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Supplementary Methods 

Classification of phenotypes 

Crohn’s Disease Phenotypes 

Crohn’s disease cases were classified by disease location, disease behaviour, and age at diagnosis. Disease 

location was characterized according to The Montreal Classification (L1- disease location limited to ileum; L2- 

disease location limited to colon; L3 – disease located in ileum and colon; L4 – isolated upper gastrointestinal 

disease), as was disease behaviour (B1 – non-stricturing, non-penetrating; B2- stricturing disease; B3 – internal 

penetrating disease. Subjects were also characterized as to whether they had perianal disease or not.  Surgery was 

defined as abdominal surgery for complication or treatment. Age at onset was reported as a continuous trait, and 

according to the Montreal Classification (A1 – age of onset 16 years or younger; A2 – age of onset from 17 to 40 

years; and A3 – age of onset greater than 40 years of age).  Smoking was defined as “ever smoker” or “never 

smoker” at the time of diagnosis of CD. Family history of IBD was designated as positive if the proband had any 

first or second degree relatives with IBD. 

Ulcerative colitis phenotypes 

The Montreal Classification was also used to characterize the ulcerative colitis clinical phenotypes of disease 

extent and age of onset. Disease extent was defined as: E1 - ulcerative proctitis (limited to the rectum); E2 – left 

sided or distal disease (distal to the splenic flexure); and E3 – extensive disease (extending proximal to the 

splenic flexure). Surgery was defined as colectomy for complication or treatment. Age at onset, smoking status 

and family history were defined similarly as for Crohn’s disease (see above).   

Data collection, curation and QC 

Phenotype data were solicited directly from the recruiting physicians using a detailed instruction manual 

describing each data item and the constraints it must meet to be considered valid. Data were submitted to the 

NIDDK IBD Genetics Consortium Data Coordinating Center, where they were programmatically checked 

against a set of validation rules. These included both individual range checks for each item and tests for 

consistency among items, the latter including: checking disease location for consistency with diagnosis; 

verifying that all dates were consistent within a subject; verifying that the set of items describing surgical history 

or smoking history were internally consistent; and checking that treatment variables and extra-intestinal 

manifestations were consistent with affection status. All validation errors were communicated back to the data 

submitter, and were resolved through resubmission of the affected records. In cases where an obvious error or 

inconsistency could not be resolved, the corresponding data were excluded from analysis (no imputation or 

guessing was performed centrally). The resulting data were then compiled into a single dataset for analysis. 

A second round of quality control was then applied to the compiled dataset. Within- and between-center 

information and referral to the analytic models was used to identify possible further encoding issues, 

discrepancies in phenotype definitions or bias in sampling. External information such as official smoking rates 

and assessments by clinicians was used to verify plausibility of the data and representativeness of the sample.  

We investigated for non-random missing values, which could affect the conclusions. For example, we compared 

the phenotype distribution of centers with more missing values to those with lower missing rates and, when other 

phenotypes were available, we compared the distribution of these other phenotypes vs the missing values. We 

identified a few issues that were due to encoding issues or the use of patient questionnaires. These have been 

addressed by correcting the data or removing the center. 

Survival analyses  

For disease behaviour in CD, year of diagnosis and year of last review were used to calculate disease duration 

and define intervals for the event. For a patient with known complicated disease at last review, the complication 

event happened before that time. For an individual without complicated disease at last review, the event could 

only happen after that time. In this context, every interval is left or right censored, which is an extreme situation 

known as "case-one" interval. The survival analysis based on such censored data relies on the hypothesis that the 

censoring is independent from the event. In the context of this study, it is likely that time at last review is mostly, 

but not completely, independent from the event, i.e., more complicated cases may need closer follow-up. For 

time to surgery, we proceeded in a similar manner, except for patients with information about year of surgery, 

which allowed us to reduce the interval to a 1 year window. 
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Kaplan-Meier curves were derived from these interval data. The conditional analyses were performed based on 

disease location at time of last review. Given the fact that disease location can change slightly with time, the 

interpretation of these curves should be done accordingly. In this context, the curves estimate the proportion of 

patients who underwent surgery or had complicated disease sometime after diagnosis, conditional on disease 

location at that time. 

Smoothed distributions of phenotypes versus age at diagnosis and disease duration were estimated based on the 

average of  a 2-year and a 4-year window centered at each time point. Confidence intervals at each time point 

were estimated based on the ordinary bootstrap standard error estimate. To be noted, these estimates of 

proportions are not corrected for other parameters. In particular, distribution of phenotype versus age at 

diagnosis is not corrected for disease duration, which is expected to be longer for younger patients. For disease 

behaviour, the estimates were similar to those obtained by survival analysis.  

