available.
Missing population values were pulled from publicly available official
statistical records® . For incidence data, we calculated the summed
population for the time period; for prevalence data, we recorded the
population at a given timepoint or used the mid-period population
in cases of period prevalence. Data extraction and verification were
conducted by at least two reviewers. In cases of disagreement between
reviewers, consensus was reached through discussion.

Quality assessment. The quality of each study was independently
assessed by two reviewers using a modified Joanna Briggs Institute
Checklist for Prevalence Studies®?. An additional quality measure was
included to identify studies that were strictly population-based (that
is, those that identified the entire population sample). Studies that
used a representative sample or may have missed some cases due to
the sampling method were of lower quality. The results of the quality
assessment are presented in Supplementary Table 4.

Data verification. All steps of the systematic review (abstract review,
full-text review, data extraction, quality assessment) were conducted
by at least two members of a trained centralized team at the Univer-
sity of Calgary to ensure methodological consistency. Additional data
verification occurred through international partners from the Inter-
national Organization for the study of IBD (101BD) and the Global IBD
Visualization of Epidemiology Studies in the 21st Century (GIVES-21)
consortium. Experts from IOIBD and GIVES-21 confirmed the inclusion

of studies, verified dataaccuracy and suggested additional studies that
may have been missed (Supplementary Fig. 1). They confirmed the
population-based status of the studies, addressed conflictsin language
translation and provided local context (for example, study quality),
including explanations for outlier results.

Rate calculation. Crudeincidence or prevalence was calculated from
case counts and the population of the catchment area. If case counts
were not provided or the population of the catchment area was not
available, we used theratesreportedin the papers, whether presented
in text, tables or extracted from plots using OriginPro® or juicr®*.

Temporal data analysis. When multiple studies overlappedinregion
andtime, we averaged rates to create asingle value for that regionand
year. Data preprocessing for analysis and visualization of decade-level
ratesinvolved weighting the mean rates calculated by region for each
year according to the population of that area for that year. Weighted
rates were aggregated by decade. This weighting method enabled us
to combine regional and subregional data to generate a single value
foraregioninaparticular decade. Aggregated subregional datawere
treated asrepresentative for aregion whenno other regional data were
available. Missing case counts were back-calculated from provided per
100,000 values and populations. Inrare casesin which the catchment
area population values were not available, non-weighted means were
used in the aggregation. When IBD-u was reported separately, it was
combined with UC.

Temporal trends for studies and regions that reported at least three
datapoints withina 5-year period were established using Poisson regres-
sion (or, if overdispersed, negative binomial regression) models built
in R%, with the year as the sole predictor variable and the incidence
rate of either CD or UC as the outcome. We determined the average
annual percentage change with associated 95% ClI for incidence by
exponentiating the g coefficients from the regression models (Sup-
plementary Table 1).

Machine-learning classification

Exploratory data analysis. We visually inspected scatterplots of his-
toricaltrendsinincidence and prevalence for early industrialized, newly
industrialized and emerging regions to determine epidemiologic stages
forasubset of regions with dataextracted during the systematic review.
On the basis of the assumption that Canada, the United States, most
of western Europe, Australiaand New Zealand are currently in stage 3,
we assigned stage classifications to approximately 65% of our dataset
(Supplementary Fig.16).

k-nearest-neighbors-assisted labelled dataset creation. Asregions
and subregions do not transition between stages simultaneously, we
builtak-NN classification algorithm to support manual datalabelling.
The k-NN algorithm facilitated aniterative labelling process by classi-
fying regions with robust historical incidence or prevalence datainto
one ofthree classifications: stage 1, stage 2 or stage 3. Owing to skewed
class proportions (that is, scarcity of stage 1 data) and missing values
within classes, we developed four separate models: incidence of CD,
incidence of UC, prevalence of CD and prevalence of UC. Each model
used two features: incidence or prevalence and the absolute difference
inincidence or prevalence from the previously available year of data.

