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Background

Inflammatory bowel disease (IBD) has classically been 
considered to comprise Crohn’s disease (CD), ulcerative 
colitis (UC) and IBD unclassified (IBDU). This group of 

chronic, relapsing and remitting inflammatory conditions 

primarily affect the gastrointestinal tract leading to long-

term morbidity, with multiple downstream sequelae. 

Current management strategies focus on treating disease 
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relapses, when they occur, and prolonging remission with 
immunomodulators and monoclonal antibody therapy (1-3). 
Up to 25% of IBD patients present during childhood (before 
the age of 18 years) (4,5). Surgical intervention is often 
required in both UC and CD, occurring in 10% and 25% 
of children prior to the age of 18 years respectively (6,7).

Despite increased understanding of the underlying 
disease process there is no cure. Many of the medications 
currently available are extremely effective if used as part of 
a timely and precise management strategy (8). However the 
same treatments have significant potential toxicity including 
increased infection risk, steroid toxicity, increased risk of 
malignancy, and many patients can lose response when 
treatments are used long term (9,10). 

The primary aim of treatment has moved from symptom 
management to full mucosal and in CD, transmural healing, 
with the additional challenges in childhood of achieving 
normal growth, puberty and access to education (11).  
Current treatment protocols can be effective at managing 
patients but many children fail to respond, have frequent 
relapses, progress to surgery and develop significant 
complications. In adult-onset disease there is a move 
towards a top-down approach, giving monoclonal antibody 
therapy as initial treatment to modify the natural history 
of disease progression (12). However, this exposes patients, 
likely to require lifelong therapy, to earlier risks of 
serious infections, the potential for malignancy (including 
hepatocellular T-cell lymphoma) and secondary loss of 

response (13). In addition, a top-down approach is clearly 
not appropriate for all patients, with some having a quiet 
and indolent disease course requiring only minimal therapy 
compared to others with rapidly progressive disease. Figure 1  
shows the potential disease course for three patients with 
IBD, highlighting these differences. The distinction 
of patients into these subgroups, alongside additional 
stratification through machine learning (ML), is the 
cornerstone of personalised medicine that will be discussed 
in this review. 

What is IBD?

Personalised therapy hinges on the precise understanding 
of the underlying, molecular diagnosis. The characteristic 
feature of IBD is chronic, relapsing and remitting intestinal 
inflammation. Classically there have been two main 
subtypes, CD and UC, each with typical features pointing 
to that diagnosis. CD can occur from mouth to anus, is 
patchy, transmural, granulomatous and may have stricturing 
or penetrating (fistulating) features (14). Conversely UC 
is a disease of the colonic and rectal mucosa (potentially 
with limited ‘backwash’ ileitis) that does not lead to fibrotic 
strictures or perianal disease (15). Patients not fitting 
neatly into either group are described as IBDU, something 
which is more common in children (16). Whilst there 
are diagnostic criteria for each disease subtype in both 
adults and children it is clear that there is also vast disease 
heterogeneity, even within disease subtypes, with varying 
disease appearance and outcome (17-19). Additionally, 
there is frequently macroscopic/histological uncertainty 
and subsequent reclassification of disease, including after 
surgical resection (20). The underlying pathogenesis points 
to a complex multifactorial aetiology including genetic 
defects in pathways associated with the immune system, 
epithelial barrier, bacterial recognition and response, and 
environmental impacts including a dysbiotic microbiome 
(21,22). There is significant overlap in the genetic 
susceptibility to CD and UC, with cases frequently having 
both disease subtypes in their family history (21,23,24). In 
2011 Khor et al. identified 28 risk loci through genome-
wide association studies (GWAS) conferring increased risk 
for both CD and UC (21). A year later Jostins et al. [2012] 
detailed 110 of the 163 known susceptibility loci as risk 
for both CD and UC and most recently Liu et al. [2015] 
reported 38 new single nucleotide polymorphisms (SNPs), 
of which 27 were joint risk loci for both CD and UC (25,26). 
Of the 201 loci identified to date through GWAS, 148 (74%) 

Figure 1 Different potential disease courses in paediatric 
inflammatory bowel disease. Patient A has severe disease at 
presentation but rapidly gains remission and has only one relapse 
over 3 years. Patient B has several disease flares but is well 
between. Patient C presents with mild disease but has an aggressive 
trajectory, not entering remission easily and having active 
disease for the majority of the 3 years. At diagnosis it is currently 
impossible to know which course patients will follow.
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are risk loci for both CD and UC (25,26). 
Whilst there is clearly some utility in classifying disease 

into CD or UC at diagnosis (for some treatment decisions, 
prognostication and research classification) it is likely 
that this system is overly simplistic. Recent unsupervised 
approaches for classification of disease based on clinical, 
genetic and microbial data do not result in the two 
disease subtypes, instead grouping patients into multiple 
different categories (27-29). Moreover, it may be that 
each individual presenting with IBD has their own specific 
reason for having disease based on their underlying genetic 
predisposition (including immune function or epithelial 
barrier dysfunction) and interaction with the environment 
(diet, microbiome, infection). Additionally, variation must 
be seen in the context of subtle modifiers in interacting 
genes and the current diagnostic categories may be 

superseded by a precise molecular diagnosis.

