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Although corticosteroids are an important treatment for inflammatory bowel disease (IBD) patients,
many subjects develop dependence, leading to serious long-term side effects. We applied causal
inference analyses to investigate the length of steroid use on reoperations in IBD patients. We
identified subjects in the UK Biobank general practice dataset with at least one major Gl surgery and
followed them for at least 5 years to evaluate subsequent operations. We defined steroid dependence
as at least 12 weeks of use (vs. acute steroid use) prior to baseline surgery. Of the 363 subjects included
in our analyses, 163 (45%) were prescribed steroids on or before baseline surgery, and of these (N=125
of 163, 77%) were dependent. Additional analyses for time-dependent data on prescriptions found

a link between prescription length and reoperation. Among UC subjects with acute use, the odds of
reoperation were significantly lower (OR: 0.32, 95% Cl: 0.0-0.73). Steroid dependence resulted in a
delay of reoperation (median 1.2 vs. 2.3 years, P=0.01). Our findings indicate that long-term steroid
use tends to increase the need for reoperation, whereas short-term use may reduce it.
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Abbreviations

IKPY 1000 person years

AUC Area under the curve

CD Crohn’s disease

CI Confidence interval

Hgb Hemoglobin

IBD Inflammatory bowel disease
GI Gastrointestinal

GP General practice

IPW Inverse probability weighting
OR Odds ratio

UC Ulcerative colitis

UK Biobank  United Kingdom Biobank
ML Machine learning

Crohn’s disease (CD) and ulcerative colitis (UC) are two main subtypes of inflammatory bowel diseases (IBD)
characterized by chronic, relapsing inflammation of the gastrointestinal (GI) tract, that may lead to recurrent
surgeries!”’. Although advanced therapies such as biologics and small molecules have become available for
management of IBD over the last two decades, corticosteroids continue to be widely used. A well-known
drawback of long-term steroid use is dependence that leads to numerous systemic side effects®'2.
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In this study, we analyze the long-standing United Kingdom Biobank (UK Biobank) general practice (GP)
dataset, to investigate the impact of long- and short-term use of steroids and its relationship to IBD-related
reoperation using machine learning (ML) methods. The UK IBD Registry'? specifies the length of oral steroids
reported to the Registry between April 2016 and July 2019, including a threshold indicating a long usage duration
(“Stop after 12 weeks”). Motivated by the registry’s classification of steroid prescriptions according to course
lengths (e.g., short vs. long) we incorporated these definitions into our analyses to enhance understanding of
long-term steroid use and its impact on IBD progression. We utilized the UK Biobank GP data, which is a
subset of the UK Biobank (approximately 230,000 subjects). This resource is a subset of a well-studied, large-
scale prospective biomedical database, containing detailed health information on half a million participants,
which originated from multiple institutions in the UK and Scotland with well-developed methodologies to
identify, extract and analyze data. In addition to socio-demographics, the GP dataset contains longitudinal
records of observational data of these subjects such as comorbidities, procedures, prescriptions, and laboratory
observations'®. This robust dataset allows for analysis of prescription medications along with laboratory
values to study reoperations. Here, we focused on the outcome of GI reoperation and prescription medication
duration, particularly steroid dependence'>~!8. We applied a unique analytic methodology to address inherent
complexity in identifying reoperation in IBD subjects from clinical data, particularly with respect to follow-up
and treatment variability. Our analyses include causal inference!’, subpopulation-based feature selection?, as
well as traditional regression methods and therefore allowed for a more rigorous interrogation of the hypothesis
that steroid dependence drives surgical outcomes in IBD.

Methods

Data source and subgroup identification

We have previously described cohort construction—please refer to Supplementary Methods and to Fig. 1
for details on processing the GP data to extract the study subcohorts'®. Our first step was to determine the
appropriate diagnostic and procedure codes to use, as well as to understand the limitations of the data available.
We then created multiple subcohorts of subjects based on diagnosis of UC or CD and applied advanced statistical
and ML methods to report unbiased estimates of outcomes based on the prescription data. In total, we analyzed
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Fig. 1. Cohort selection. Note that neither of the subjects were below 18 years’ old nor had a pregnancy status
at baseline. We analyzed in total 3 subcohorts (UC/CD, UC-only, and CD-only). We used the UC/CD cohort to
conduct additional analyses focused on time-series.
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3 subcohorts (UC/CD, UC-only, and CD-only). To account for the inherent complexity of observational data
from a large biomedical database, such as due to large number of factors that may affect disease progression,
we incorporated several ML methods - subpopulation-based feature selection?>?!, causal inference analyses'?,
and disease progression modeling?*~%° to analyze the outcome of reoperation in each of the subcohorts. In this
study, reoperation is defined as any GI surgery occurring within 5 years following the initial surgery. However,
it is important to note a limitation of this definition: it may not accurately identify UC patients who undergo the
second or third stage of a multistage resection procedure.