A 75/25 train/test split (n=1,581/n=527) was applied. The value of
k-neighbours was set to the square root of the number of instances in
the training data and adjusted accordingly for each model. A Monte
Carlo simulation with 1,000 sampling loops was run for each model.
The model accuracy (Supplementary Table 5) was determined using
the following formula:

acc(%) =100 x (%j @
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where M equals the number of misclassifications (that is, instances
inwhich the model’s classification output differed from our manual
classification) and L equals the number of Monte Carlo sampling
loops. Three iterations were performed in which the k-NN model
output was inspected with successive relabelling of the input data,
achieved through consensus among three analysts. At eachiteration,
additional regions and subregions were added to the labelled data-
set until approximately 80% of our total dataset was labelled, with
the intention of using it for training and validating a random-forest
classifier.

Random-forest classifier. A random-forest classifier was built in R®
using the randomForest® package. Random forests use an ensemble
learning method, inwhich aspecified number of decision trees is gener-
ated, and the results are aggregated. The class selected by the model
most frequently becomes the resulting classification’®. Each individual
decisiontree determinesa class predictionbased onarandom subset
of features, which reduces the likelihood of overfitting and improves
the accuracy of class prediction®. Random-forest classifiers do not
require data scaling and are robust to outliers and noise, which is
essential given the heterogeneity and imbalance in our dataset and
the complexity of analysing systematic review data.

Features and data imputation. Classifying a region’s stage in a par-
ticular year was based on16 possible features: (1) CD incidence; (2) UC
incidence; (3) CD prevalence; (4) UC prevalence; (5) rates of change
forincidence of CD; (6) rates of change for incidence of UC; (7) rates of
change for prevalence of CD; (8) rates of change for prevalence of UC;
and (9-16) indicators ofimputed values for each of the preceding eight
variables. The structure of the classifier required a value to be specified
for each of the above features for each year of available databy region.

Imputation was used to ensure that a value was specified for each of
the primary eight features. Imputation was conducted within asingle
regionacross all available datapoints for that region. When at least two
datapoints were available for a region, linear interpolation was used,
using the next observation carried backward and the last observation
carried forward to extrapolate missing values outside the available
interval. In cases in which only a single datapoint was available for a
region, that value was extrapolated to all missing data for that region.
Zero imputation was applied to the remaining missing datapoints.
Features 5-8 were included to account for the potential increase or
decreaseinincidence and prevalence over time. As classifications were
made by the random-forest model at the level of the region and year,
and many regions lacked incidence or prevalence values for certain
years, features 9-16 were included so the random-forest classifier
could account for unavailable data that were imputed for classifica-
tion purposes.

Random-forest models provide a measure of feature importance,
allowing for an examination of which data types (incidence or preva-
lence) and which disease types (CD or UC) contributed most to the
classifications across the three stages (Supplementary Fig. 20).

Training, validation and model architecture. The random-forest
model was trained using a subset of data from the labelled dataset
(n=1,647). Training and validation sets were created using a 75/25 split
(n=1,235/n=412) of the labelled dataset, with the out-of-bag (OOB)
error estimate used to tune model hyperparameters: ntree (number of
treesaggregated) and mtry (number of features used at each splitinthe
tree). The model with the smallest OOB error estimate (OOB = 4.86%)
used ntree =1,000 and mtry =5 (out of 16 possible features). The
random-forest’s classification accuracy on the unseen validation
data was 95.15% (95% Cl = 92.60-97.01); this means that the random
forest correctly classified a region-year as stage 1, stage 2 or stage 3
approximately 95% of the time, indicating an appropriate model fit
and performance (Supplementary Table 6).

Random-forest output. The output from the random-forest model was
used to assign an epidemiologic stage toregions with limited incidence
and prevalence data (n = 842), resultingin acomplete dataset with stage
classifications for all regions in the dataset across time (n = 2,489).
As classifications were based on a single year of data, a decade-level
stage classification for aregion was calculated by identifying the mode
class label from the random-forest model output for years within a
decade. In cases in which the model provided an even split of stage
classifications for aregion withina decade (n =2: Poland, 2010s; China,
2020s), four expertreviewers assessed available incidence and preva-
lence dataand manually assigned a stage classification for that decade.
When no regional data were available, the stage classification for a
region was determined based solely on subregional data.

