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clinical disease phase whose duration far

exceeds previous estimates.
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SUMMARY
Understanding the biological changes that precede a diagnosis of inflammatory bowel disease (IBD) could
facilitate pre-emptive interventions, including risk factor modification, but this pre-clinical phase of disease
remains poorly characterized. Using measurements from 17 hematological and biochemical parameters
taken up to 10 years before diagnosis in over 20,000 IBD patients and population controls, we address
this at massive scale. We observe widespread significant changes inmultiple biochemical and hematological
parameters that occur up to 8 years before diagnosis of Crohn’s disease (CD) and up to 3 years before diag-
nosis of ulcerative colitis. These changes far exceed previous expectations regarding the length of this
pre-diagnostic phase, revealing an opportunity for earlier intervention, especially in CD. In summary, using
a nationwide, case-control dataset—obtained from the Danish registers—we provide a comprehensive char-
acterization of the hematological and biochemical changes that occur in the pre-clinical phase of IBD.
INTRODUCTION

The inflammatory bowel diseases (IBDs), ulcerative colitis (UC)

and Crohn’s disease (CD), are incurable inflammatory disorders

of thegastrointestinal tract,whichmainlyoccur in younger individ-

uals.1 The incidence of IBD is on the rise globally with 6.8 million

IBDpatients in 2017, an 85% increase from1990.2 Currently there

is no cure for IBD, andwhile there are increasing numbers of treat-

ments, these often fail to halt or reverse the progression of dis-

ease, resulting in the need for life-changing surgery.3

As with most autoimmune or inflammatory diseases, early

diagnosis is critical to allow timely intervention and thereby

improve treatment outcomes,4 reduce surgery rates, and

enhance overall quality of life.5–7 Unfortunately, despite this

ambition, a proportion of IBD patients will already have estab-

lished bowel damage at the time they are diagnosed, even

though only a minority will have experienced gastrointestinal

symptoms for more than 6 months8—highlighting the existence

of a pre-clinical phase of disease. To improve the overall treat-

ment of IBD patients and minimize avoidable bowel damage, a

better understanding of this pre-clinical phase of disease is

required. However, studying the pre-clinical phase of IBD is chal-

lenging—since patients do not have an established diagnosis at

this point—and studies to date have either been limited by small

numbers of clinical samples and pre-diagnostic data or have

relied on patients having to best recall symptoms from many

years earlier. In the American PREDICTS cohort, which collected
Cell Repor
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serum samples from military personnel, 400 individuals were

identified who subsequently developed IBD. By analyzing pre-

diagnostic samples, several anti-microbial antibodies9 and

serum proteins10 were found to correlate with subsequent IBD

development. Similar results were found in the GEM study,

which recruited unaffected relatives of CD patients and followed

them prospectively for development of CD (n = 77), and in a

Swedish population-study, which included 72 patients who later

developed UC.11,12 However, the small sizes of such pre-diag-

nosis cohorts limits a more comprehensive study of this phase

of disease.

IBD is associated with several biochemical and hematological

changes, which are often used to support the diagnostic pro-

cess, including vitamin and mineral deficiencies,13,14 anemia,15

increases in inflammatory markers, including C-reactive protein

(CRP) and fecal calprotectin (f-cal),16 and/or clinically measur-

able manifestations of associated liver disease.17

In this study, we aimed to determine whether hematological or

biochemical changes would be detectable within the pre-clinical

phase of IBD using Danish laboratory data from�20,000 IBD pa-

tients (diagnosed between 2008 and 2018) and 4.6million poten-

tial population-based controls. By considering results up to 10

years before diagnosis, we provide a systematic characteriza-

tion of the pre-clinical phase of IBD at nationwide scale. Finally,

we assess whether the pre-diagnostic changes we detect might

be useful predictively, both as a proof of concept and to help

inform future prediction models of IBD.
ts Medicine 4, 101263, November 21, 2023 ª 2023 The Authors. 1
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Table 1. Sample summary