Current management strategies for paediatric 
IBD

The initial aim is the safe and rapid induction of remission 
and optimisation of nutrition. Once remission has been 
established the maintenance of remission (prevention of 
relapse) is the priority. Treatments are summarised in Table 1. 

Induction of remission 

Exclusive enteral nutrition (EEN)
EEN is the first line option for induction of remission in 
paediatric CD (2). It is taken in the form of a liquid drink 
for 6–8 weeks with complete exclusion of all other foods and 

Table 1 Treatment in paediatric IBD, adapted from Ashton et al. Lancet Child Adolesc Health 2017 

Treatment Disease type Prior to starting treatment During treatment 

Induction 
agents

Exclusive enteral nutrition 
(Modulen, E028, etc.)

Crohn’s disease Patient education is vital (no other food); 
dietetic input (e.g., volume required)

Nutritional input; ongoing dietetic 
support is vital (for compliance 
and nutritional assessment)

Corticosteroids (oral or 
intravenous)

Ulcerative colitis; 
Crohn’s disease; 
IBDU

Patient education (side effects) Nutritional input; wean off steroids 
after 6 weeks; side effects 

Anti-TNF-α monoclonal 
therapy (infliximab, 
adalimumab)

Crohn’s disease; 
ulcerative colitis; 
IBDU

Tuberculosis testing; counselling (possible 
increased risk of malignancy, reactivation 
of infection, increased susceptibility to 
serious infection)

Nutritional input; discontinue if no 
response after 2–3 doses 

Maintenance 
agents

5-aminosalycylate 
(mesalazine, sulfasalazine, 
etc.)

Ulcerative colitis Patient education (side effects) Change therapy if no response in 
2 weeks

Thiopurines (azathioprine, 
6-mercaptopurine)

Crohn’s disease 
ulcerative colitis; 
IBDU 

Check TPMT status to inform use and 
dosage 

Full blood count and liver function 
monitoring; sun protection; dose 
adjustment as required (titrate to 
response and metabolite levels) 

Anti-TNFα monoclonal 
therapy (infliximab, 
adalimumab)

Crohn’s disease; 
ulcerative Colitis; 
IBDU

Tuberculosis testing (chest radiograph, 
QuantiFERON); counselling (possible 
increased risk of malignancy, reactivation 
of infection, increased susceptibility to 
serious infection)

Consider dose escalation of 
infliximab or reduction of dosing 
interval if losing response; anti-
monoclonal antibody testing if 
losing response; stop therapy if 
possible? 

New 
generation 
monoclonal 
therapy

Vedolizumab, ustekinumab Crohn’s disease; 
ulcerative Colitis; 
IBDU

Tuberculosis testing (chest radiograph, 
QuantiFERON); counselling (possible 
increased risk of malignancy, reactivation 
of infection, increased susceptibility to 
serious infection)

Assessment of response 
(vedolizumab may take in excess 
of 3 months to induce then 
maintain remission)

IBDU, inflammatory bowel disease unclassified; TPMT, thiopurine methyltransferase; TNF, tumour necrosis factor.
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drinks. There is an excellent response rate of up to 80%, 
with appropriate case selection (30). Maintenance therapy is 
often started during the EEN treatment course. 

Corticosteroids 
In moderate/severe CD the second line agent is oral 
steroids with consideration of intravenous therapy in severe, 
pan-enteric disease. Some patients will not response to 
EEN and will require steroids to induce remission, although 
the reasons behind this are often unclear (excluding patient 
factors and tolerability) (30,31).

Steroids (oral or intravenous) are recommended for 
induction of remission in UC (3). The response rate is up 
to 90%, usually used in conjunction with a 5-amino salicylic 
acid (5-ASA) preparation (mesalazine, sulfasalazine). 
Steroid refractory disease at induction triggers escalation 
of immunosuppression with monoclonal therapy being the 
most widely used. 

Anti-TNF therapy
Anti-TNF monoclonal therapy (infliximab, adalimumab) is 
an effective induction agent in selected patients, but these 
cases can be difficult to identify at disease onset (32). These 
include disease failing to respond to steroid induction, 
stricturing, penetrating or fistulating disease and severe 
perianal disease (2,3). In some centres there is a ‘top-down’ 
therapy approach for all patients regardless of disease 
severity, which began in adult IBD although this is not 
currently recommended in children (12). The long-term 
impact (good and bad) of the ‘top-down’ approach is not yet 
known and this presents a significant challenge for clinicians 
considering this approach. 

Maintenance therapy

There are many medications used to prevent relapses 
and maintain remission. All have (potentially severe) side 
effects and not all will tolerate each medication. The main 
priority of management is identification of patients who will 
respond and maintain remission with specific treatments, 
whilst avoiding these in patients who will not respond or 
will develop significant side effects. There is an increased 
risk of infection with all immunomodulator and biological 
therapies and this can lead result in significant morbidity.