Coalescing ranges. The distribution of incidence and prevalence data
for each stage was derived from the machine-learningmodels and used
to calculate CRs, defined by the 25th and 75th percentiles. Negative
binomial regression models followed by post hoc comparisons of esti-
mated marginal means using the emmeans®® package in R with Tukey
adjustment for multiple comparisons were used to evaluate significant
differencesin CRbetween stage 1, stage 2 and stage 3 in each of the fol-
lowing: CDincidence, UCincidence, CD prevalence and UC prevalence.

Ulcerative colitis/Crohn’s disease ratio. To calculate the UC:CD ratio,
the annual population-weighted mean UC incidence was divided by
the annual population-weighted mean CD incidence and assigned an
epidemiologic stage onthe basis of the output of the machine-learning
model. The association between UC:CD ratio and epidemiologic stage
was modelled using negative binomial regression. Pairwise compari-
sonsbetween the stages were performed using the emmeans®libraryin
R, with estimated marginal means using Tukey adjustment for multiple
comparisons.

Societal indicators. Five societal indicators were examined in rela-
tionship to epidemiologic stages: the AHDI, obesity rate, percentage
urbanization, the Universal Health Coverage Service Coverage Index
(UHC) and the WDI. AHDIis anindex score (0-1) that captures the geo-
metric mean of normalized life expectancy, mean years of education,
gross domestic product (GDP) per capitaand Varieties of Democracy’s
Liberal Democracy Index?. AHDI is available in 5-year increments, for
whichwe performed inner-linear interpolation to achieve annual meas-
ures. Obesity data were extracted from the WHO database, providing a
measure of the percentage of an adult population withaBMI > 30 kg m™
(ref. 69). Percentage urbanization data were extracted from a United
Nations database, providing a measure of the mid-year percentage of
apopulationlivinginan urban setting’®. UHCis anindex score (0-100)
that quantifies various aspects of healthcare, including reproductive
health (for example, the percentage of pregnant people with >4 prena-
tal care visits), prevention of communicable diseases (for example, the
percentage of 1-year-old children with adequate diphtheria, tetanus and
pertussis vaccination), non-communicable diseases (for example, the
percentage of cervical cancer screening in women aged 30-49 years)
and healthcare access (for example, the number of hospital beds per
capita)®. The UHC is also available in 5-year increments, for which we
performed aninner-linear interpolation to achieve annual measures.
WDl s an index score (0-1) calculated by dividing the available calo-
ries per person per day from animal oils and fats, milk, eggs, plant oils
and fats, and sugars by the total available calories per person per day,
similar to the methodology provided by Azzamin 2021, extended toall
regions within our dataset?. Regional calorie availability was extracted
from the Food Balance sheets published by the Food and Agriculture
Organization”.

Time- and region-specific values from each of these five indica-
tors were stratified by the three epidemiologic stages (as derived by
the machine-learning classifier) and statistically compared across



stages using Kruskal-Wallis nonparametric tests with post hoc com-
parisons using Wilcoxon rank-sum tests with adjustment for multiple
comparisons.

Modelling stage 4 using PDEs

To explore the potential growth characteristics of IBD prevalence in
stage 3 regions, we modelled the time-dependent prevalence using
historic prevalence and incidence data, plus population projections
from Canada, Denmark and Scotland (Lothian). Calculations were
completed using Mathematica (v.13.1)7.

Data sources. Incidence and prevalence of IBD were calculated for
Canada, Denmark and Scotland (Lothian) from administrative data
provided by each region (Supplementary Table 7).

For Canada, population-based provincial administrative health-
care data were combined from Alberta, British Colombia, Manitoba,
Newfoundland and Labrador, Nova Scotia, Ontario, Quebec and Sas-
katchewan to capture data for 2007-2014%, In Denmark, nationwide
individual-level healthcare information was obtained from the Danish
National Patient Register for 2010-2017 (ref. 73). For Scotland, data for
the Lothian region (Edinburgh and surrounding area) were sourced
from TrakCare (InterSystems) electronic health records for 2010-
2017". Projections of the population age-distribution for 2018-2043
were gathered from Statistics Canada**?, Denmark*’* and Scotland
(Lothian)?®”° (Supplementary Fig. 21).