Tests

CD controls CD patients UC controls UC patients

N measurements/N

individuals

N measurements/N

individuals

N measurements/N

individuals

N measurements/N

individuals

CRP 55145/53466 11030/4585 84736/80926 16950/7543

F-cal 4402/4009 885/693 6148/5567 1237/1056

Leukocytes 75520/72931 15104/5374 118060/112135 23615/9036

Neutrophils 35131/33890 7027/3018 53065/50379 10616/4871

Lymphocytes 49721/47993 9945/4246 73675/69905 14738/6783

Monocytes 47506/45929 9502/4167 69595/66478 13922/6600

Eosinophils 34762/33706 6953/3143 49330/47312 9869/4836

Basophils 46871/45341 9375/4120 68930/65708 13789/6543

Platelets 63935/61821 12787/4764 99333/94387 19869/7959

Hemoglobin 81575/78865 16315/5442 130008/123318 26004/9236

Iron 20509/19934 4103/2300 29293/28322 5861/3484

Folate 11221/10974 2245/1462 15150/14765 3030/2030

Vitamin B12 32075/31453 6415/3325 46743/45459 9350/5024

Vitamin D2+D3 27033/26555 5407/2719 40077/39094 8016/4117

ALAT 81940/79426 16388/5743 137667/130802 27536/9751

Albumin 38235/36935 7647/3339 62979/59534 12597/5537

Bilirubin 36435/35458 7287/3565 59350/56973 11872/5782

The table shows the number of measurements and number of individuals for CD and UC patients andmatched controls. Eachmeasurement from aCD

or UC patient is matched 1:5 to measurement from a control using matching with replacement. Additional information within each clinical feature is

available in Table S5. CD, Crohn’s disease; UC, ulcerative colitis; CRP, C-reactive protein; f-cal, fecal calprotectin; ALAT, alanine-aminotransferase.
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RESULTS

We identified 12,466 patients with CD and 23,533 patients with

UC who were diagnosed between 2008 and 2018. Median age

at diagnosis of CD was 37.0 years (interquartile range, IQR,

22.7–57.2) and of UC was 45.1 years (IQR, 29.1–62.8). 54.6%

of CD patients and 52.6% of UC patients were women. Within

these datasets, 7,739 CD patients and 12,934 UC patients had

at least one of the selected tests performed before their first

diagnosis of CD or UC. During the same period, 7,288,145

individuals lived in Denmark, and of these, 4,550,623 had at least

one available result for a study test in the Register of Laboratory

Results for Research (RLRR). Table 1 shows number of test

results and number of individuals for each test after matching.

Table S3 provides corresponding pre-clinical numbers, de-

fined as measurements more than 1 year prior to diagnosis.

Table S4 provides additional phenotype data including sex and

age of the patients and controls.

Association between test results and development of
inflammatory bowel disease
We first analyzed all test results for both static and time-depen-

dent differences between IBD cases and controls (Figure S3A).

Static differences account for a different baseline in test results

between cases and controls, while time-dependent differences

account for a different slope of test results over time (until diag-

nosis) between cases and controls. All tests were significantly

associated with CD or UC in either the static and/or time-depen-

dent analyses. Levels of 16 of 17 tests showed statistically signif-

icant static differences between CD cases and controls. When
2 Cell Reports Medicine 4, 101263, November 21, 2023
analyzing results over time, 12 of 17 tests also showed time-

dependent differences—implying that there were temporal

trends in test results within the pre-diagnostic period that

differed between individuals who developed CD and controls.

For UC, 16 of 17 tests showed statistically significant static

differences, and 15 of 17 tests showed time-dependent differ-

ences. All tests were corrected for multiple testing.

We next investigated all 17 tests to further explore associa-

tions with IBD at specific time intervals before diagnosis. When

examining 1-year time intervals before diagnosis, we observed

the largest differences in the year immediately preceding diag-

nosis (Figure 1). For many tests, this association became gradu-

ally weaker at earlier time points. However, 8 years before a diag-

nosis of CD, levels of leukocytes, neutrophils, and platelets

remained significantly higher in CD cases compared to controls.