Genotype calling and QC 

Initial genotype calling was done per genotyping batch (n=35) using Illumina’sBeadStudio. Before centrally re-

calling all data using optiCall v.0.6.2,
1
 all samples with outlying autosomal intensity (>5 sds in batch) were 

removed from further analyses, as well as all samples with > 5% missing data at SNPs with < 10% missing data 

within batches. Samples were classified into continental groups using principal component analysis (PCA) using 

a HapMap3 reference set, and into males and females using X and Y intensities. Related and duplicated samples 

(pi_hat > 0.2), samples whose X and Y intensities are inconsistent with stated sex and samples whose PCA 

results are inconsistent with stated race were flagged within batches. More specifically, we carried out principal 

component analysis on the HapMap phase 3 samples, using only those variants that were present in both 

HapMap3 and the Immunochip. We fitted a four-cluster multivariate Gaussian mixture model that grouped the 

HapMap samples into four ethnic groups (European, African, East Asian and South Asian) using the first two 

principal components. Each Immunochip sample was then projected onto these same two principal component 

axes, and was assigned to one of the four ethnic groups according to their relative likelihoods (equivalent to a 

Gaussian mixture model classification with a uniform prior). Samples that had a posterior probability less than 

50% for their stated ethnicity, or were not within 8 standard deviations of any population, were flagged as 

inconclusive. For this paper we only analyzed samples that were classified conclusively as European. OptiCall 

clustering was then performed for each batch separately, with a Hardy-Weinberg Equilibrium (HWE)-threshold 

of 1×10
-15

, HWE blanking disabled and a genotype call threshold of 0.7. HWE was calculated conditional on 

predicted ethnicity, and related individuals were removed from this calculation. Sex chromosomes were called 

using the predicted sex.  

After re-calling, all variants failing the HWE test, or with different missing genotype rates (using a chi-square 

test) in affected and unaffected individuals, or with significantly different allele frequencies across the batches 

based on a false-discovery rate (FDR) threshold of 1×10
-5

 for each test were removed.  In addition, variants with 

missing genotype rate > 2% across the entire collection, or > 10% in a single batch were removed. Variants that 

only failed one QC criteria in a single batch (i.e. would pass the QC if this particular batch was ignored) were set 

to missing in the failed batch, otherwise they were removed from the entire dataset. Individuals were removed if 

they showed a missing genotype rate >2%, had a significantly higher or lower inbreeding coefficient (F) 

(calculated using the ‘--het’ option in PLINK
2
) at FDR <0.01, and showed a high level of relatedness (PI_HAT ≥ 

0.4) calculated on IBS distance between all individuals. Calculation of inbreeding coefficient and sample 

relations were calculated on a LD pruned dataset to keep only independent variants. 

In order to control for population stratification while avoiding the possible bias introduced by the enrichment of 

associated alleles in the dataset, principal components (PCs) were computed based on the control samples, and 

then applied to the affected samples. PCs were computed based on a set of 18,123 independent (LD pruned) 

SNPs across the Immunochip. To generate the LD pruned SNPs, we removed variants in long range LD
3
 and 

pruned the common variants (MAF>0.05) three times using the ‘--indep’ option in PLINK (with window size of 

50, step size of 5 and VIF threshold of 1.25). The genomic inflation factor for disease susceptibility (λ) was 

estimated from a set of 3,120 "null" SNPs (chosen based on GWAS of schizophrenia, psychosis and 

reading/mathematics ability), using different subsets of PCs. Based on these and investigation of contribution of 

individual SNPs to the components (loadings), we selected to use the first five PCs to control for population 

stratification in all the analyses.   

The cluster plots of all SNPs mentioned in the text or figures of the manuscript were manually inspected by three 

independent assessors, using the program Evoker v2.2.
4
 SNPs were marked as poorly genotyped if they did not 

show three clear clouds in every batch. No SNPs failed this inspection. 
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Variants in the MHC, including SNPs, HLA alleles at HLA-A, HLA-C, HLA-B, HLA-DRB1, HLA-DQA1, HLA-

DQB1, HLA-DPA1 and HLA-DPB1 were imputed using SNP2HLA imputation pipeline.
5
 Only variants with 

more than 0.5% frequency were tested for association. Imputed data and primary results for CD and UC were 

obtained from the fine mapping project in the MHC.
6
 

Age-of-onset, surgery and upper GI association 

To test for association between age-of-onset and genotypes, we quantile-normalized the CD and UC age-of-onset 

data separately, carried out separate linear regression analysis, and combined the results using a fixed-effect 

inverse variance weighted meta-analysis. Binary logistic regression was used to analyze upper gastrointestinal 

involvement and perianal disease (irrespective of other disease behaviors or location). To measure association 

with time to first surgery in CD and time to colectomy in UC, a parametric survival regression using a Weibull 

distribution was fitted using the R package “survival”. The point estimates and confidence intervals on the 

hazard ratio were computed from the parameter estimates as follows: let γ be the effect size estimate and s be the 

estimate of the (log) scale parameter (s=log(σ)). Given the parametrization used, the hazard ratio estimate is  𝑒𝛽, 

where 𝛽 = −
𝛾

𝑒𝑠
. The standard error estimate for β was approximated using the delta method:

7
 

var(𝛽) ≈
1

𝑒2𝑠
(var(𝛾) + 𝛾2var(𝑠) − 2𝛾cov(𝛾, 𝑠)) 

where var(γ) and var(s), are the variance estimates of γ and s, respectively, and cov(γ,s) is the covariance 

estimate obtained from the covariance matrix of the model. The 95% confidence estimates were computed under 

the hypothesis of a Gaussian distribution for µ. 

Replication 

The replication cohort was obtained from the IIBDGC repository from patients with available phenotype 

information and genome-wide imputed data.
8
 Patients included in the discovery phase of this study were 

discarded. A large subset of patients were included from cohorts of pediatric cases of IBD. Given the difference 

in phenotypes and age of these pediatric cases, these patients were analyzed as a single cohort. The remaining 

samples had phenotype distribution similar to the discovery cohort and were analyzed together. Results from 

these two analyses were combined by meta-analysis. A limitation of this replication is the lower variance of 

phenotypes in the pediatric cohort, in particular for age at diagnosis. For this reason, the pediatric cohort was not 

used for the age of onset analysis. The pediatric cohort was also not used for the analysis of time to surgery, 

because the data was unavailable (supplementary table 3). 

Model selection (Classifying phenotypes using risk variants) 

Aim of the method 

As well as containing information about the relationship between genotype and phenotype, risk variants can also 

contain information about the relationship between different phenotypes. For instance, NOD2 risk variants are 

most common in ileal CD patients, rarest in colonic CD patients, and of intermediate frequency in ileocolonic 

patients. This suggests that ileocolonic CD patients are in some sense intermediate between ileal and colonic CD 

patients (as is also supported by clinical evidence).  

The method outlined below provides a systematic framework for carrying out such inferences. It combines 

information across multiple predictors (both risk variants and risk scores) to test hypotheses about genetic 

relationships between different phenotypes. We fit a number of genotype-phenotype models by maximum 

likelihood, and compare them using model selection carried out with the Bayesian Information Criterion. We 

additionally use cross-validation to validate the results of our method. 

The information produced by this method is useful for two reasons. Firstly, it provides potential biological and 

clinical insight into the phenotypes under study. Secondly, it suggests a natural statistical framework for carrying 

out a genotype-phenotype scan: once an optimal model for the relationship between a genotype and multiple 

phenotypes has been established, this model can be used to carry out regression and likelihood ratio test. The 

genome-wide scans described in the main text were all carried out using the model optimally selected for each 

phenotype using this method. 

Description of models and model selection 
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Overview of logistic models 

We fitted various constrained versions of two forms of logistic regression model to the data: multinomial and 

ordinal logistic models (both described in Chapter 8 of 
9
). Constrained versions were constructed by fixing 

certain parameters to zero, or fixing pairs of parameters to be equal to each other, as described below. All models 

had three phenotype categories; while they all generalize to arbitrary numbers of phenotypes, the number of 

constrained versions increases exponentially with the number of phenotypes. 

For individual 𝑖 ∈ {1, … , 𝑁} we denote the observed phenotype as 𝑦𝑖 ∈ {1, … , 𝐾}, where K is the number of 

possible outcomes; and predictor variables (genotypes and risk scores) as 𝒙𝒊 ∈ ℝ
𝐿+1 , with L the number of 

predictors (𝑥𝑖0 = 1, for an intercept). We will denote as 𝜷𝒋 the vector of regression parameters for outcome j and 

by 𝛽 = {𝛽𝑗𝑠}𝑗∈{1,…,𝐾};𝑠∈{0,…,𝐿}  the complete set of regression parameters in the model. We will denote the 

probability of an outcome  𝑌 = 𝑗, conditional on the predictors as: 

𝑝𝑗(𝑥) = 𝑃(𝑌 = 𝑗|𝒙, 𝛽), 

from which we can generate the general form of the likelihood for model M:  

𝐿(𝑀) =∏𝑝𝑦𝑖(𝒙𝒊)

𝑁

𝑖=1

. 

Multinomial logistic models 

The multinomial model is a simple generalization of the logistic model to multiple independent and mutually 

exclusive categories. The probability of an outcome j is equal to: 

𝑝𝑗(𝒙) =  
exp (𝜷𝑗

𝑇𝒙)

∑ exp (𝜷𝑠
𝑇𝒙)𝐾

𝑠=1

. 

We set the first category as an arbitrary reference, with  𝜷1 = 0⃗ . 