Region-specific data transformations. Raw historic prevalence, inci-
dence and populationdatafor Canada, Denmark and Scotland (Lothian)
were transformed. All age categories (<10 years, 10-17,18-24, 25-34,
35-44,45-54,55-64,64-79,80+) were closed, with an upper and lower
bound, except for the highest age category (80+), for which the cen-
tre of the age bin was set to the estimated population-averaged mean
value (86 years for 80+, 93 years for 90+ and 106 years for 105+). The
prevalence up to age 110 was estimated using linear extrapolation, con-
strained to have azero or negative slope, and to be equal to or greater
than zero, while the historic incidence and population projections
were setto zero at age 110.

Deriving the equation. The change in prevalence over time was mod-
elled usinga PDE”” that has previously been used to estimate the future
prevalence of chronic diseases, including diabetes mellitus””® and
dementia®. The PDE is derived from a compartment model””® (Sup-
plementary Fig. 22) and has widespread applicability to diseases where
theincidencerate is known or can be modelled.

The prevalence of a disease p depends on both time ¢ and the age
distribution of the disease cohort a. The change in prevalence as a
function of both time and age is modelled by equation (2)*:

op op_.. .~ pR-1) |_
at+aa‘(1 p){[ mp(R—1)+J rPTH 2

Here, 22 and 2 are the partial derivatives of prevalence with respect
totimeand ag%. Theincidencerate, full population mortality rate m,
relative mortality ratio R (ratio of those with the disease to those with-
out) and recovery rate rare all functions of both time and age. The
migration term g is a function of time, age and prevalence.

Simplifying the equation. For parsimony, we neglect terms in equa-
tion (2) that are not applicable or are small enough to be ignored. IBD
is a chronic, incurable disease and we therefore ignored the recovery
rate, r. The mortality term, m p(R - 1)/[p(R - 1) + 1] was set to zero owing
totherelatively small differenceinlife expectancy between thoseliving
with IBD and the general population”. Similarly, the migration term,
1, was set to zero because immigration to the regions being examined
greatly exceeds the emigration®"-®2, and the prevalence of IBD is lower

in new immigrants than in the existing population®*#*, Omitting these
three termsyields the simplified equation

W
at+aa—(l pi(t, a) (3)

which makes explicit the age and time dependence of the incidence.

Solving the equation. Given the age distribution of prevalence at an
initial time, p(a), and assuming that the prevalence must be zero at age
zero, equation (3) is solved using the method of characteristics® toyield

t .
1-[1-p,a- ple ol xeat g g

p(t,a)= (4)
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To calculate prevalence as a function of time, we multiply by the
normalized population age-distribution o(a) and integrate over age,
such that

p(0) :j: p(¢, a)o(a)da ®)

Equation (5) allows us to extrapolate the prevalence of IBD over the
coming decades. To do so, three additional pieces of information are
required: the initial prevalence of IBD as afunction of age, the incidence
rate of IBD as a function of age and time, and projections of the popula-
tion age distribution.

Age-dependent IBD incidence and prevalence. A linear interpolation
ofthe age-dependent IBD prevalence data for Canada (2014), Denmark
(2017) and Scotland (2017) served as the initial prevalence, py(a), for
modelling (Supplementary Fig. 23). Data for IBD incidence during
2007-2014 for Canadaand 2010-2017 for Denmark and Scotland were
compiled (Supplementary Fig. 24), with the average incidence from
these 8 years serving as the age-dependent component of the model
incidencerate,f(a). Atime-dependent component was added to theinci-
dence, modelled as anexponential growth process with growthrate g:

i(t,a)=f(a)e”™"@ (6)

Model verification. To verify that our model describes the prevalence
of IBD, we compared the model’s output to historical data, specifi-
cally the age-structured prevalence from 2014 for Canadaand 2017 for
Denmark and Scotland. Starting with equation (4), p,(a) was taken as
the age-structured prevalence from 2002 (Canada), 2010 (Denmark)
and 2009 (Scotland), and a time-independent incidence rate f(a) as
the average over the years 2007-2014 (Canada) or 2010-2017 (Denmark
and Scotland) (Supplementary Figs. 23 and 24). For Canada, the model
produced a 2014 prevalence of 0.65%, compared with the observed
0.65% (Supplementary Fig. 25a). For Denmark, the model produced
a2017 prevalence of 0.98%, compared with the observed 0.94% (Sup-
plementary Fig.25b). For Scotland, the model produced a2017 preva-
lence of 0.88%, compared with the observed 0.79% (Supplementary
Fig.25c). The high degree of concordance suggests that the simplified
model is reasonably accurate for longer-term modelling of general
prevalence trends.