We applied following inclusion and exclusion criteria to the UK Biobank’ entire population (over 500,000
subjects) to extract all subjects who had at least one major GI surgery. We used Office of Population Censuses
and Surveys-4 (OPCS-4) codes to identify major GI surgeries (Supplementary Table 1). This process involved
sequential steps (Fig. 1) to identify all subjects associated with: (1) GP data between January 1, 2000, and
December 31, 2015 (N=230,091), (2) at least one major GI surgery (N =5,146), and (3) at least 2 years of follow-
up data before the baseline surgery (N=4,562) and a follow-up beyond 30 days after surgery (N=4,534). We
used ICD-10 codes to identify IBD subjects (K50* and K51* for CD and UC respectively).

IBD-related prescription data: duration and covariates construction

We extracted variables related to prescription of IBD-related medications (adalimumab, azathioprine,
balsalazide, budesonide, dexamethasone, hydrocortisone, infliximab, mesalamine, methotrexate, olsalazine,
prednisolone, prednisone, sulfasalazine, and thalidomide). Overall, we found 30,768 IBD-related prescriptions
for 4,534 subjects associated with the 14 medications listed above (see Supplementary Fig. 1 for prescription
distributions). All prescription entries had start dates but lacked end dates. We thus incorporated clinical
expertise to assign standard daily doses for each medication based on IBD indication and widely accepted best
practice use for normalization of variability in prescriptions (e.g., a tablet once a day, every 6 to 12 h, 3-4 times
per day). Reference literature was reviewed for each unique prescription to confirm the standard doses used
for treatment of either UC or CD. We then calculated the estimated number of tablets used per month for each
prescription (e.g., once a day was 30 tablets per month, every 6 to 12 h per day as well as 3-4 times per day were
considered 120 tablets per month). Combining the estimated number of tablets per month per prescription
with quantity (a data entry that was available for all prescriptions), allowed us to calculate an end date for
each prescription (e.g., prescription with a start date of December 8, 2008, a quantity of 40 associated with a
once-a-day use, had an end date of January 17, 2009, thus was prescribed for 40 days). We created additional
covariates indicating duration of medication use for each subject’s prescriptions based on practice information
from the UK IBD Registry'®. Overall, we extracted a total of 112 unique prescription duration variables (7
unique durations and a binary variable indicating history for each medication). Durations ranged from 1 day
to 12 weeks or more for each medication type (see Supplementary Fig. 1 for the distribution of the medication
durations). We further classified all IBD prescription durations for long-term use or not (i.e., 12 weeks or longer
vs. short-duration use) and limited the prescription to be use of tablets and/or injections thereby excluding all
others (e.g., drops, inhalers, powder). Since steroids are a general class of medications with varied use, “steroid
dependence” here is defined as 12 weeks or longer use of prednisolone prescription, at least once in subject’s
entire history in GP longitudinal data.

To account for IBD severity, we extracted the following covariates: age, gender, race, and smoking status, as
well as common lab values such as for albumin and hemoglobin (Hgb). If no observation values were available
at baseline, we considered the most recent value from the 6 months prior to baseline. To account for disease
comorbidities, we used Clinical Classifications Software Refined (CCSR)?*® codes to construct covariates
indicating number of comorbidities at baseline, for the following conditions: digestive (N=25 conditions),
GI (N=10), circulatory (N=39), and respiratory (N=17). Additionally, we incorporated two groups of
inflammatory conditions (Supplementary Table 2) to reflect if the subject has possible steroid dependence
(N=7 conditions), or may require acute steroid therapy (N=23). These two additional groups of inflammatory
conditions account for conditions in which acute steroid use is typical (vs. steroid dependence).

Additionally, we included 3 covariates indicating a broad group of types of surgery performed at baseline as
follows: (1) partial and/or total colectomy, (2) bypass with anastomosis after resection and/or an ostomy-related
procedure, and (3) abdominal surgery and/or endoscopic procedure (Supplementary Table 1).

