The
University
g Of

(T

i . ..;"k.l':{éi Shﬁfﬁe]d.

This is a repository copy of Risk stratified monitoring for methotrexate toxicity in immune
mediated inflammatory diseases: prognostic model development and validation using

primary care data from the UK..

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/200117/

Version: Published Version

Article:

Nakafero, G. orcid.org/0000-0002-3859-7354, Grainge, M.J., Williams, H.C. et al. (9 more
authors) (2023) Risk stratified monitoring for methotrexate toxicity in immune mediated
inflammatory diseases: prognostic model development and validation using primary care

data from the UK. BMJ, 381. e074678. ISSN 0959-8138

https://doi.org/10.1136/bmj-2022-074678

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:

https://creativecommons.org/licenses/

Takedown

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

2=\ White Rose

| university consortium
/‘ Universities of Leeds, Sheffield & York

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/




RESEARCH

OPEN ACCESS

‘ '.) Check for updates ’

Risk stratified monitoring for methotrexate toxicity in immune
mediated inflammatory diseases: prognostic model development
and validation using primary care data from the UK
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PARTICIPANTS
Adults (=18 years) with a diagnosis of an immune
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mediated inflammatory disease who were prescribed

methotrexate by their general practitioner for six
months or more during 2007-19.

MAIN OUTCOME MEASURE

Discontinuation of methotrexate owing to abnormal
monitoring blood test result. Patients were followed-

up from six months after their first prescription
for methotrexate in primary care to the earliest
of outcome, drug discontinuation for any other
reason, leaving the practice, last data collection

from the practice, death, five years, or 31 December

2019. Cox regression was performed to develop
the risk equation, with bootstrapping used to
shrink predictor effects for optimism. Multiple
imputation handled missing predictor data. Model
performance was assessed in terms of calibration
and discrimination.

To develop and validate a prognostic model to inform

blood tests during long term methotrexate treatment.

WHAT IS ALREADY KNOWN ON THIS TOPIC

Clinically significant cytopenia, raised liver enzyme levels, and acute kidney
injury that require drug discontinuation are infrequent after the first year of
methotrexate treatment

Despite a lack of evidence, all patients established on low dose weekly
methotrexate (<25 mg) are required to undergo blood tests every three months
indefinitely for early detection of toxicity

Itis not known whether methotrexate related toxicities can be predicted and
whether monitoring could be risk stratified

WHAT THIS STUDY ADDS

A prognostic model was developed and validated that discriminated patients at
varying risk of methotrexate toxicity during long term treatment

The model performed well across age groups, inflammatory conditions,
methotrexate doses, and routes of administration

The findings are useful for updating guidelines on blood test monitoring during
long term methotrexate treatment for immune mediated inflammatory diseases

thelbmj | BMJ2023;381:e074678 | doi: 10.1136/bmj-2022-074678

RESULTS

Data from 13110 (854 events) and 23999 (1486
events) participants were included in the development
and validation cohorts, respectively. 11 candidate
predictors (17 parameters) were included. In the
development dataset, the optimism adjusted R” was
0.13 and the optimism adjusted Royston D statistic
was 0.79. The calibration slope and Royston D statistic
in the validation dataset for the entire follow-up
period was 0.94 (95% confidence interval 0.85 to
1.02) and 0.75 (95% confidence interval 0.67 to
0.83), respectively. The prognostic model performed
well in predicting outcomes in clinically relevant
subgroups defined by age group, type of immune
mediated inflammatory disease, and methotrexate
dose.

CONCLUSION

A prognostic model was developed and validated
that uses information collected during routine clinical
care and may be used to risk stratify the frequency of
monitoring blood test during long term methotrexate
treatment.

Introduction

Low dose methotrexate, administered weekly, is the first
line glucocorticoid sparing drug used to treat immune
mediated inflammatory diseases such as rheumatoid
arthritis, psoriatic arthritis, and cutaneous psoriasis
resistant to topical treatment or phototherapy.'”
Methotrexate is also used in the treatment of steroid
dependent inflammatory bowel disease and is often
combined with biological medicines to optimise
efficacy and prevent the formation of antidrug
antibodies.®® Methotrexate use has increased in the
era of biologics, with only a few patients (about 3%)
with rheumatoid arthritis or with psoriasis with or
without arthritis prescribed biologics in European
countries.”?

Although effective and well tolerated, methotrexate
can cause cytopenia, raised liver enzyme levels, and
acute kidney injury, mostly during the first few months
of treatment.” ** Concern about these side effects has
led to the recommendation to perform blood tests
every two to four weeks to monitor patients for full
blood count, liver function, and urea electrolytes and
creatinine during the initial few months of treatment,
followed thereafter by tests every three months for
everyone.'® 1 However, no evidence base supports the
use of three monthly blood tests in the early detection
of liver, blood, or kidney toxicity during long term
methotrexate treatment.
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We previously reported that clinically significant
cytopenia, raised liver enzyme levels, and acute kidney
injury that required methotrexate discontinuation
were infrequent after the first year of methotrexate
treatment.’” Indeed, many abnormalities detected
during the monitoring of blood tests for long term
methotrexate treatment are subsequently found to
be due to an intercurrent illness or its treatment.
Nevertheless, the detection of these abnormalities
causes anxiety, requires repeat testing, and may result
in treatment interruption that results in a disease flare-
up. Unnecessary blood tests waste patient’s time and
healthcare resources, including the time of general
practitioners and phlebotomists.