7 years before CD diagnosis, levels of CRP were also higher,

while levels of hemoglobin were lower. 5 years before CD diag-

nosis, levels of monocytes were higher in cases than controls,

while levels of iron, albumin, and bilirubin were lower. In UC,

we also observed significant differences in several blood tests

in the pre-diagnostic phase of disease, although these differ-

ences were detectable over a much shorter period compared

to CD. For example, 3 years before UC diagnosis, cases had

higher levels of CRP, leukocytes, neutrophils, eosinophils, and

platelets compared to controls, but these differences were not

apparent at earlier time points (Figure 1). In total, 14/17 and

9/17 tests showed pre-clinical changes (within time interval �2

to �9) that were associated with CD and UC, respectively (Fig-

ure 1). We exclude time interval�1 (from 1 day until 1 year before

diagnosis) from the pre-clinical window since we have previously



Figure 1. Biochemical and hematological changes in the pre-clinical phase of IBD

The dataset was divided into 1-year pre-diagnosis time intervals so that time interval �1 contains measurements from the year preceding diagnosis, etc. Left

panels show results for CD, and the right panels show results for UC. Tiles are colored by the estimated beta-values of the transformed test results. A positive (red)

estimate indicates that the test measurements were higher in future CD or UC patients compared to controls. Empty tiles indicate insufficient available

measurements within the time interval to fit a model. Number of participants for each measure is shown in Table 1. ns, adjusted p value R 0.05; *, adjusted

p value < 0.05; **, adjusted p value < 0.01; ***, adjusted p value < 0.001; CRP, C-reactive protein; f-cal, fecal calprotectin; ALAT, alanine-aminotransferase.
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shown that 46.9% of IBD patients had an IBD-relevant proced-

ure before the date of first IBD hospital admission in an over-

lapping Danish health dataset.18 This could indicate a delay in

diagnosis registration, although reassuringly this number ap-

proached zero within the 180 days before admission.

Strikingly, the median values for all blood test results (indeed,

all test results apart from fecal calprotectin) were within their

respective normal ranges (Figures 2 and S3B). This suggests

that while pre-diagnostic results in future IBD patients may

have significantly differed from controls, these results would

generally not have been considered abnormal. The estimated

strength of associations is shown in Table S5.

Sensitivity analysis
We conducted three sensitivity analyses. First, to minimize

misclassification of IBD, we used a more stringent definition of

IBD based on registration of two diagnoses of IBDwithin 2 years.

When using this definition, results were similar to the main anal-

ysis results (Figure S4A). Second, we used an alternative model,

including only one sample per IBD case per time interval. This

decreased the statistical power marginally, but it did not change

the results substantially—suggesting that the adjustment for

multiple samples per individual was appropriate (Figure S4B).

Third, to take comorbidities into account, we additionally

adjusted for the Charlson comorbidity index. Notably, comorbid-

ities were not abundant in either the case or control populations

(Table S2), and the main results were robust to the correction for

Charlson comorbidity index (Figure S4C).

Prediction of future diagnosis of Crohn’s disease and
ulcerative colitis
Based on our findings, we further investigated whether pre-diag-

nostic levels of CRP, neutrophils, monocytes, platelets, hemo-
globin, and eosinophils together with the covariates age, sex,

and laboratory ID could predict the later development of CD or

UC using a logistic regression model (Table 2). The mean pre-

dicted probability for developing IBD increased as we ap-

proached date of IBD diagnosis in cases. No change was noted

in the controls over the equivalent time periods (Figure 3A). The

model was better at predicting future CD cases than future UC

cases (compared to controls). In the validation dataset, the

area under the receiver operating characteristic (ROC) curve

(AUC) for the logistic regression model was 72.7% for separating

CD and controls and 64.6% for separating UC and controls in the

year preceding diagnosis.

Finally, we examined whether the separation of IBD cases and

controls was improved by fitting non-linear support vector ma-

chine (SVM) and random forest (RF) models. The model fitted

using RF had the marginally better performance compared to

SVM (Figure S5) and is shown in Figure 3B. We generated

ROC curves for the prediction of CD/UC cases from controls

for all time intervals (Figures 3C and 3D). AUC values were again

generally better for predicting CD than UC and improved closer

to the date of diagnosis. The best AUC using RF models was

73.6% for predicting CD in the year before diagnosis.