Outcome definition

We defined the primary outcome of reoperation as the occurrence of a subsequent major GI surgery within 5 years
after the baseline surgery. In our analysis, all subjects were followed from the day after baseline surgery. Subjects
were censored either at their last follow-up date or at the end of the 5-year follow-up window. Furthermore, to
be considered an outcome, reoperation had to occur 30 days or more after the baseline surgery (reoperation
between one month and 5 years after the index operation). This approach filtered out events that represented
a continuation or complication of the baseline surgery (multiple surgeries were often observed during the
same admission). The last follow-up date was determined by the date of the subjects’ last interaction with the
healthcare system, such as an office visit, hospital encounter, laboratory test, or prescription for medication. We
report the incidence rate for IBD per 1,000 person years (1 K PY).

Prescription duration analyses

We applied subpopulation-based feature selection!*?*?! to identify sets of the most informative features and
assessed discrimination performance. Candidate features included age, sex, race, smoking status, relevant
laboratory values, and UC/CD diagnosis, as well as all prescription duration variables (Supplementary Table 2).
We used a randomly selected derivation set from each subcohort to identify features and used the rest as held
out set to assess discrimination performance (2/3 and 1/3, respectively). As described in our previous work, we
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iteratively sampled subpopulations for 1,000 repetitions to identify and rank features?>2!. The final list of selected
features was sorted in descending order in each repeated experiment, and a concordance index was calculated
for each combination of top features. The variable list associated with the highest concordance index was used
as the final list of selected features. We then applied Cox regression using the selected features to obtain hazard
ratios and plotted Kaplan Meier curves to obtain reoperation free survival probabilities stratified by subgroups,
i.e., subjects receiving long-term steroid therapy (steroid-dependent) vs. shorter duration therapy (acute use).

Furthermore, we employed inverse probability of (treatment) weighting (IPW), a propensity based causal
inference method implemented in causallib toolkit' for estimating effects of steroid prescription duration on
reoperation. IPW models the treatment assignment as weighted estimation from observed data for the study
outcome and creates a pseudo randomized control trial for the treatment assignment (in our case of steroid
prescription duration). Overall, we applied bootstrap procedure with 1,000 replicates to calculate 95% confidence
intervals for the effect size. We studied three duration use cases i.e., long-term use (dependence), unrestricted
length of use, and short-term use (acute use)!® to investigate steroidal effect on reoperation'®?3. To match the
treated and untreated subjects in the pseudo trials, we incorporated albumin and Hgb to account for disease
severity (as in Cox regression), along with other comorbidities specified above. We also included smoking status,
age and duration since diagnosis of UC/CD, extracted at baseline.

Prescription modeling using advanced ML

From the above-described dataset, we additionally aimed to draw insights for: (1) differentiating patterns
of prescriptions with respect to the outcome (i.e. reoperation-) and (2) exploring progression trajectories to
reoperation.

To investigate unique progression trajectories to reoperation based on prescriptions, we utilized a disease
progression model. This model incorporates probabilistic modeling in a time-to-event framework (DPM360
toolkit)??~? and discovers trajectory patterns as transitions between “hidden” states that are learned from
longitudinal observational data of each subject. In our use case, the start of observational data was based on the
first observed laboratory value and/or prescription at most 2 years prior to the baseline surgery and ended at
reoperation. Therefore, only subjects with the outcome event and with observational data fitting the criteria as
defined above were considered. For this modeling, the prescription medication was modeled as prescribed or
not (on / off) for the observed duration. We applied this methodology to the 10 most used IBD prescriptions
(Supplementary Fig. 1). We also utilized a progression model visualization tool (DPVis)? to help interpret
results and characterize the observed patterns with respect to medication usage and formed visual trajectory
subgroups in consultation with domain experts. Refer to Supplementary Figs. 9 and 10 with a section for
explaining supplemental ML method for additional details.