For the constrained multinomial (or pseudobinomial) model for three phenotypes, we set one of the phenotypes 

to the reference category, and for the other two phenotypes we set 𝛽2𝑠 = 𝛽3𝑠 for all predictors other than the 

intercepts, i.e. for 𝑠 ∈ {1, … , 𝐿}. This gives three models, corresponding to three different reference phenotypes. 

For each model the two non-reference phenotypes are considered identical to each other for the effect of the 

predictors, and different from the reference phenotype. 

Ordinal logistic models 

Instead of a set of independent categories, the ordinal logistic with cumulative link model treats phenotypes as a 

series of ordered, embedded classes. This means that class 2 contains phenotypes 1 and 2, class 3 contains 

phenotypes 1, 2 and 3 and so on. This model therefore represents a phenotype that has a natural ordering. 

The ordinal model with cumulative link is best represented as the probability of being in a given class: 

𝑃(𝑌 ≤ 𝑗|𝒙, 𝛽) = {

1

1 + exp(−𝜷𝑗
𝑇𝒙)

, for 𝑗 ∈ {1, … , 𝐾 − 1}

1, for 𝑗 = 𝐾.

 

In this model, there are no parameters corresponding to the last category, i.e. 𝜷𝐾  is not defined. 

Thus the probability of an individual having any given phenotype, conditional on the predictors is: 
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𝑝𝑗(𝒙) = 𝑃(𝑦𝑖 ≤ 𝑗 |𝒙, 𝛽) − 𝑃(𝑦𝑖 ≤ 𝑗 − 1 |𝒙, 𝛽)

=

{
 
 
 

 
 
 

1

1 + exp(−𝜷𝑗
𝑇𝒙)

, for 𝑗 = 1

1

1 + exp(−𝜷𝑗
𝑇𝒙)

−
1

1 + exp(−𝜷𝑗−1
𝑇 𝒙)

, for 𝑗 ∈ {2, … , 𝐾 − 1}

1 −
1

1 + exp(−𝜷𝑗−1
𝑇 𝒙)

, for 𝑗 = 𝐾.

 

For the constrained ordinal model (or proportional odds model) for two phenotypes, we assign the three 

phenotypes to some order, and set  𝛽1𝑠 = 𝛽2𝑠 for all predictors other than the intercepts, i.e. for 𝑠 ∈ {1, … , 𝐿}. 
This gives us three different models corresponding to the three possible non-equivalent orderings (as models 

with ordering 1, 2, 3 are equivalent to models with ordering 3, 2, 1 with negative effect sizes). Each represents a 

model where phenotypes are simply ordered, with each predictor increasing the odds of being in a class by the 

same amount. 

Parameter estimation 

We estimate the parameters of the models, subject to certain constraints, by maximum likelihood. Such models 

are often fitted using an efficient Newton or Quasi-Newton method (as in the Trinculo analysis below). 

However, standard implementations are not open source, and so here we fit all models by simulated annealing, 

using the freely available R package GenSA [ http://journal.r-project.org/archive/2013-1/xiang-gubian-suomela-

etal.pdf], This is less efficient, but easier to implement, as it does not require calculation of derivatives of the log 

likelihood. For the constrained ordinal and general multinomial we check the solutions against the Trinculo 

output (described below). 

Model comparison 

To compare models we fit the general unconstrained forms of both the multinomial and the logistic models, as 

well as three versions of each model with certain constraints on β as described before. To perform model 

selection we use a penalized likelihood: the Bayesian Information Criterion (BIC)
10

, which can compare 

alternative parameterizations and non-nested models. While the BIC is perhaps best known for its use in feature 

selection, in our case the features (predictors) are held constant and instead we are using BIC to select between 

probability models and parameter constraint. This is similar to how the BIC is used to pick the link function in a 

generalized regression analysis (e.g. section 5.5.2 of 
11

). Under certain assumptions the calculated BICs produce 

model weights for each model that approximate the posterior probability that this model is the “best” model 

(informally, the model that minimizes the information loss compared to the true model, see Section 5.5.5 of 
11

). 

For more on BIC weights, and when they can be properly interpreted as posteriors, see Section 6.4.3 of 
12

. 

The ordinal and multinomial models handle covariates differently: covariates are included as further predictors, 

and are thus interpreted through differing probability models (either ordinal or multinomial). This could induce 

bias when handling principal components, as the selected model may be the one that most accurately models 

stratification, rather than the one that most accurately models the true genetic effects. As a result, we do not 

include PCs in the models directly: instead, we remove variation due to PCs 1-5 from the predictors themselves, 

by linearly regressing the predictors against the PCs and taking the residuals. 