DISCUSSION

The existence of a pre-clinical phase of IBD has long been sus-

pected. This phenomenon, which cannot simply be ascribed to

delayed diagnosis, is supported by several small studies that

have identified biological changes in healthy individuals who

would later develop IBD.10,11,19,20

Unfortunately, relatively little is known about this pre-clinical

phase—since patients do not have an established diagnosis

and often no clinical symptoms at this point—and most studies
Cell Reports Medicine 4, 101263, November 21, 2023 3



Figure 2. Biochemical and hematological values in relation to the medical references. For each test parameter in CD, UC, and respective

controls, the median value was calculated and plotted for each time interval before diagnosis.

If the same individual hadmultiple results within a time interval, the median value was used. Medical reference limits for each test are shown as horizontal dashed

lines. Plots of the remaining features can be found in Figure S3B. Number of participants for each measure is shown in Table 1.
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to date have either had limited clinical samples and pre-diag-

nostic data or had to rely on patients recalling events from

many years earlier.8 One point of general agreement is that,

where present, this phase probably precedes a diagnosis of

IBD by between 1 and 5 years, but exactly what happens in

this period remains unknown.

Here, we present the largest ever objective study into the pre-

clinical phase of IBD. Using pre-diagnosis blood results from a

nationwide cohort of �20,000 IBD patients and 4.6 million

potential controls, we identify widespread hematological and

biochemical changes that precede a diagnosis of IBD by up to

8 years. Specifically, we detect differences in parameters

including CRP, leukocytes, neutrophils, monocytes, platelets,

hemoglobin, iron, and albumin, which occur up to 8 years before

a diagnosis of CD and up to 3 years before a diagnosis of UC.

These results indicate that disease initiation is likely to begin

far earlier than previously thought, especially in CD. This has
4 Cell Reports Medicine 4, 101263, November 21, 2023
important implications for the future development of strategies

aimed at preventing the onset of disease and conversely high-

lights a considerable window of opportunity that could be tar-

geted pharmacologically for early therapy or by addressing

modifiable risk factors (e.g., smoking and diet).

Notably,most of the changes detected (except for fecal calpro-

tectin) did not exceed the normal ranges of the affected tests,

which is presumably why they have not been noted previously.

Indeed, this discovery was only made possible because of the

availability of nationwide electronic health data in a country with

a free healthcare system and a low percentage of undiagnosed

IBD cases.21 While the absolute test results were generally not

abnormal, it was striking that the pre-clinical changes phenocop-

ied alterations that are typically associated with CD and UC. For

example, in CD, progressive reductions in iron, hemoglobin, and

albumin and concomitant increases in CRP, monocytes, and

platelets were observed years before a diagnosis was made.



Table 2. Dataset description for six selected tests

Time interval N CD N CD controls N UC N UC controls

�1 1186 1186 1818 1818

�2 470 470 703 703

�3 352 352 541 541

�4 251 251 373 373

�5 186 186 274 274

�6 126 126 196 196

�7 92 92 128 128

�8 35 35 82 82

�9 18 18 33 33

The six blood tests CRP, neutrophils, monocytes, platelets, hemoglobin,

and eosinophils were evaluated further in prediction models. Cases who

had all six measurements taken within the same time interval were

selected and matched with controls. The resulting sample sizes in each

time interval are shown in the table. Further, time interval �1 was split

80:20 in a training and validation dataset. All data in the earlier time inter-

vals were used to evaluate the model trained on the �1 interval.
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Similar results were observed in UC but for a much shorter time

period prior to diagnosis. This discrepancy may partly reflect dif-

ferences in the symptoms of the two diseases, with the eventual

onset of UC symptoms (bloody diarrhea) being more likely to

trigger prompt investigations—and less likely to bemisdiagnosed

as other conditions—than those of CD (abdominal pain, non-

bloody diarrhea). However, it is important to note that in large

epidemiological studies, only a minority of IBD patients report

symptoms more than 6 months before diagnosis,8 and so differ-

ences in the time from symptom onset until diagnosis are unlikely

to fully account for this observation.