5-ASA derivatives
Effective as a monotherapy to maintain remission in 
mild/moderate paediatric UC but often additional 

immunosuppression, such as with thiopurines, is required. 
No role in CD.

Thiopurines 
Thiopurines (azathioprine and 6-mercaptopurine) are 
used for maintaining remission in both CD and UC, with 
a reasonable proportion achieving a sustained remission. 
Thiopurines can be combined with 5-ASA (in UC only) 
and anti-TNF medication to maintain remission. Safety 
is controversial with a rare but increased long term 
malignancy risk (lymphoproliferative disorders), with 
specifically increased risk in EBV infection in previously 
naïve patients (33). 

Anti-TNF (monoclonal antibody) therapy
Anti-TNF therapy in paediatric IBD, particularly in steroid 
refractory disease is the largest step forward in the last  
25 years. It is highly effective leading to prolonged 
remission, improved growth and mucosal healing (4). 
Response rates for infliximab are good, however some 
patients will not respond (primary non-responders) and 
some will lose response with time probably related to 
antibody formation (secondary loss of response) (34). 

Dosing and interval can be varied but predictors for 
the level to induce or maintain remission are uncertain. 
Combination therapy with an immunomodulator 
(thiopurine or methotrexate) is recommended to reduce 
secondary loss of response (35). There is some concern 
that long-term anti-TNF therapy increases the risk of 
malignancy, specifically lymphoproliferative disorders 
(hepatosplenic T-cell lymphoma) however the absolute risk 
is small (33). 

Other treatment options 
Many other medications including methotrexate can 
provide an alternative in selected cases. Newer classes of 
monoclonal therapy including ustekinumab (anti-IL-12/23) 
and vedolizumab (anti-α4β7 integrin) are being used in 
paediatric disease although are more established in adult 
practice (36,37). Currently the use of these medications is 
restricted to anti-TNF failures or those with side effects 
(such as psoriasis). Earlier escalation would be helped by 
knowledge of which patients will fail therapy or develop 
significant toxicity on treatment. 

What is personalised medicine? 

Personalised (or precision) medicine is ‘a form of illness 
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management that uses information about a person’s 
genes, proteins, and environment to prevent, diagnose, 
and treat disease’ (38). The vanguard application of 
personalised therapy has been oncology, specifically with 
tumour characterisation, tailored treatments and now 
immunotherapy. An early example was in breast cancer and 
has evolved into the routine screening of HER2 receptors 
and personalised use of medications such as Herceptin in 
HER2 positive patients, increasing survival and reducing 
side effects (39). The uptake of this approach in other 
areas of medicine has been slower and is largely related 
to the complexity of biomarker identification in complex, 
multi-faceted disease, but is now being applied to some 
rare conditions. A recent editorial describes personalised 
medicine as an ‘exciting prospect’ but the correct patients and 
disease must be identified in order for it to be effective (40). 
Personalised medicine has been brought to the fore in the 
United Kingdom by the 100,000 genomes project and the 
potential to apply genomic data to cancer and rare disease, 
giving patients a more personalised diagnosis (41). Different 
data types and techniques are summarised in Figure 2. 

In a complex disease, such as IBD, the application of 
personalised medicine can be considered in a variety of 
areas (42): 
	Diagnostics: providing rapid and accurate diagnosis of 

disease, including rare disease subtypes. Application 
of next-generation sequencing (NGS) and other 

biological data (such as metabolomics) with specific 
emphasis on genomics; 

	Stratification: use of biomarkers and application 
of artificial intelligence (including ML strategies), 
leading to the creation of new subgroupings of 
disease (stratifying disease) through unsupervised and 
supervised approaches; 

	Prognostication: providing accurate information based 
on data available at diagnosis (clinical and scientific) to 
provide an outlook for disease severity, complications 
and co-morbidities; 

	Medicat ion/ treatment  response :  superv i sed 
stratification of patients into groups based on 
likelihood of response to therapy or likelihood of 
side effects based on data available at diagnosis. 
Development of new therapies based on unsupervised 
grouping of patients and biomarkers identification.

Current application of personalised medicine in 
IBD 

On a simple level, the personalisation of medicine in IBD 
is already in existence. The use of specific investigations to 
minimise complications or to guide exact therapy has been 
employed in varying degrees for many years. Whilst these 
approaches are comparatively basic and do not constitute 
true predictive medicine, they are important and should be 

Figure 2 Multi-omic data types and techniques—definitions.

What are multi-omic data and techniques?

• Genomics- the structure and function of the all DNA within an organism, including genes and non-coding regions. Includes heritability, mapping, linkage and evolution of the 

genome. Data is generated through next-generation sequencing techniques and analysed using high-powered computing. 

• Metagenomics- whole genome sequencing of a (organism within a) community allowing species resolution and functional annotation. Data is generated through next-

generation sequencing techniques and analysed using high-powered computing.

• Microbiome- the collection of all bacterial genes and gene products present in a specific location, may including metagenomic or 16S sequencing. 