When classifying CD subphenotypes, we use the CDvsUC risk score (minus HLA and NOD2 variants), plus the 

three NOD2 variants and the HLA variant from Table 3. When classifying UC subphenotypes, we use the 

CDvsUC risk score and the HLA variant from Table 3. We also ran a large model for colonic CD, ileal CD and 

UC that included all 193 SNPs and all 23 imputed HLA types as separate predictors, in order to avoid over 

fitting from the risk scores. 

Cross-validation 

To ensure that the approach described above was working as expected, we used an alternative scheme (cross-

validation) to test for differences in the predictive power of the different models.  

We carry out 10-fold cross validation by splitting the dataset up into 10 equally sized non-overlapping test sets. 

For each test set we fitted each of the models on all individuals that were not in the test set, and used the 

parameters estimated to assign the estimated probabilities to each individual for each outcome in the test set. 

From these probabilities we then calculated the cross-validation likelihood using equations above to produce a 

http://journal.r-project.org/archive/2013-1/xiang-gubian-suomela-etal.pdf
http://journal.r-project.org/archive/2013-1/xiang-gubian-suomela-etal.pdf
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measure of the predictive power of each model that is free from overfitting. We also calculated the probability 

given to the correct phenotype for each individual during the cross-validation (𝑝𝑦𝑖(𝑥𝑖)), and used a non-

parametric Wilcoxon signed-rank test for differences between pairs of model’s predictions. 

Supplementary table 2 shows the results of both the BIC analysis and the cross validation for CD location, CD 

behavior and UC extent. In general, the BIC and the cross-validation gave very similar results. For CD location 

the BIC analysis and cross-validation produced exactly the same ordering of models, and the best model (the 

general model) had both a BIC weight of >99.9% and had a significantly higher likelihood than all other models 

under the non-parametric test. For CD behavior, the BIC analysis and the cross-validation supported the same 

best model (B1>B2>B3, with a BIC weight of 98%), though the non-parametric cross-validation test found that 

the B1>B2+B3 and general models were not significantly better than the best model. For UC extent, the BIC and 

cross-validation analyses gave almost identical orderings, with the only difference being that the cross-validation 

analysis slightly favored the general model, as opposed to the E1+E2>E3 model favored by the BIC analysis, 

and many models could not be distinguished under the non-parametric test. 

Multinomial and ordinal data analysis (Trinculo) 

We developed custom software to efficiently fit certain multicategory logistic models, allowing multi-phenotype 

analyses to be run genome-wide. The multinomial and ordinal models described above are fitted using the 

Newton-Raphson method, and the statistical significances of the associations are tested using likelihood ratio 

tests. The C++ program (called Trinculo) takes in plink-formatted genotype, phenotype and covariate data, and is 

available from https://sourceforge.net/projects/trinculo/.  

This software was used to perform the genome-wide scans for CD location and CD behavior shown in Table 2. 

The CD location scan was carried out under a general multinomial model, and the CD behavior scan was carried 

out under a proportional odds (constrained) ordinal logit model with ordering B1<B2<B3. The scan for UC 

extent was carried out under a binomial model using plink. These models were each selected as they were the 

optimal found during the model selection stage described above (see Supplementary table 2 for details). 

Calculation of genetic risk scores (GRS) and cross-validation of predictive model 

All risk scores initially included the 193 independent IBD associations.
8
 To generate scores we first calculated 

association p-values and odds ratios for the phenotype of interest using a logistic regression model, conditional 

on the first 5 principal components. All SNPs with p<0.05 were included in the score, using the odds ratios 

estimated from the logistic model and allele frequencies taken from controls. Standard logistic risk scores were 

then computed for all samples using the R package “Mangrove” [http://cran.r-

project.org/web/packages/Mangrove/index.html].
13

 Similarly, risk scores were calculated using all SNPs 

excluding those in the MHC, and NOD2. Risk scores were generated for CD vs controls, UC vs controls, CD vs 

UC, ileal CD vs UC and colonic CD vs UC.  

To assess the predictive accuracy of the risk scores in CD location (the most strongly predictable subphenotype), 

we split the data into a training set consisting of non-UK samples, and a validation set consisting of all UK 

samples. The models were fitted in the training set (with models trained to separate CD vs UC, or directly 

separate purely ileal and purely colonic CD), and classification accuracy to classify ileal vs colonic CD was 

assessed in the validation set using the area under the ROC curve (AUC). We also tested if inclusion of 23 IBD-

associated imputed HLA alleles would improve these scores. Note that, other than this test, HLA alleles were not 

used in any other risk scores reported in this paper.  

https://sourceforge.net/projects/trinculo/
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Supplementary Tables 

Supplementary Table 1: Description of recruiting centres 

See Appendix B 
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Supplementary Table 2: Model selection and cross-validation 

 