Since most of the pre-clinical changes were not due to

abnormally high or low test results, we concluded that these

would not be individually useful as diagnostic tools. However,

we also reasoned that it might be possible to build predictive

classifiers by considering these in combination. Using results

of CRP, neutrophils, monocytes, platelets, hemoglobin, and

eosinophils, we showed that predictive classifiers could be built

using various approaches (including logistic regression, RF,

and SVM) but that their overall predictive performance in an in-

dependent validation set was modest and worsened the further

they were from diagnosis. Notably, this analysis did not

consider the possibility that associations between predictors

and future IBD status may vary between time intervals, since

the models were fitted on time interval �1 and applied to the

other time intervals. This may have contributed to the poor per-

formance of the model at the earliest time points. Unsurpris-

ingly, performance in CD was better than in UC (since signifi-

cant changes are detectable earlier in pre-clinical CD), but

the best AUC obtained 1 year before diagnosis for CD was

only 73.6%. It is possible that the inclusion of other blood tests

could improve this performance, and serum protein biomarkers

have been reported to be able to predict a diagnosis of CD

within 1 year with an AUC of 87%, although this result was

not externally validated.10 In any case, it seems likely that bet-

ter biomarkers will be needed to fulfill the potential of targeting

the pre-clinical phase of IBD. Incorporating additional predic-
tors and investigating more advanced learning algorithms,

including neural networks, could improve model performance

and should be the focus of future work.

Our study design used matching and statistical testing at the

level of individual tests—rather than at an individual patient

level—to facilitate the inclusion of historical data from 2008 to

2015 (before the RLRRwas initiated and thus when the database

may have been incomplete). This enabled analysis of earlier time

periods than would otherwise have been possible but means we

cannot examine individual patient trajectories. This should be

possible in future studies when the RLRR has been complete

for a longer time period.

Another important limitation of this study is that the indications

for the tests were unknown. This creates a potential bias,

although this effect should be limited as it would affect both

the case and control datasets. We attempted to reduce the influ-

ence of this bias by restricting measurements to those sampled

by general practitioners (thus excluding hospitalized patients)

and by adjusting for the Charlson comorbidity index (although

the value of this index was generally low, reflecting the relatively

young age of the patients in the datasets). However, it was not

possible to include more granular data relating to medication

use or other morbidities than those included in the Charlson

comorbidity index. Another limitation in this study is that despite

its size, the study power varied at different time points. This re-

flected the availability of samples, with fewer being available

for time intervals further away from the date of diagnosis and

with differential availability of different test results at different

time points. This will have negatively affected the power to

detect differences at the earliest time points, meaning that the

results described here may underestimate the true duration of

the pre-clinical phase of CD in particular. By only requiring the

diagnosis of IBD to have been registered once, there is also a po-

tential for some patients to have been misclassified. However,

we have previously shown that this approach is associated

with a low misclassification rate in these databases,22 and a

sensitivity analysis using two registered diagnoses replicated

findings from the main analysis. Finally, by including all available

tests from IBD patients, there is a possibility that this study could

be influenced by the regression toward the mean phenomenon.

However, a sensitivity analysis including only one sample per

IBD patient did not change the results substantially.

The study is potentially influenced by Berkson-like bias, since

the case and control samples were both from the subpopulation

of citizens who attended the Danish healthcare system. We

sought to limit the effect of this bias by excluding hospitalized

patients and by using standard tests that are commonly taken

in the general population for a variety of indications.

It is not known whether the changes we detect in the pre-clin-

ical phase of IBDare specific to IBDorwould alsobe seen in other

inflammatory disorders, e.g., rheumatoid arthritis (RA). Sokolove

et al.23 detected changes in levels of autoantibodies and cyto-

kines in the pre-clinical phase of RA, some of which (e.g., IL-10)

have also been reported in the pre-clinical phase of IBD.10 A

pre-clinical phase of diseasemay therefore be a common feature

among inflammatory disorders, which warrants further study.

In conclusion, we have systematically delineated the extent of

the hematological and biochemical changes that occur within
Cell Reports Medicine 4, 101263, November 21, 2023 5



Figure 3. Prediction models of IBD based on clinical features

(A) A logistic regressionmodel to predict future CD/UC cases from controls was fitted on data from time interval�1. The resultingmodel was used to calculate the

predicted probability of developing IBD on all data. The plot shows the mean predicted probability of developing IBD in each time interval. Shaded areas

represent standard error.