• Virome- the collection of all viral genes and gene products present in a specific location

• Mycome- the collection of all fungal genes and gene products present in a specific location

• Transcriptome- messenger RNA transcribed from genes, can be performed on a tissue or single cell basis. Provides information on which genes are transcribed in a disease 

or anatomical location and the relative level of gene activity. 

• Metabolomics- the collection of metabolites present within an specific location (organism, tissue etc.). Often performed on urine or plasma. 

• Epigenetics- a variety of modifications to the genome (through methylation, histone modification etc.) leading to potential alterations in gene transcription. One way there is 

interaction between the environmental and genetic factors.

• Functional immunology- a methodology to observe immune response of an individual, often through peripheral  blood mononuclear cells, to a (specific) stimuli. Often used 

to validate genetic variants which may have an impact on immune function. 
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included in future modelling. 

Testing for infection exposure

The importance of immunity or exposure to several 
infections are potentially important in determining risk 
with certain treatments. Establishing Epstein-Barr virus 
(EBV) exposure status is contentious; seronegativity is 
associated with a small increased risk of lymphomas in 
those subsequently exposed to EBV when treated with 
thiopurines, although the overall risk remains very low 
(10,43). Some clinicians will be more cautious in EBV-
naïve patients, particularly males, and ECCO/ESPGHAN 
guidance is to test serology and avoid in acute infection, 
however most centres will still use a thiopurine, even in the 
seronegative patient group (2). 

The routine screening of patients for tuberculosis (through 
a variety of methods) is now mandatory prior to starting an 
anti-TNF medication due to the risk of reactivation and 
disseminated disease (44). Patients with positive results will 
require concurrent treatment for tuberculosis. 

Additional serological testing looking at immune status to 
infections such as varicella zoster, measles and mumps is useful 
to guide vaccination strategies, individual to each patient (45). 

Thiopurine treatment

Prior to starting a thiopurine (either azathioprine or 
6-mercaptopurine) the ability to metabolise the drug 
should be assessed (46). The current standard focuses on 
the activity of the thiopurine methyltransferase (TPMT) 
enzyme or a genotype of TPMT. Patients with low 
enzymatic activity are at increased risk of developing 
toxicity (myelosuppression, liver failure) and use/dose 
therefore needs to be tailored. TMPT is not the only 
enzyme associated with thiopurine metabolism and a more 
extensive pharmacogenomics panel has been suggested to 
guide therapy more accurately (46).

Anti-TNF therapy

A recent study by Dupont-Lucas and colleagues looked to 
stratify risk of loss of response to infliximab, retrospectively 
identifying isolated colonic disease as a risk factor (47). 
Whilst this is basic clinical information the move to using 
data to predict which patients will respond is important step 
to personalising therapy prior to more complex analyses. 
The ‘personalising anti-TNF therapy in Crohn’s disease’ 

(PANTS) study has recently reported the association 
between the HLA-DQA1*05 allele and the increased 
production of anti-TNF antibodies (hazard ratio 1.9) (48). 
However the clinical implication is unclear as there was 
no increased risk of loss of response in the group with 
increased antibodies (48). 

The routine monitoring of anti-TNF levels and antibodies 
to infliximab/adalimumab constitutes precision therapy and 
is especially useful to guide therapy when patients experience 
loss of response (49). The concept of ‘treat to target’ emerged 
from rheumatoid arthritis management (50). In anti-TNF 
therapy these targets include ensuring adequate drug levels 
to avoid subsequent loss of response and to promote use of 
concurrent immunosuppression to avoid anti-drug antibody 
(ADA) generation (49). In the event that there is loss of 
response drug levels and presence or absence of ADA can 
determine whether dose intensification (increased dose or 
reduced dosing interval, low anti-TNF levels, no antibodies) 
will prove effective or whether there is true loss of response 
(low anti-TNF levels, antibodies present) requiring a change 
in medication (49). 

Artificial intelligence and ML for personalised 
medicine

The latest technological advances in healthcare and 
biology have paved the way for the systematic collection 
of complex data that can be used to support more classical 
and routinely collected information. Usually referred to as 
multi-omic data, these unprecedentedly large datasets have 
the potential to provide information about DNA and RNA 
variation, protein abundance, gut microbiota and many 
more biological aspects to interpret with ‘mass’ clinical data. 
This new level of data abundance allows more in-depth 
analyses, increasing the chance of explaining complex traits. 

The main characteristic of multi-omics data is its high 
dimensionality, where for each sample or patient thousands 
of measures are recorded (e.g., variants, proteins, metabolites, 
gene expression profiles). This aspect introduces a new 
challenge in computational medicine, the extraction and 
integration of meaningful information from noisy and 
complex data. This task requires novel methods capable 
of scaling with this higher complexity and simultaneously 
integrating the information from different data types.