Results

There are 4,534 subjects with one major GI surgery and having at least 2 years of healthcare data before the
baseline surgery (Fig. 1). All subjects were followed for 5 years after baseline surgery. We found diagnosis of
UC (N=214), CD (N=138), indeterminant (N=9), and unknown (N=2) in a total of 363 subjects (Fig. 1).
Of the 363 subjects, 124 (34%) had a reoperation indicating an incidence of 123.5 per 1 K PY (Table 1). The
median time to reoperation after baseline surgery was 0.7 years (quartile 1: 0.4, quartile 3: 1.4) with a median
follow-up of 2.6 years (quartile 1: 0.8, quartile 3: 5.0). Overall, 163 (45%) subjects had a history of steroid
prescription and of these, 125 (77%) had steroid dependence. Note that this rate was higher in UC subjects than
CD subjects (Table 2). For additional details regarding the UC (N=214), and CD (N=138) subcohorts, refer to
Supplementary Tables 3 and 4, respectively. For a comprehensive comparison of surgery types, including median
durations between baseline to outcome dates refer to Supplementary Table 5.

Steroid dependence vs. acute steroid use shows statistically significant difference in reoperation free survival
probabilities within 5 years of baseline surgery (P=0.004). This finding was consistent across the three analyzed
subcohorts, UC, CD and UC/CD (Fig. 2).

We observed a dose-dependent relationship in steroid prescription use and reoperation using IPW. In the
IBD (UC/CD) cohort, we observed increased odds with steroid dependence when compared to acute use (OR:
2.86, 95% CI: 0.84-5.45). However, when comparing any duration of steroid use to no steroid use, we observed
decreased odds (OR: 0.90, 95% CI: 0.64-1.18) and much further decrease in odds between acute steroid use
and no use (OR: 0.36, 95% CI: 0-1.0). Figure 3 presents odds ratios indicating consistency between the three
IBD-related subcohorts (UC/CD, UC-only, and CD-only). Supplementary Figs. 2-4 highlight the validity of
these findings from causal inference perspective - including weighted area under the curve (AUC) close to
chance, high propensity and expected AUCs, for visibly well balanced treated and untreated subgroups, as well
as covariate balancing in the pseudo-trials presented here!®.

Association analyses based on Cox regression indicated that undergoing a bypass anastomosis after a
resection or ostomy surgery at baseline presents higher odds of a reoperation (OR: 2.83, 95% CI: 1.53-5.22).
Use of steroids indicating dependence had increased odds of reoperation (OR: 2.54, 95% CI: 0.97-6.65), while
use of steroids unrestricted to any specific duration reduced odds (OR: 0.38, 95% CI: 0.15-0.99), shown in
Supplementary Fig. 5. Calculations of ORs for the subcohorts for UC and CD are presented in Supplementary
Figs. 6 and 7. Additional results regarding prediction performance in the three subcohorts as well as summary
tables are presented in Supplementary Fig. 8 and Supplementary Tables 3 and 4, respectively.

We learned several disease progression models from IBD subjects with reoperation and found learning
4 to 10 hidden states sufficed. From these models, we found 5 “hidden” states model had the highest (log)
likelihood of describing the observed data (Fig. 4 and Supplementary Fig. 9). The 5-state model discovered
unique prescription medication use characteristics such as use of mesalamine or azathioprine with steroid
therapy and observed laboratory values in each state (Fig. 4 and Supplementary Fig. 9). These states are
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All Reoperation? P-value
Variable and category (N) 363
Outcome
Number of subjects with reoperation 124 (34%)
Yes (124) | No (239)
Median time to reoperation; years (Q1, Q3) | 0.7 (0.4, 1.4)
Reoperation per 1,000 person-years 123.5
Median follow-up, years (Q1, Q3) 2.6 (0.8,5.0)
Age (years); Mean (Standard deviation) 57.4(8.8) 55.3(8.8) ?gg) 0.001
Male; N (%) 183 (504) |67 (540) |16 04
(48.5)
Non-Black; N (%) 361(99.4) | 123(992) | 238 1.0
(99.6)
Current or past smoker; N (%) 74 (20.4) 22(17.7) |52(21.8) | 0.4
Comorbid history; N (Prevalence, %)
Recent UC diagnosis 214 (59.0) 135 (56.5) | 79 (63.7) | 0.2
Recent CD diagnosis 138 (38.0) 95(39.7) |43(34.7) |04
Indeterminate recent UC or CD 9(2.5) 7 (2.9) 2(1.6) 0.7
UC or CD (Historical record) 2(0.6) 2(0.8) 0(0.0) 0.8
Comorbid history; mean number of types (standard deviation)
Circulatory 1.5(2.2) 1.2(1.7) 1.6 (2.4) |0.06
Digestive 5.0 (2.8) 4.8 (2.5) 52(29) |02
GI Cancer 0.1(0.3) 0.06 (0.2) |0.1(0.4) |0.01
Inflammatory (acute use is typical) 1.7 (1.5) 1.5(1.2) 1.8 (1.6) |0.05
Inflammatory (steroid dependence is typical) | 0.3 (0.6) 0.2 (0.6) 0.3(0.6) [0.2
Respiratory 1.7 (2.0) 1.4 (1.8) 1.8(2.1) |0.1
Medication history; N (prevalence, %)
Prednisolone (any duration) 163 (44.9) 53 (42.7) ag.()) 0.6
Prednisolone (steroid dependence) 125 (34.4) 48 (38.7) |77(32.2) | 0.3
Mesalamine 106 (29.2) 65 (33.1) 41(27.2) | 0.3
Azathioprine 82 (22.6) 34(27.4) |48(20.1) | 0.1
Hydrocortisone 7 (1.9) 4(3.2) 3(1.3) 0.4
Methotrexate 7 (1.9) 2 (1.6) 5(2.1) 1.0
Labs; Mean (standard deviation)
Albumin (g/L) 39.5 (3.5) 39.4(3.5) 33956) 0.6
Hgb (g/dL) 130(L1) | 129(L1) 213?) 0.6