Slopes and central difference approximations. Central difference
approximations to the slope of the time-dependent IBD prevalences
in Canada, Denmark, and Scotland were calculated to determine the
percent change in prevalence for each year of data. The central differ-
ence approximationsis calculated by:

_ ple+h)-ple-hy

2h 7
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where p(t) isthe prevalence atyear ¢, and his the time-step, set equal to
lyear (thatis, the frequency with which the time-dependent prevalence
was calculated). Central difference approximations were averaged over
5-year periods to determine whether Canada, Denmark or Scotland
had reached prevalence equilibrium by 2043.

Yearly incidence change scenarios. We selected five values of the
growth constant g in equation (6): 0.98, 0.99,1.00,1.01 and 1.02, cor-
responding to2%and1%incidence rate decreases per year, no change,
and 1% and 2% incidence growth per year, respectively. To model cur-
rent trends, we assume that the incidence rate is constant, as per the
2007-2014 (Canada) and 2010-2017 (Denmark and Scotland) observed
data, until 2024 at which time the exponential increases or decreases
inincidence begin.

Strengths and limitations
This study represents, to our knowledge, the most comprehensive
summation of population-based dataontheincidence and prevalence
of IBD, spanning a century of historical data that was used to explore
spatial and temporal epidemiologic patterns across the world. We used
aunique machine-learning approach to classify regions into three
epidemiologic stages over time and established benchmarks to define
incidence and prevalence ranges for each stage. Furthermore, to our
knowledge, thisis the first study to model the transition to atheoretical
fourth stage, where prevalence growth plateaus due to an ageing IBD
populationand stableincidence rates. However, the interpretation of
our findings should be evaluated inthe context of inherent limitations.
We relied onincidence and prevalence data that varied in quality.
Historical data from the twentieth century, regions lacking healthcare
surveillance systems and fractionated healthcare systems that impair
population-based case capture were of lower quality, leading to hetero-
geneity in the reported data. To address this, we conducted a quality
assessment of each paper through a centralized evaluation process, which
was further complemented by assessment from regional experts. Regions
with administrative healthcare databases canelectronically capture IBD
cases using codingalgorithms (for example, ICD coding); however, valida-
tion studies have demonstrated misclassification errors thatlead to the
inclusion of false positives, potentially inflating incidence and prevalence.
By contrast, regions without population-based electronic healthcare
surveillance systems relied on medical registries to identify IBD cases.
While this approach results in highly accurate diagnoses, it may miss
cases (for example, milder cases not followed by gastroenterologists),
potentially leading to underestimation of incidence and prevalence.
The primary source of inconsistency in our random-forest model
arises fromthe availability epidemiologic data, leading to animbalance
across stage classes. The scarcity of data from emerging regions and
historical data from the earlier part of the twentieth century resulted
infewer studies available to assess stage 1. Moreover, datafrom stage 1
regions, which are predominantly low-income, often lacked electronic
surveillance systems to support case identification. Consequently, we
allowed case-ascertainment approaches that may have missed IBD cases
such as surveying gastroenterology offices or hospital-based capture
systems, provided that the hospitals serve a defined catchment area.
However, in our quality assessment, we differentiated population-based
studies that met our strict definition (that is, complete capture of cases
in a defined region) from those that did not (that is, a representative
sample). Our repository (https://kaplan-gi.shinyapps.io/GIVES21/)
allows users to subset data by these two categories of population based.
Regional data are missing or limited in many highly populated areas
in Africa, Asia and Latin America. Our machine-learning classifier was
trained on robust data, enabling us to reliably classify regions during
different time periods when data are scarce. Moreover, our GIVES-21
consortium is currently conducting high-quality, population-based
epidemiologic research in over 30 regions with limited IBD data from
newly industrialized and emerging regions®. Our repository (https://