ML

ML algorithms have the ability to providing the means 
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Figure 3 Machine learning schematic drawing, showing supervised and unsupervised approaches. In supervised machine learning the trained 
model uses the characteristics of the item (patient) to place them in the most appropriate group (diagnosis, outcome, etc.). In unsupervised 
machine learning the model clusters patients together based on how similar (due to their characteristics) they are, without knowledge of the 
diagnosis, outcome. ML, machine learning.
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for efficient analysis alongside interpretation of complex 
data and are currently applied across different areas of 
medicine and biology including cancer research, drug 
discovery, genomics and proteomics (29,51,52). Regardless 
of the specific application, it is possible to identify two very 
distinct and common tasks for which ML algorithms are 
employed; classification (supervised) and class discovery 
(unsupervised). A schematic illustration of this can be seen 
in Figure 3. 

For classification purposes, supervised ML algorithms 
are trained against labelled (known) data and, as a result 
of successful learning, identify patterns that match the 
provided stratification. This approach has been widely 
chosen for the classification of patients in known disease 
subtypes (such as CD vs. UC) and discrimination of 
pathogenic and benign variants or in prognosis prediction 
(40,51). Concurrently, several applications of ML in 

cancer science have successfully classified cancer subtypes 
depending on histological features, genomic markers 
or proteomic features (51,53-55). In the context of 
personalised therapy, a supervised approach stratifies 
patients by outcomes such as response to treatment, 
development of complications (such as stricturing or 
penetrating disease), growth outcomes or requirement for 
escalation to monoclonal therapy/need for surgery. This 
model could then be used to classify patients into different 
risk stratifications (outcomes) at diagnosis based on patient 
characteristics, thus impacting on medication choices, 
nutritional intervention and management. 

Alternatively, an unsupervised approach may be taken, 
allowing a ML model to group patients by how similar they 
are based on underlying features (such as gene variants, 
gene expression or microbiome signatures) and fuelling 
development of specific treatments for these groups based 
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on these characteristics (including development of new 
medication targets). These groups may be interrogated 
post-hoc for enrichment of patient outcomes, such as 
medication response, adverse events or complications.

There are various mathematical tools available for ML 
of which support vector machines (SVMs) and random 
forest classifiers (RFCs) are amongst the most popular 
models for classification tasks. The fact that these models 
are relatively easy to interpret and are calculated with 
comparative computing efficiency has made SVM and RFCs 
the preferred choice for modelling biological phenomena. 
When the analytical question is the identification of novel 
patient strata, unsupervised ML tools, such as principal 
component analysis (PCA), multidimensional scaling 
(MDS) and the t-SNE algorithm, are the preferred models 
currently applied. An additional, and less sophisticated, tool 
is heirachical clustering, where samples (such as patients) 
can be grouped by their similarity, based on constituent 
features/characteristics (such as genetic or clinical data). 
This may reveal novel groups enriched for patients' 
outcomes. An example of heirachical clustering of real data 
can be seen in Figure S1, merging normalised blood results 
with growth measures. 

Despite the performance achieved by modelling 
single data types, there is still room for improvement 
by merging diverse data, achieving superior power in 
detecting existing and novel disease subtypes. With 
each data type representing a different characteristic of 
a single patient/individual, ML algorithms can compute 
simplified representations of this higher complexity. As a 
direct consequence, ML approaches ease the identification 
of novel strata, which might reflect important clinical 
outcomes and enable personalisation of therapy based on 
new groups and distinct multi-omic features.

Which data and outcomes are important for 
personalising therapy?

The real potential of personalised medicine lies within 
multi-omic data, with the potential to integrate of clinical 
data (bloods, outcomes, relapse, complications, etc.). 
Different types of multi-omic data can been seen in Figure 1.  
The ability to provide accurate disease stratification 
based on data achieved at diagnosis has precedent and 
is already playing a role in oncology, with the ability to 
predict prognosis and response to treatment with accurate 
biomarkers (cell surface receptors, tumour genome 
sequencing) providing clinically useful information to 

improve outcomes (56). Within IBD there are a vast range 
of potential therapeutic targets, based on known genetic 
variants and risk pathways (21). Newer therapies, including 
monoclonal antibodies targeting intestine specific integrin 
α4β7 (vedolizumab), preventing chemotaxis of inflammatory 
cells into the gut and anti-IL12/23 (ustekinumab) leading 
to specific immune regulation are likely to prove even more 
effective when used in target patients with disease biology 
sensitive to these medications (such as specific pathway 
disruption) (37,57). Inclusion of clinical and multi-omic 
data in parallel has the potential to allow assessment of the 
efficacy of the medication. Additional identification and 
in-depth phenotyping of patients who respond (or don’t 
respond) may be able to guide precise use in patients (58). 