Table 1. Characteristics of GI major surgery cohort (UC/CD subgroup). P-values represent the statistical
significance between subjects with and without reoperation—values below 0.05 appear in bold.

Total number of
subjects with steroid
Total number of subjects on steroids | dependence (prevalence
Subgroup Total number of subjects | (Prevalence %) steroid dependence, %)
UC/CD (recent, indeterminate, or historical diagnosis) | 363 163 (45%) 125 (77%)
Recent UC diagnosis 214 110 (51%) 88 (80%)
Recent CD diagnosis 138 49 (36%) 34 (69%)

Table 2. Steroid dependence calculations. Refer to Fig. 1 for additional details regarding all subgroups.

described as colored states: Purple, Blue, Red, Yellow, and Green (Fig. 4). We observed unique “trajectory” of
medication prescriptions as described below. Specifically, there are 3 trajectory patterns that the majority (N=60
of 116) of subjects follow until the occurrence of reoperation (Fig. 5). These are predominantly in the states
for prescription medications: Purple (azathioprine, balsalazide, and prednisolone), Red (mesalamine only) and
Blue (azathioprine, sulfasalazine, and prednisone). We found that the observed time to reoperation in each of
the trajectories is different, i.e., from the initial observation of first medication or laboratory in the two years
prior to the baseline surgery to the time of reoperation within the following 5 years. Survival time estimation
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Fig. 2. Kaplan-Meier curves comparing subjects with a history of steroid dependence vs. acute use. (a) UC/CD
(N = 363; P = 0.004). (b) UC (N = 214; P = 0.03). (¢) CD (N = 138; P = 0.1)
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Fig. 3. Odds ratio calculations for steroids derived from causal analyses employing inverse probability
weighting (IPW).

for Red vs. Blue + Purple groups (Fig. 6A) showed a significant difference in time to reoperation among subjects
who were prescribed mesalamine only vs. azathioprine in combination with balsalazide or sulfasalazine (1.6 vs.
2.5-year, respectively, P=0.01). We also found faster progression to reoperation (P=0.01) between the Red and
the Blue groups (Supplementary Fig. 11). Furthermore, when analyzing a subgroup of reoperation subjects, in
UC subgroup, we found significant difference if the subjects were prescribed mesalamine only (without steroids,
i.e., Red state) and/or switching from it to the other two states Blue or Purple with steroids (N =28). The median
reoperation in the UC subgroup was delayed by 1.1-year with steroids, 1.2 vs. 2.3 years (P=0.01) (Fig. 6B).
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“Purple” state