(B) Random forest (RF) models were fitted to separate CD/UC cases and controls using training data from time interval �1 (80% of data). The final model was

applied on the validation data from time interval�1 (20% of data) and the entire datasets from other time intervals. The figure shows the resulting AUC values for

the model’s ability to predict future CD/UC cases at each time interval, together with the corresponding sample size of the dataset that the model was applied to.

In time interval �1, the RF model is applied to the validation dataset only.

(C) ROC curves and their AUCs for each time interval for predicting CD from controls.

(D) ROC curves and their AUCs for each time interval for predicting UC from controls. AUCs were evaluated for whether they differed significantly from 0.5 using a

Mann-Whitney U test. Number of participants for eachmeasure is shown in Table 2. IBD, inflammatory bowel disease; CD, Crohn’s disease; UC, ulcerative colitis;

FPR, false positive rate; TPR, true positive rate; AUC, area under the receiver operating characteristic curve.
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the pre-clinical phase of CD and UC. These changes far exceed

previous expectations regarding the length of this pre-clinical

phase of disease and thereby provide important insights that

will need to be considered if future treatment strategies aspire

to disease prevention.

Limitations of the study
Our study is based on register data and is thus influenced

by the selection of the subpopulation with available

data. Data availability, and thus study power, reduced as

time to diagnosis increased. Future prospective studies

with predefined sampling could overcome this limitation,

but assembling cohorts of equivalent size is likely to be

prohibitive.
6 Cell Reports Medicine 4, 101263, November 21, 2023
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study is based on results from the Danish nationwide Register of Laboratory Results for Research (RLRR).24,25 In brief,

RLRR covers all regions of Denmark and includes the results of biochemistry and hematology tests taken at both hospitals

and general practitioners. RLRR was initiated in 2015 but includes historical data from many hospitals in Denmark going

back to 2008. We linked the RLRR to the Danish National Patient Registry26 (NPR). IBD cases were defined as all individuals

with a hospital contact with a diagnosis of either CD (ICD-10: K50) or UC (ICD-10: K51) who had lived in Denmark for at least

one year before diagnosis.

METHOD DETAILS

Blood and stool tests
In total, 17 different clinical tests were selected for analysis based on prior knowledge and including parameters that are known to

differ between IBD patients and healthy controls.27–36 If a test was covered by more than one Nomenclature for Properties and Units

(NPU) code, the NPU code with the largest amount of data was used. In addition to the selected tests, we had planned to include

perinuclear anti-neutrophil cytoplasmic antibodies, anti-Saccharomyces cerevisiae antibodies, anti-pancreatic antibody, erythro-

cyte sedimentation rate, and aspartate transaminase, however there was insufficient data for these measurements to be included.

For the IBD cases, we included available test results from the RLRR that had been registered up until the day before the first hos-

pital contact (date of admission) for IBD. Only results from tests taken at general practitioners or non-hospital clinics were included to

minimize biases that may be associated with the indications for tests performed in hospitals. This was achieved by only including

results with a requester ID type ‘‘external number’’ (‘‘ydernummer’’).
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Matching of tests from IBD patients and controls
Each IBD test result was matched with up to five equivalent test results from controls based on sex, age (±5 years), laboratory and

time of sampling (±0.5 years). Samples from individuals who died, emigrated, or subsequently received an IBD diagnosis within half a

year of the matched IBD case were ineligible for matching. Matching was performed with replacement and if no controls were avail-

able, the IBD test was excluded from further analyses.

We calculated the number of days between test sampling and diagnosis for all IBD patients. For the matched controls, we similarly

calculated the number of days between test sampling and diagnosis of the matched IBD patient (Figure S1).

Evaluation of data
We replaced categorical values of tests (for example ‘‘<10’’) by imputed values using themedian value of all datapoints that matched

the categorical description (i.e., the median of all values < 10).

Distributions of the different test results were examined graphically. In cases of non-normal distributions, data were transformed

using the natural logarithm or square root to approach normality (Figure S2; Table S1). No outliers were identified using the criteria of

more than three standard deviations (SD) from the mean of the transformed values.