Bayesian information criterion analysis Cross-validation analysis 

Phenotype model BIC Delta BIC BIC weight 2L delta -2L P-value* 

CD location 

L1>L2>L3 -28544.24 -480.82 3.9018E-105 -28560.12 -521.82 3.68E-81 

L2>L1>L3 -28432.66 -369.24 6.61533E-81 -28445.22 -406.92 1.60E-63 

L1>L3>L2 -28103.04 -39.62 2.49244E-09 -28114.56 -76.26 6.63E-06 

L1>L2+L3 -28344.2 -280.78 1.07003E-61 -28357.64 -319.34 5.39E-34 

L1+L2>L3 -28553.66 -490.24 3.5135E-107 -28567.98 -529.68 1.58E-73 

L1+L3>L2 -28089.16 -25.74 2.57412E-06 -28100.8 -62.5 6.13E-24 

General -28063.42 0 0.999997423 -28038.3 0 NA 

CD behaviour 

B1>B2>B3 -28429.6 0 0.98270684 -28441.18 0 NA 

B2>B1>B3 -28630.9 -201.3 1.90847E-44 -28640.26 -199.08 1.03E-54 

B1>B3>B2 -28503.16 -73.56 1.0449E-16 -28514.98 -73.8 3.37E-16 

B1>B2+B3 -28437.68 -8.08 0.017293157 -28450.6 -9.42 0.2404106 

B1+B2>B3 -28520.76 -91.16 1.575E-20 -28530.48 -89.3 6.20E-32 

B1+B3>B2 -28630.58 -200.98 2.23961E-44 -28641.02 -199.84 5.45E-50 

General -28468.76 -39.16 3.08275E-09 -28442.02 -0.84 0.1995 

UC extent 

E1>E2>E3 -20340.78 -3.04 0.173292464 -20347.7 -4.9 9.35E-05 

E2>E1>E3 -20344.06 -6.32 0.03361528 -20351.3 -8.5 0.13 

E1>E3>E2 -20393.46 -55.72 6.30178E-13 -20400.22 -57.42 0.0009672 

E1>E2+E3 -20398.06 -60.32 6.31809E-14 -20404.32 -61.52 2.86E-11 

E1+E2>E3 -20337.74 0 0.79233217 -20344.8 -2 3.38E-13 

E1+E3>E2 -20366.18 -28.44 5.28737E-07 -20373.52 -30.72 0.05911 

General -20351.64 -13.9 0.000759557 -20342.8 0 NA 

 

*Relative to the model with the highest cross-validation likelihood 
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Supplementary Table 3: Phenotype distribution of replication cohort 

  
CD POP CD pediatric UC POP UC pediatric 

1,097 1,356 3,106 623 

Demographics 

Gender 

Male 370 37.00% 776 57.20% 1362 51.60% 278 44.60% 

Female 630 63.00% 580 42.80% 1277 48.40% 345 55.40% 

Missing 418 8.80% 0 0.00% 467 15.00% 0 0.00% 

Age at diagnosis 

Median 

(Quartiles) 
26y (20-37) 12y (10-14) 33y (24-44) 12y (8-15) 

< 17 (A1) 117 11.10% 1224 90.30% 124 5.60% 559 89.70% 

17 - 40 (A2) 721 68.30% 131 9.70% 1379 62.20% 64 10.30% 

> 40 (A3) 218 20.60% 0 0.00% 714 32.20% 0 0.00% 

Missing 41 3.70% 1 <0.1% 889 28.60% 0 0.00% 

Family History 

Yes 216 27.90%     374 20.60% 2232   

No 558 72.10%     1445 79.40% 8260   

Missing 323 29.40% 1356 100.00% 1287 41.40% 623 100.00% 

Smoking Status 

Smoker 300 31.10%     134 9.00%     

Ex-Smoker 245 25.40%     567 38.30%     

Non-Smoker 419 43.50%     781 52.70%     

Missing 133 12.10% 1356 100.00% 1624 52.30% 623 100.00% 

Phenotypes 

Disease Location 

Ileal (L1) 301 30.80% 227 18.50% 

    

Colorectal (L2) 264 27.00% 347 28.30% 

Ileocolonic (L3) 390 40.00% 647 52.80% 

Other 21 2.20% 5 0.40% 

Upper GI (L4) 93 14.10% 332 31.10% 

Missing 121 11.00% 130 9.60% 

Disease Extent 

Proctitis (E1) 

    

386 16.70% 0 0.00% 

Left-Sided (E2) 921 39.90% 144 30.40% 

Extensive (E3) 994 43.10% 329 69.60% 

Other 7 0.30% 0 0.00% 

Missing 798 25.70% 150 24.00% 

Disease Behaviour 

Inflammatory (B1) 379 37.00% 664 69.10% 

    
Stricturing (B2) 355 34.60% 133 13.80% 

Penetrating (B3) 291 28.40% 164 17.10% 

Missing 72 6.60% 395 29.10% 

Surgery 

Yes 617 65.10%     312 16.20%     

No 331 34.90%     1616 83.80%     

Missing 149 13.60% 1356 100.00% 1178 37.90% 623 100.00% 
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Supplementary Table 4: Suggestive (p<1×10
-05

) genetic association results for all studied phenotypes 

See Appendix B 

Supplementary Table 5: Genotype-phenotype association results for the 163 known IBD loci 

See Appendix B 

Supplementary Table 6: MHC associations for disease susceptibility and disease sub-phenotypes 

See Appendix B 
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Supplementary Table 7: Predictive accuracy of risk scores based on SNPs and HLA types, assessed by 

cross-validation
*
.  