Defining the endpoint for therapy is an important 
priority, particularly for interpretation of clinical trials 
and observational cohort studies (59). Whilst the widely 
accepted target of treatment in IBD is mucosal healing (with 
transmural healing in CD) this is often difficult to assess 
in routine practice (60). Much of the published literature 
uses therapeutic escalation (monoclonal therapy, surgery) 
as a measure of disease severity. This is at least in part due 
to availability and reliability but also has obvious pitfalls 
(variation in practice between centres, individual clinician 
and patient choice plays a role). Predicting those patients 
needing rapid escalation to monoclonal therapy and those 
who need surgery has clear clinical application through 
earlier, more aggressive, therapy. Response to induction 
therapy is important and understanding which patients 
would respond to enteral nutrition or steroids in CD would 
be of benefit, but must account for person-specific factors 
(choice, palatability, personality) (30). Predicting fistulating 
or stricturing disease is very important and factors related 
to these disease types are another potential adjunct to target 
therapeutic endpoint. What is clear is that interpretation 
of results must account for the definition of a therapeutic 
endpoint as this is likely to be highly variable, despite 
ECCO/ESPGHAN published guidance (2,3). 

How is personalised medicine developing in IBD 
and what does the future hold?

Several studies have already applied stratification techniques 
to patients with IBD based on clinical data (including 
disease location, hospitalisation records, medication usage), 
biomarkers (immune and molecular) and NGS in an 
effort to classify patients into multiple groupings based on 
characteristics beyond CD and UC using ML approaches 
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(27-29,61). A summary of key paediatric studies can be 
seen in Table 2. A recent and large prospective study from 
North America applied a multi-omic approach, including 
clinical data to predict complications in CD (stricturing 
and penetrating disease), with an additional attempt to 
include treatment outcomes in the model (62). Whilst 
the competing-risk model had a specificity of 71% for 
predicting complications there is room for significant 
improvement, with an accompanying editorial discussing 
the limitations but also their optimism associated with the 
potential of personalised medicine in IBD (63).

The analytical routes to clinical application can be 
broadly divided into two distinct approaches, as mentioned 
above- supervised and unsupervised classification of disease 
(based on multi-omic or clinical data) (Figure 2). An example 
of unsupervised ML can be seen in work from Weiser  
et al. [2018]. They report detailed gene expression profiles 
of adult and paediatric intestinal tissue, with two distinct 
clusters of CD emerging for each group. The authors 
performed post-hoc assessment of clinical outcomes with 

specific gene expression patterns, finding that colonic-type 
gene expression profiles were at increased risk of colectomy, 
whereas ileal-type were at increased risk of biological 
therapy (27).

Examples of early predictive modelling to stratify 
patient risk are now beginning to emerge. Marigorta  
et al. [2017] sought to forecast complicated disease based 
on a transcriptional risk score (a score created by the 
authors based on gene expression profiles) in the RISK 
inception cohort. The authors had a degree of success, 
allowing researchers to distinguish indolent versus 
complicating disease (stricturing or penetrating) based on 
the scores from 29 genes (64). A more specific approach 
was adopted by Denson et al. [2018] where genomic data 
was integrated for significant mutations in genes associated 
with neutrophil reactive oxygen species production, patients 
with these mutations had significantly increased risk of 
perianal and stricturing disease, providing a potential 
framework of aggressive treatment in this patient group 
from diagnosis (65). Lee et al. [2011] provided the first 

Table 2 Key studies in personalisation and outcome prediction in paediatric inflammatory bowel disease

Study Population Data type in model Outcome measure Results 

Weiser et al. 
2018

201 paediatric Crohn’s 
disease patients,  
40 controls

Ileal transcriptome data in 
a subset of 100 patients 
(50 ileal like, 50 colon-like)

Disease extent, 
ulceration, needs for 
colectomy or biological 
therapy 

Colon-type had greater disease extent and 
ulceration, plus inferred need for colectomy. 
Ileal-type had inferred greater need for 
biological therapy

Douglas et al. 
2018

20 paediatric Crohn’s 
disease patients,  
20 controls 

Metagenomic and 16S 
sequencing of ileal 
biopsies

Treatment response to 
induction agents

94.4% accuracy at predicting response to 
induction therapy

Denson et al. 
2018

543 paediatric 
inflammatory bowel 
disease patients  
(126 with blood 
samples), 26 controls

Whole exome sequencing 
data (focused on NADPH 
oxidase genes)

Perianal disease, 
stricturing complications, 
need for surgery 

Those patients with significant NADPH 
oxidase gene variants had increased risk 
of perianal disease and stricturing disease 
(both 3x). Surgery was conducted in 31% of 
those with variants compared to 9% of those 
without 

Kugathasan  
et al. 2017

913 paediatric Crohn’s 
disease patients, 
243 with ileal gene 
expression 

Demographic data, 
disease location, 
serological markers, ileal 
gene expression

Prediction of stricturing 
or penetrating disease

AUC 0.7 (0.72 with ileal gene expression 
data)

Marigorta et al. 
2017

215 paediatric Crohn’s 
disease patients,  
35 controls 

Transcriptional risk score 
in candidate genes from 
ileal tissue

Prediction of stricturing 
or penetrating disease

Significantly higher transcriptional risk 
score in those progressing to complications 
(P=5×10−5)

Kolho et al. 
2015

32 paediatric patients Faecal microbiota 
microarray and qPCR

Response to anti-TNF 
therapy 

Patients whose microbiota changed to 
resemble controls were significantly more 
likely to respond to therapy compared to 
those who remains dysbiotic (P≤0.01)

TNF, tumour necrosis factor; qPCR, quantitative polymerase chain reaction. 
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example of stratifying patients using an immune biomarker 
(transcriptional characteristics of CD8+ T cells), allowing 
stratification of adult patients in a high risk and low risk 
group for relapse (66). 