Observation Profile
#observations: 2181
#unique patients: 51

Typical Prescription
* Azathioprine

* Balsalazide

* Prednisolone

Typical Lab

* High serum creatinine

* High erythrocyte
sedimentation rate

“Blue” state

Observation Profile
#observations: 1144
#unique patients: 19

Typical Prescription
* Azathioprine
« Sulfasalazine
* Prednisolone

Typical Lab

« High urine creatinine

* High serum and plasma C
reactive protein level

“Red” state

Observation Profile
#observations: 1110
#unique patients: 93

Typical Prescription
* Mesalamine

Typical Lab
<no outstanding values>

“Yellow” sate

Observation Profile
#observations: 254
#unique patients: 8

Typical Prescription
* Methotrexate
« Hydrocortisone

Typical Lab

« High serum and plasma C
reactive protein level

« High serum albumin

* High serum creatinine

“Green” state

Observation Profile
#observations: 200
#unique patients: 6

Typical Prescription
* Budesonide
* Mesalamine

Typical Lab

* High hemoglobin
estimation

* Low urine creatinine

* Low serum creatinine

« High erythrocyte
sedimentation rate

* Low hemoglobin
estimation

* Low erythrocyte
sedimentation rate

* High urine albumin

* Low serum albumin

* Low urine
albumin/creatine ratio

(b)

Fig. 4. Five states discovered by DPM360 with predominant characteristics. State space modeling using
Continuous-Time Hidden Markov Model (CTHMM) from DPM360 fit states over time to maximize the
likelihood of observing longitudinal prescription and laboratory test events (N=116). (a) Five states and
transitions between states are discovered by CTHMM for all subjects with adequate follow-up data as defined
above and confirmed reoperation (N=116). The horizontal axis is the elapsed time (in days) of observed
events (in UK Biobank of labs or prescriptions)—they are referenced from the first date of laboratory and/
or prescription which are at most 2 years prior to the first GI surgery for each subject. In the figure, observed
events are labeled with an inferred state by CTHMM, and then plotted according to its time of observation
and inferred state color. Lines connecting dots mean transitions among the observed states. (b) Description
of five states discovered by CTHMM (as above)—their predominant prescription and laboratory test value
characteristics (each state has the distributions for the observations of the prescriptions and laboratory test
values)—for example, if a subject moves to a Red state from a Blue state, he/she has high possibility that
mesalamine is prescribed. Mean values of these distributions are shown in Supplementary Fig. 9.

Discussion

Our findings suggest that steroid dependence at the time of initial IBD-related surgery is associated with a higher
rate of reoperation within 5 years. This is consistent with previous reports that the use of steroids is associated
with worse postoperative patient outcomes®*-32. Preoperative steroid use may be a surrogate marker for higher
baseline disease severity, and thus may contribute to the increased risk of reoperation.

Our findings also suggest that the acute use of steroids (less than 12 weeks) is generally associated with a
lower rate of reoperation. In contrast, steroid dependence (use of 12 weeks or more) was associated with delays
in reoperation within 5 years following baseline surgery. There was a significant difference in reoperation free
survival between acute use vs. steroid dependent groups in IBD subjects. Causal inference analysis found a
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Individual subject trajectories

L Purple

‘ Red

Blue

1.64 3.28 4.93 6.57

Time (in years)

Fig. 5. Individual state-transition view overtime and cluster identification. This view shows transition patterns
of individual subjects (N=116). Three main trajectories of prescriptions are noted: (1) predominantly on
balsalazide (Purple: N=8) or (2) sulfasalazine (Blue: N=11) along with prednisolone and azathioprine or (3)
predominantly on mesalamine prescription only (Red: N=33).

link between the length of steroid prescriptions and reoperation in all subgroups. This link was particularly
statistically significant in UC subjects who were on acute steroid use. Our analysis also suggests that acute steroid
therapy may confer some delay with respect to reoperation, especially in UC subjects as previously reported!>3.

Using advanced methods for disease progression model, we found three unique prescription-use trajectory
subgroups not only suggesting variation in practice but also difference in outcome when steroid therapy is
used with other medications. Interestingly, two of these trajectories had significant differences in time to the
reoperation, with mesalamine showing a faster progression when compared to azathioprine and steroid use
showing a somewhat slower progression to reoperation. The latter also supports that use of any acute steroid
therapy is beneficial and that azathioprine use may be more beneficial then mesalamine after conservative
surgery>*.

Although repeat disease-related surgeries are more common in CD patients!, UC patients may undergo
subsequent IBD related surgery as such revision of pouch. Post-operative management including careful follow-
up and smoking cessation have been adovcated*™. Benefits of biologics such as anti-TNF therapy® in post-op
patients remain unclear. In that regard, our study findings highlight the effects of oral steroid therapy which are
still widely used in clinical practice.