Model CD vs UC Ileal CD vs Colonic CD 

SNP AUC** 

0.601 (0.568 - 0.633) 0.566 (0.532 - 0.598) 

HLA types AUC 0.589 (0.556 - 0.621) 0.611 (0.579 - 0.643) 

SNP+HLA type AUC 0.622 (0.589 - 0.653) 0.625 (0.593 - 0.657) 

HLA+SNP vs SNP P-value 0.026 2.20x10-09 

HLA+SNP vs HLA P-value 
0.003 0.6715 

 

*
Models are trained in the non-UK data, and are validated in patients form UK by classifying purely ileal 

vs purely colonic data. P-values for improvement in AUC are calculated by testing for an excess of 

positive rank changes in ileal samples over colonic samples, via a Wilcoxon Rank Sum test. Numbers in 

brackets are 95% confidence intervals. 

**
AUC is for Area Under the (ROC) Curve. This is also the probability for a patient taken at random in 

the non-reference group to have a higher risk score than a patient taken at random in the reference group. 
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Supplementary Table 8: Clinical characteristics for CD patients with low and high CDvsUC risk scores 

Phenotype 
CDvsUC low 

(log ≤ -2), n=82 

CDvsUC high 

(log > 3), n=107 

Disease location 

Ileal (L1) 9 (15.3%) 39 (36.4%) 

Ileocolonic (L3) 21 (35.6%) 33 (30.8%) 

Colorectal (L2) 29 (49.2%) 5 (4.7%) 

Missing 23 (28.0%) 14 (13.1%) 

Disease behaviour 

Inflammatory (B1) 46 (77.9%) 31 (40.3%) 

Stricturing (B2) 7 (11.9%) 26 (33.8%) 

Fistulating (B3) 6 (10.2%) 20 (25.9%) 

Missing 23 (28.0%) 30 (28.0%) 

 

The number and percentage of patients for each sub-phenotype is given. 
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Supplementary Table 9: Review of diagnosis and genetic risk score 

Original diagnosis Feedback diagnosis Non-outlier score Outlier score 

CD CD 59 (90.8%) 48 (70.6%) 

 UC/doubt 6 (9.2%) 20 (29.4%) 

UC UC 28 (93.3%) 23 (79.3%) 

 CD/doubt 2 (6.7%) 6 (20.7%) 

 

The number and percentage of patients where the feedback diagnosis was the same or different from the 

original diagnosis is given for patients with an outlying CDvsUC risk score, or with a non-outlying 

CDvsUC risk score. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



16 

 

Supplementary Figures 

 

Supplementary Figure 1: CD disease location versus age at diagnosis. Observed distribution of disease 

location versus age at diagnosis is shown as smoothed proportions, with 95% confidence band.  Ileal, ileocolonic 

and colonic location are shown respectively in orange, gray and blue. These are not corrected for disease 

duration, which is correlated to age at diagnosis.  
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Supplementary Figure 2: UC disease extent versus age at diagnosis. Observed distribution of disease extent 

versus age at diagnosis is shown as smoothed proportions, with 95% confidence band.  Extensive, left-sided and 

proctitis are shown respectively in orange, blue and gray. These are not corrected for disease duration, which is 

correlated to age at diagnosis.  
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Supplementary Figure 3: CD disease behaviour versus age at diagnosis. Observed distribution of disease 

behaviour versus age at diagnosis is shown as smoothed proportions, with 95% confidence band.  Inflammatory, 

stricturing and penetrating disease are shown respectively in gray, blue and orange. These are not corrected for 

disease duration, which is correlated to age at diagnosis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



19 

 

 