Predicting response or complications related to 
medication is also a key area of personalised medicine (67). 
Two studies from Arijs et al. [2009 and 2010] analysed 
gene expression profiles in the mucosa of patients with 
CD (n=37 patients) and UC (n=46 patients). The authors 
found predictive, differentially expressed genes, related to 
response to infliximab therapy, separating responders versus 
non-responders with up to 95% accuracy, but these results 
have not since been replicated (68,69). Whilst there are 
fewer data on response to medications in paediatric practice, 
development of these models is important to predict both 
response to medication and equally the probability of 
developing side-effects and complications. 

The microbiome has also been analysed in an effort to 
assess for factors predictive of response, an early example 
from Kolho et al. demonstrated microbiota returning to 
a similar composition to controls in paediatric patients 
who responded to anti-TNF therapy, but not in those who 
were non-responders (total number of patients treated 
=32). Response to anti-TNF was predicted by 6 bacterial 
groups (70). Recently Douglas et al. used both 16S and 
metagenomic sequencing to build a predictive model to 
identify responders to induction therapy in paediatric 
CD, with an accuracy of 94.4%, albeit in a cohort of only  
19 paediatric patients (29). The authors found metagenomic 
features, in comparison to 16S sequencing, were better at 
classifying patients into treatment response or non-response. 
Shaw et al. [2016] focused on mucosal healing as an outcome 
for treatment, but failed to formulate a predictive model 
that could differentiate between ‘responders’ and ‘non-
responders’ however they did identify significant differences 
between groups at a bacterial genus level (71). Doherty 
et al. [2018] observed baseline differences in the faecal 
microbiome (increased Faecalibacterium and Bacteroides) 
between CD patients responding and not responding to 
induction with ustekinumab therapy. They were able to 
predict response to therapy with an accuracy of 84.4% and 
concluded that microbiota may be a useful biomarker for 
response (72). 

More recently application of clinical data has been used 
to predict disease outcome, complications (fibrostenosing 
disease, penetrating disease and perianal complications) and 
early relapse. Ziv-Baran et al. [2018] reported that the best 
clinical predictor of complications was early relapse (seen 

in 29%, compared to 9.7% who did not relapse), whereas 
subsequent relapse (within 1 year) was associated with 
disease activity at week 12 (including raised inflammatory 
markers and raised faecal calprotectin), more so than at 
diagnosis (73). 

Drug development and future areas to target

Drug development for personalised therapy requires 
significant investment. Cancer has seen a boost in access 
to medications (specifically immunotherapy) allowing a 
better ‘treatment menu’ to choose from when personalising 
treatment (74). Over the last 10 years there have been 
a series of failures in development of new and effective 
IBD monoclonal antibody therapies against IL17 and 
IL13, alongside the failure to effectively use IL10 to 
modulate the immune response directly. All have been 
despite compelling evidence that these cytokines are 
involved in the inflammatory response in IBD (75-77). 
Ongoing development of JAK and SMAD7 inhibitors are 
showing more promise, alongside new anti-inflammatory 
cell trafficking (similar to vedolizumab) (59). Tofacitinib 
(JAK inhibitor) is now licenced for adult use in some 
areas. Allogeneic hematopoietic stem cell transplantation 
represents a truly personalised and potentially curative, 
established, option for a small number of children with very 
early onset, monogenic, IBD but is not suitable for most 
cases (78). 

Drug development is now moving into a systems biology 
approach, using the understanding of underlying disease 
pathogenesis in this heterogeneous condition to identify 
potential drug targets. Response may differ between specific 
patient groups, including groups defined by genetics that 
are risk for specific problems such as surgery or stricturing 
disease (NOD2 and TNFSF15 mutations, respectively) (79). 
Additional efforts to develop therapies that target the host 
immune system, such as regulatory T-cells (Tregs) or through 
an allogenic stem cell transplant (to ‘reset’ the host immune 
system) appeared to show promise but progress has stalled 
and would be suitable for a subset of patients only (80,81). 

Development of therapy based around an individual’s 
underlying genetic or microbial cause for disease would see 
personalised therapy move into a new era for IBD, with a 
greater selection of medications to match the underlying 
problem leading to inflammation in an individual. 

Nutritional intervention for at-risk individuals presents 
another potential application. It is well established that 
some children with CD continue to have persistent 
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growth deficits despite effective medical therapy (82). 
Simultaneously, some children will gain excess weight, 
becoming obese and gaining the associated medical issues 
and risks in later life (83). Prediction of which patients 
require additional nutritional support (such as in the form 
of supplementation), as opposed to those who do not, would 
provide the means to avoid persistent malnutrition, promote 
normal growth, prevent overnutrition and increase the 
likelihood that immunosuppressive and biological therapy is 
effective. 