Our study has several limitations. The study cohort consisted of subjects from the UK Biobank GP, which
may not be representative of the general population, specifically in the US. The final subcohorts that we analyzed
were relatively small (hundreds of subjects) limiting statistical significance of our findings. The prevalence of
Whites in our cohort was over 99.0% representing a potential for bias and limiting the generalizability of our
findings to broader populations. Further, our study only included subjects who underwent one or more major
GI surgeries, which may limit the generalizability of our findings further to subjects with less severe disease or
other conditions indicating systemic inflammation (e.g., rheumatoid arthritis). Our dataset lacked also clinical
disease activity indices (Crohn’s Disease Activity Index or Harvey-Bradshaw Index), therefore, we elected to
use pertinent laboratory markers as proxies for disease severity in our models. The UK Biobank GP dataset also
lacked information pertaining to actual prescription use, i.e., if they were a routine auto-script or partially or
entirely consumed, resulting possibly elevated number of subjects who were steroid-dependent. Our analysis,
also, did not incorporate dose values which were broadly missing or not straightforward to reliably extract. Finally,
although our study considered a large set of covariates, additional unknown predictors that if included could
affect our findings, for example, covariates that rely on information found in clinical notes or social determinants
of health®. In conclusion, we found that the majority of subjects in the UK Biobank with a diagnosis of IBD
and a baseline GI surgery were prescribed steroids, especially indicating dependence, often starting long before
the baseline surgery. Our data-driven analyses also show that steroid use indicating dependence is not only
associated with much higher risk of reoperation but may have a causal link. These relationships, however, must
be confirmed in additional independent datasets (e.g., All Of Us*®). Our findings indicating variation in time
to reoperation for mesalamine vs. azathioprine use in IBD subjects may inform future trials for combination
therapies (e.g., with biologics*). In that regard, our work provides positive controls for future studies®.

Our study results confirmed known findings about the impact of duration of steroid use (chronic vs. acute
use) on post-operative patient outcomes®*-3?> while enhanced and extended current knowledge for several
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Fig. 6. Kaplan-Meier curves for the UC/CD subgroup with reoperation (N=116) considering events
between the first observation of laboratory and/or prescription at most 2 years prior to the baseline

surgery and up to subsequent 5 years. (a) Comparison of subjects with prescription of mesalamine

only (Red: N=33) vs. any immunosuppressive such as azathioprine + (sulfasalazine or balsalazide)

(Purple + Blue: N=19) in combination with prednisolone (P=0.01). Median time to reoperation was 1.6
and 2.5 years for the Red vs. Purple + Blue subgroups, respectively (0.9-year difference). (b) Comparison

of UC only subjects with prescription of mesalamine only (stating with Red: N=18) vs. the ones starting
with mesalamine only and switch to prednisolone combination with azathioprine + sulfasalazine or
azathioprine + sulfasalazine + balsalazide (switched to Purple + Blue: N=10) (P=0.01). Median reoperation
was delayed — 1.2 vs. 2.3 years for the Red vs. Purple + Blue subgroups, respectively (1.1-year difference).

reasons: (1) a unique data source, the UK Biobank GP dataset, providing a much larger study cohort than
previously available; (2) a unique methodology to evaluate GI reoperation incorporating clinician expertise
and study design as described under Methods; (3) analyses that were not restricted to any particular age range;
(4) the comparison of findings from two distinct methodologies (regression and causality inference*®) which
were consistent with each other; (5) a methodology to create high quality analytic subcohorts (e.g., including 2
or more years of care prior to the index surgery, and 6) extended patient follow-up — 5 years - after the index
surgery”. Finally, we report findings on multiple distinct subcohorts which has allowed us to compare distinct
subsets within the context of steroid dependence vs. acute use in IBD reoperation.
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Finally, our approach may serve as a template to address common issues when using population-based
datasets for clinical research to study IBD subjects. We addressed numerous aspects of this process in ways that
ultimately enabled us to both validate existing knowledge regarding steroid use in IBD and derive new insights
that may have important implications for clinical practice with respect to delaying or preventing reoperations.

Data availability

Note that data access was provided under UK Biobank application #95318. The data that support the findings of
this study are available from the UK Biobank Access Management Team, but restrictions apply to the availability
of these data, which were used under license for the current study, and so are not publicly available. Data are
however available from the authors upon reasonable request (contact Uri Kartoun at Uri.Kartoun@ibm.com)
and with permission of the UK Biobank Access Management Team.
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