Supplementary Figure 4: Time to first complication after CD diagnosis. Black line represents the survival 

curve from the combined centres. Orange lines represent the secondary and tertiary centres. Gray lines represent 

the population based centres from Scandinavia. The blue line represents the EO-IBD (early-onset) cohort. The 

width of the lines is proportional to the sample size. 
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Supplementary Figure 5: Time to first surgery after CD diagnosis. Black line represents the survival curve 

from the combined centres. Orange lines represent the secondary and tertiary centres. Gray lines represent the 

population based centres from Scandinavia. The blue line represents the EO-IBD (early-onset) cohort. The width 

of the lines is proportional to the sample size. 
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Supplementary Figure 6: Time to colectomy after UC diagnosis. Black line represents the survival curve 

from the combined centres. Orange lines represent the secondary and tertiary centres. Gray lines represent the 

population based centres from Scandinavia. The blue line represents the EO-IBD (early-onset) cohort. The width 

of the lines is proportional to the sample size. 
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Supplementary Figure 7: Time to first complication (B2 or B3) after CD diagnosis per disease location. 
Kaplan Meier curves with 95% confidence intervals are plotted, conditional on disease location at last review; 

orange is for L1 – ileal, blue for  L2 – colonic and gray for L3 – ileocolonic. 
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Supplementary Figure 8: MHC region plot for CD age at diagnosis. Evidence for association is shown as -

log10(p-values) (y-axis). SNP variants are represented in gray, HLA alleles in yellow and HLA amino acid 

variants in red. 
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Supplementary Figure 9: MHC region plot for UC age at diagnosis. Evidence for association is shown as -

log10(p-values) (y-axis). SNP variants are represented in gray, HLA alleles in yellow and HLA amino acid 

variants in red. 
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Supplementary Figure 10: MHC region plot for CD location. Evidence for association is shown as -log10(p-

values) (y-axis). SNP variants are represented in gray, HLA alleles in yellow and HLA amino acid variants in 

red. 
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Supplementary Figure 11: MHC region plot for CD behaviour. Evidence for association is shown as -

log10(p-values) (y-axis). SNP variants are represented in gray, HLA alleles in yellow and HLA amino acid 

variants in red. 
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Supplementary Figure 12: MHC region plot for UC extent. Evidence for association is shown as -log10(p-

values) (y-axis). SNP variants are represented in gray, HLA alleles in yellow and HLA amino acid variants in 

red. 
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Supplementary Figure 13: MHC region plot for CD surgery. Evidence for association is shown as -log10(p-

values) (y-axis). SNP variants are represented in gray, HLA alleles in yellow and HLA amino acid variants in 

red. 
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Supplementary Figure 14: MHC region plot for UC colectomy. Evidence for association is shown as -

log10(p-values) (y-axis). SNP variants are represented in gray, HLA alleles in yellow and HLA amino acid 

variants in red. 
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Supplementary Figure 15: MHC association for CD disease location versus UC susceptibility. Evidence of 

association is shown as ±log10(p-values) for disease susceptibility in UC (x-axis) and disease location in CD (y-

axis). The direction of the axis represents the direction of effect. For disease susceptibility (x-axis) risk alleles 

are represented on the positive (right) side, while protective alleles are shown on the negative (left) side. For 

disease location, alleles increasing risk to ileal location are on the positive (upper) part of the plot, while alleles 

increasing risk of colonic location are on the negative (lower) part of the plot. We can see many variants 

associated to UC risk are also associated to colonic location in CD, including HLA-DRB1*01:03. 
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Supplementary Figure 16: MHC association for CD disease location versus CD susceptibility. Evidence of 

association is shown as ±log10(p-values) for disease susceptibility in CD (x-axis) and disease location in CD (y-

axis). The direction of the axis represents the direction of effect. For disease susceptibility (x-axis) risk alleles 

are represented on the positive (right) side, while protective alleles are shown on the negative (left) side. For 

disease location, alleles increasing risk to ileal location are on the positive (upper) part of the plot, while alleles 

increasing risk of colonic location are on the negative (lower) part of the plot. We can variants associated to CD 

risk are mostly associated to ileal location, a notable exception being HLA-DRB1*01:03. 
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Supplementary Figure 17: Effect sizes of genetic risk scores (GRS) for disease location, disease behavior 

and age at diagnosis including 159 susceptibility loci (with NOD2, MHC and MST1 removed). Effect sizes 

are calculated by linear regression on a standardized scale as in Figure 2B, and error bars depict 95% confidence 

intervals. Filled circles show parameters that differ significantly from zero after correcting for multiple testing 

(i.e. p < 0.003). 
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Supplementary Figure 18: Consistent positioning of purely colonic CD as intermediate between purely 

ileal CD and UC on four different risk scores. A) CD vs UC score, B) CD vs UC score with HLA and NOD2 

removed, C) a score designed to seperate ileal CD from UC, D) a score designed to seperate colonic CD from 

UC.  

  



34 

 

 

Supplementary Figure 19: BIC-based phenotype model selection for UC, purely colonic CD (CCD) and 

purely ileal CD (ICD). The ordinal model (first bar), corresponding to colonic CD as intermediate between ileal 

CD and UC, has the smallest delta-BIC, significantly smaller than the classical model (colonic CD and ileal CD 

as a single phenotype, distinct from UC, the fourth bar).  
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