kaplan-gi.shinyapps.io/GIVES21/) is being continuously updated to
allow forintegration and reanalyses of global epidemiologic dataasnew
informationisavailable. To capture the most recent population-based
dataavailable, datafrom2020-2024 wereincluded as a partial decade
in our analyses. Although this period does not provide a complete
decade for stratifying stage classification, its inclusion highlights the
best estimate of the current burden of IBD inregions where these years
of dataare available.

While the model was highly accurate (>95%) in classifying regionsinto
one of three stages, afew regions exhibited unexpected classifications:
Ireland was classified as stage 2 during 2010-2019, which contrasts with
other contemporary regions in Western Europe. Deviations between the
model’s output and expected classifications were primarily observedin
regions transitioning between stages, especially in cases in which there
was alack of comprehensive data or when subregional datawere usedin
place of regional values. For example, Ireland’s classification for 2010-
2019 was based on data from County Meath in 2010%. These discrepan-
cies highlight the need for more recent, population-based studies in
suchregionstoimprove the classification accuracy and refine estimates.

Our PDE models were developed with model parsimony in mind,
and so did not include the differential mortality between the IBD and
non-IBD populations; thisimplies that the projections serve as alikely
upper bound onthe future IBD prevalence. Furthermore, our classifier
and PDE models did not directly account for immigration. Research
shows thatindividualsimmigrating fromstage 1or 2 regions to astage
3 region eventually assume the IBD risk of their host region, particu-
larly among the first-degree offspring®%. Finally, we acknowledge
that unexpected future events may influence future projections. For
example, we varied incidence growth in the model within a range of
+2% to —2% over a 20-year horizon; however, events that could result
inamore substantial change inincidence (such as the discovery of an
IBD cure, or a high-mortality pandemic) are not accounted for in our
model. Moreover, we limited our analyses to three regions currently
in stage 3 to predict the transition towards stage 4. Future research
thatincludes data from other stage 3 regions are needed to ensure
generalizability of these predictions.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.
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maps in Fig. 3 were created in R using the ggplot2 package.
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and time. All dataarerepresented in violin plots with boxplot overlays where
themiddleline onthe boxplotis the median, the lower hinge on the boxplot
isthe25" percentile (i.e., first quartile), the upper hinge on the boxplotis the
75" percentile (i.e., third quartile); the violin is the data density at the associated
value on the y-axis, and points areindividual data points outside of the density
distribution. Incidencerates of Crohn’s disease or ulcerative colitis that exceed
the ceiling threshold of 40 per 100,000 are considered outlier data.
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Extended DataFig.2|Annualincidence and prevalence of Crohn’s disease
and ulcerative across epidemiologic stages of IBD evolution. a, Annual
incidence of Crohn’s disease categorized by three epidemiologic stages of IBD
evolution as predicted by the random forest classifier. b, Annual incidence of
ulcerative colitis categorized by three epidemiologic stages of IBD evolution as
predicted by the random forest classifier. ¢, Annual prevalence of Crohn’s

]
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

Year

disease categorized by three epidemiologic stages of IBD evolution as
predicted by the random forest classifier.d, Annual prevalence of ulcerative
colitis categorized by three epidemiologic stages of IBD evolution as predicted
by therandom forest classifier. Each point corresponds to an annual aggregate
mean of CD or UCincidence/prevalence for all regions with available data.
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Extended DataFig.3|Comparison ofsocietalindicators across three
epidemiologicstages.a, Augmented Human Development Index (AHDI)
stratified by epidemiologic stage, as predicted by the random forest classifier
(number of observations: stage1n=470; stage2n=1,090; stage 3 n = 540).