Conclusions 

The advance of scientific discovery must be seen in the 
context of improving clinical care, outcomes and prognosis 
for children with paediatric IBD. Significant funding has 
been committed to IBD research, including a variety of 
multi-omic approaches. Whilst this has seen substantial 
advances in the understanding of disease the full potential 
of these data has not yet been fully realised, with future 
benefits likely to be translatable to the clinic. Specifically, 
the application of genetic discoveries to provide routine 
patient benefit is becoming possible and will hopefully be 
realised in the next 10 years. The potential of personalised 
therapy in IBD presents a tangible but significant advance 
in management strategy. Translating the science of 
precision medicine to a complex, multi-factorial, disease 
such as IBD presents new challenges, compared to the 
blueprint of cancer, but is nearing reality. A paradigm shift 
to personalised therapy is likely to be the next big clinical 
advance in paediatric IBD.
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Figure S1 Hierarchical clustering example—combining normalised bloods at diagnosis and normalised (standard deviation scores) for 
growth at diagnosis. Patients cluster depending on how similar they are overall, regardless of final diagnosis (CD, UC or IBDU). The 
shorter the connecting dendrogram the most closely related patients are, leading to novel clustering of patients. CD, Crohn’s disease; UC, 
ulcerative colitis; IBDU, inflammatory bowel disease unclassified.

row min row max

id

Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
IBDU
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Ulcerative Colitis
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Ulcerative Colitis
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Ulcerative Colitis
Ulcerative Colitis
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Ulcerative Colitis
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Ulcerative Colitis
Crohn's Disease
Crohn's Disease
Crohn's Disease
Ulcerative Colitis
IBDU
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Ulcerative Colitis
Crohn's Disease
Ulcerative Colitis
Crohn's Disease
Ulcerative Colitis
Crohn's Disease
IBDU
Crohn's Disease
IBDU
Crohn's Disease
Crohn's Disease
Ulcerative Colitis
IBDU
Crohn's Disease
IBDU
Crohn's Disease
Ulcerative Colitis
Ulcerative Colitis
Ulcerative Colitis
Crohn's Disease
Crohn's Disease
Ulcerative Colitis
Ulcerative Colitis
Ulcerative Colitis
Ulcerative Colitis
Crohn's Disease
Ulcerative Colitis
Crohn's Disease
Ulcerative Colitis
Crohn's Disease
Ulcerative Colitis
Ulcerative Colitis
Ulcerative Colitis
Ulcerative Colitis
Crohn's Disease
Ulcerative Colitis
Crohn's Disease
Ulcerative Colitis
Ulcerative Colitis
Crohn's Disease
Ulcerative Colitis
Crohn's Disease
Ulcerative Colitis
Crohn's Disease
Ulcerative Colitis
Crohn's Disease
Ulcerative Colitis
Ulcerative Colitis
IBDU
Ulcerative Colitis
Ulcerative Colitis
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Ulcerative Colitis
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Ulcerative Colitis
Ulcerative Colitis
Ulcerative Colitis
Crohn's Disease
Crohn's Disease
Crohn's Disease
Ulcerative Colitis
Crohn's Disease
Crohn's Disease
IBDU
Ulcerative Colitis
Ulcerative Colitis
Crohn's Disease
Crohn's Disease
Ulcerative Colitis
Ulcerative Colitis
Ulcerative Colitis
Ulcerative Colitis
Ulcerative Colitis
Crohn's Disease
Crohn's Disease
Ulcerative Colitis
Crohn's Disease
Ulcerative Colitis
Crohn's Disease
Ulcerative Colitis
Ulcerative Colitis
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Crohn's Disease
Ulcerative Colitis
Crohn's Disease
Crohn's Disease
Ulcerative Colitis
Crohn's Disease
Ulcerative Colitis
Ulcerative Colitis
Ulcerative Colitis
Ulcerative Colitis
Crohn's Disease
Ulcerative Colitis
Crohn's Disease
Crohn's Disease
Ulcerative Colitis
Ulcerative Colitis
Ulcerative Colitis
Ulcerative Colitis
Ulcerative Colitis
Crohn's Disease
IBDU
Crohn's Disease
Ulcerative Colitis
Crohn's Disease
Ulcerative Colitis
Crohn's Disease
Ulcerative Colitis
Crohn's Disease
Crohn's Disease
Ulcerative Colitis
Ulcerative Colitis
Crohn's Disease
Ulcerative Colitis
Crohn's Disease
Ulcerative Colitis
Ulcerative Colitis
Crohn's Disease
Ulcerative Colitis
Crohn's Disease
IBDU
Ulcerative Colitis
Ulcerative Colitis
Ulcerative Colitis
Ulcerative Colitis
Ulcerative Colitis
Crohn's Disease
Ulcerative Colitis
Ulcerative Colitis
Ulcerative Colitis
Ulcerative Colitis
Ulcerative Colitis
Ulcerative Colitis

idC
R

P

W
C

C

H
ei

gh
t S

D
S

A
LT

P
C

V

E
S

R

P
lts

W
ei

gh
t S

D
S

H
b

A
lb

Supplementary