Sensitivity analyses
In a sensitivity analysis we restricted the IBD cases to patients having at least two IBD hospital contacts within a two-year period.22,37

The matching and assigned IBD diagnosis (CD or UC) were performed based on the second recorded diagnosis date, whereas the

date of diagnosis in the analyses was based on the first diagnosis obtained.

Some IBD cases had several measurements of the same test within a one-year time interval. This was adjusted for in the model by

including a random intercept for the person ID. In addition, we performed a sensitivity analysis including only one sample per IBD case

per time interval to confirm that this adjustment was sufficient.

To ensure that the analyses were not biased by different representation of comorbidities in cases and controls, we included the

Charlson comorbidity index38,39 (based on the nine years preceding diagnosis date) (Table S2) in sensitivity analyses to adjust for

any differences in comorbidity profiles.

Predictive performance of selected blood tests
In a secondary analysis, we aimed to predict IBD status based on six selected blood tests that were associated with CD and/or UC

several years before the date of diagnosis and had a sufficiently large number of available samples at each time point. For each one-

year time interval before diagnosis, cases and controls with all six blood tests within the interval were matched 1:1 on age, sex and

laboratory. Matching was performed in threemonthly intervals, where all CD/UC patients diagnosedwithin that periodwere identified

and all controls that died, emigrated, or received an IBD diagnosis before the end of the period were excluded. One control was

randomly selected for each case to obtain a balanced dataset for prediction models. If the same individual had more than one mea-

surement of the same blood tests within the same one-year time interval, the median value was used. An overview of the resulting

dataset is available in Table 2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis of single clinical test results
All analyses were conducted in R (version 4.1.3). The test results were modeled as dependent on IBD diagnosis and time until diag-

nosis using a linear mixed effects model (LMM). Themodel included an interaction term between IBD diagnosis and time to diagnosis

to capture both static (different intercept for cases versus control) and time-dependent changes (different slope for cases versus con-

trols) in the test values between future IBD patients and controls. The model included sex and age as fixed effects and person ID and

laboratory as random intercepts to adjust for multiple samples per individual and for possible differences in analysis methods across

laboratories. A threshold for statistical significance of 0.05 was used after correcting p values for multiple testing using the Benjamini-

Hochberg method.40

We further evaluated significant test results using a linear mixed model (LMM) fitted on subsets of the dataset – divided into one-

year time intervals before diagnosis – to evaluate the effect size and significance between IBD cases and controls at different times

pre-diagnosis. The model similarly included age and sex as fixed effects and patient ID and laboratory as random intercepts. The

analysis of different time intervals for the same test were considered dependent and thus the Benjamini-Yekutieli method41 was

used for multiple testing correction.

Predictive performance of selected blood tests
Data in the one-year interval before diagnosis (one day until one year before diagnosis) was randomly split into training (80%)

and validation (20%) datasets and a logistic regression model - to predict CD/UC cases from controls - was trained on the training

dataset. The predictive performance was subsequently tested for all CD/UC cases and controls in the validation dataset at each time

intervals. The regression model was based on the transformed blood test values and adjusted for sex, age, and laboratory.
e2 Cell Reports Medicine 4, 101263, November 21, 2023
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We further investigated two different machine learning approaches: support vector machine (SVM) and Random Forests (RF). The

SVM and RF models were trained on the training dataset including sex, age, and laboratory as covariates. For SVM, the optimal

choices of cost and sigma were selected using a grid search, which evaluated by rooted mean squared error using three times

10-fold cross validation. The same approach was performed for selecting the optimal parameters for the number of trees and the

number of splitting predictors for RF. The finalmodels were fit using the parameter settings detected through the grid searches (incor-

porating three times 10-fold cross validation). The optimal models were then applied to the validation data and other time intervals to

estimate performance.

The performance of the models in the validation data were visualised using the ROC curve and summarised by calculating the

AUC. The ROC curve visualises the true positive rate as a function of the false positive rate. We evaluated whether the AUCs differed

significantly from 0.5 using a Mann-Whitney U test.
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