b, Obesity rate stratified by epidemiologic stage, as predicted by the random
forest classifier (number of observations: stage1n=295; stage2n =791;stage3
n=476).c, Universal Health Coverage (UHC) Service Index stratified by
epidemiologic stage, as predicted by the random forest classifier (number of
observations:stage1n=160;stage2n=400;stage3n=380).d, Percent
urbanization stratified by epidemiologic stage, as predicted by therandom
forest classifier (number of observations: stage1n=460; stage2n=1,180;
stage3n=610).e, Western Diet Index (WDI) stratified by epidemiologic stage,

D Stage 1
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aspredicted by therandom forest classifier (number of observations: stage 1
n=348;stage2n=980;stage3 n=>540).Alldataare represented inboxplots
where the middle lineis the median, the lower hinge is the 25" percentile

(i.e., first quartile), the upper hinge is the 75" percentile (i.e., third quartile),
thelower whisker extends to1.5 x theinterquartile range (IQR) from the first
quartile, theupper whisker extends to 1.5 x IQR from the third quartile, and the
datapoints beyond the end of the whiskers are individually plotted outliers.
AKruskal-Wallis non-parametric test with post hoc comparisons using Wilcoxon
rank-sumadjusted for multiple comparisons showed significant differences
between epidemiologic stages for AHDI, obesity rate, UHC Service Index,
percenturbanization,and Western Diet Index (p < 0.001 for all comparisons).
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Extended Data Table 1| Average percent change in
prevalence slope

Period Canada Denmark Scotland
(% change) (% change) (% change)
2010-2014 0.019 0.030 0.025
2015-2019 0.017 0.030 0.025
2020-2024 0.016 0.031 0.032
2025-2029 0.014 0.027 0.029
2030-2034 0.013 0.023 0.027
2035-2039 0.012 0.020 0.024
2040-2042 0.010 0.018 0.022

Slopes calculated using central difference approximation, for observed and modelled data
from 2010-2042 (historical data in bold).



Extended Data Table 2 | Percent change in prevalence slope
in 2042 by yearly incidence rate change

2% 1% no 1% 2%
Region decrease decrease change increase increase
Canada 0.003 0.006 0.010 0.015 0.021
Denmark 0.005 0.011 0.018 0.026 0.035
Scotland 0.009 0.015 0.022 0.030 0.040

Slopes calculated using central difference approximation, for modelled yearly incidence rate
changes of 2% decrease, 1% decrease, no change, 1% increase, and 2% increase. We propose
that stage 4—Prevalence Equilibrium—occurs when the change in the slope of prevalence
decelerates to an average of 0% (+0.01%).
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repository at https://kaplan-gi.shinyapps.io/GIVES21/.
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Reporting on sex and gender Sex- and gender-based analyses were not performed. Although sex and gender differences can be observed in the
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groupings collected as non-general populations was an exclusion criteria.

Population characteristics Global populations: all ages, genders, and races.

Recruitment N/A

Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size A total of 522 population-based studies reporting on the incidence and prevalence of inflammatory bowel disease were include in our
analyses. Machine learning analyses were performed on a total of 5,521 data points (Crohn's disease incidence n = 2,070; ulcerative colitis
incidence n = 1,884; Crohn's disease prevalence n = 776; ulcerative colitis prevalence = 791). Incidence and prevalence data for Crohn's
disease and ulcerative colitis across each global region for each year of data were merged to create a total of 2,489 random forest
classifications. Mathematical modelling of age-stratified incidence and prevalence data from 3 regions, i.e., Canada, Denmark, and Scotland,
was completed (Supplementary Table 7).

Data exclusions  Our exclusion criteria were as follows: No defined geographic region, less than one year of data, study population is pediatric only (i.e., did not
include adult and/or senior populations), self-reported cases identified by survey, reviews, and clinical trials. Exclusion criteria were pre-
established at the outset of the systematic review and align with previous systematic reviews that the current work builds on.

Replication We identified and reassessed population-based studies included in two previous systematic reviews on the incidence and prevalence of
inflammatory bowel disease. Our systematic review was conducted in accordance with Preferred Reporting Items for Systematic reviews and
Meta-Analyses (PRISMA 2020). Data and code are made available for reproducibility.

Randomization  Training and validation data were randomly sampled.

Blinding A validation set was withheld at model fitting. All test data (approximately 35% of our dataset) were unseen by the model.
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