It would be beneficial to predict the risk of clinically
significant abnormal blood test results during long
term methotrexate treatment to inform the frequency
of testing for individuals. To better understand this
risk, we developed and validated a prognostic model
for estimating the probability of clinically significant
methotrexate toxicity during long term treatment and
stratifying those at greatest and least risk.

Methods
In this retrospective cohort study performed from 1
January 2007 to 31 December 2019, we used data from
the Clinical Practice Research Datalink (CPRD) Gold and
CPRD Aurum for model development and validation,
respectively.'® ' CPRD is an anonymised longitudinal
database of electronic health records originating during
clinical care in the NHS. As CPRD has almost universal
coverage of UK residents, participants who contribute
information to the database are representative of
the UK population.’® CPRD includes information on
demographic factors, lifestyle factors (eg, smoking
status, alcohol intake), diagnoses, blood test results,
and prescriptions issued in primary care. As CPRD Gold
and CPRD Aurum use different software packages for
data capture, they complement each other for coverage
of general practices. A bridging file provided by CPRD
was used to identify those general practices that
contributed data to both databases, and these practices
were only included in the development cohort.

This study was reported in line with the transparent
reporting of a multivariable prediction model for
individual prediction or diagnosis (TRIPOD) guidelines.*®

Study population

Adults aged 18 years or older with a new diagnosis
of an immune mediated inflammatory disease (eg,
rheumatoid arthritis, axial spondyloarthritis, psoriasis
with or without arthritis, and inflammatory bowel
disease) and prescribed methotrexate by their GP were
eligible for study inclusion. Patients were required
to have no immune mediated inflammatory disease
recorded for at least one year with their current general
practice to be classified as having a new diagnosis of
immune mediated inflammatory disease.”* ** This
minimised the chance of patients who had used long
term methotrexate for established immune mediated
inflammatory disease appearing as new users of
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methotrexate when they moved to a different general
practice.?! *? Additionally, it was required that patients
receive their first methotrexate prescription either after
the first record of immune mediated inflammatory
disease in CPRD or in the preceding 90 days. This
90 day period was chosen because the recording of
diagnoses may lag behind prescriptions.

Before the start of follow-up, we excluded patients
with severe chronic liver disease, chronic kidney
disease stage 4 or 5, or severe haematological
diseases. Because methotrexate is contraindicated
for these conditions and there would have been
substantial uncertainty in outcome ascertainment (see
supplementary material for Read code list).

Methotrexate prescriptions

In the United Kingdom, the initial prescription for
methotrexate and dose escalation occurs in hospital
out-patient clinics. During this period, hospital
specialists organise the monitoring of blood tests and
respond to abnormal results. Once a patient’s treatment
is established—that is, a stable, well tolerated, and
effective methotrexate dose is reached, typically about
six months after the start of treatment, GPs take on the
responsibility of prescribing for and monitoring patients
with periodic blood tests according to NHS shared care
protocols.”® 2> ** During shared care prescribing, GPs
seek advice about side effects from hospital specialists,
including abnormal blood test results, and the hospital
specialists direct changes to treatment.

Start of follow-up

Patients were followed-up from 180 days after their
first prescription for methotrexate in primary care to
the earliest of outcome, drug discontinuation for any
reason, leaving the practice, last data collection from
the practice, death, five years, or 31 December 2019.

Outcome

The outcome of interest was methotrexate toxicity
associated drug discontinuation, defined as a
prescription gap of =90 days with either an abnormal
blood test result or a diagnostic code for an abnormal
blood test result within +60 days of the last prescription
date.'” The thresholds for abnormal blood test results
were: total leucocyte count <3.5x10°/L, neutrophil
count <1.6x10°/L, platelet count <140x10°/L, alanine
transaminase and/or aspartate transaminase >100
IU/mL, and decline in kidney function, defined as
either progression of chronic kidney disease based
on medical codes recorded by the GP, or >26 pmol/L
increase in creatinine concentration, the threshold
for consideration of acute kidney injury.’®> * In our
previous validation study, only 5.4% of abnormal
blood test results in this time window were potentially
explained by another illness."”

Predictor selection

Clinical members of the study team suggested
predictors based on their clinical expertise and
knowledge of the literature.

doi: 10.1136/bmj-2022-074678 | BMJ 2023;381:e074678 | thebmyj
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Table 1 | Distribution of candidate predictors in development (CPRD Gold) and validation (CPRD Aurum) cohorts. Values

are number (percentage) unless stated otherwise

Development cohort Validation cohort

Predictors (n=13110) (n=23999)
Mean (SD) age (years) 56.8 (14.8) 57.4 (14.7)
Female sex 8278 (63.1) 15252 (63.6)
Methotrexate dose:
Median (interquartile range) dose (mg/week) 15 (10-20) 15(12.5 20)
Missing data 1053 (8.0) 1537 (6.4)
Body mass index:
<18.5 198 (1.5) 353 (1.5)
18.5-24.9 3586 (27.4) 6495 (27.1)
25.0-29.9 4402 (33.6) 7712 (32.1)
>30 4038 (30.8) 6881 (28.7)
Missing data 886 (6.8) 2558 (10.7)
Current smoker:
No* 10311 (78.7) 19555 (81.5)
Yes 2799 (21.4) 4444 (18.5)
Alcohol consumption (units/week):
Non-drinker 1143 (8.7) 4406 (18.4)
Low (1-14) 6383 (48.7) 10228 (42.6)
Moderate (15-21) 508 (3.9) 1331 (5.6)
Hazardous (>21) 722 (5.5) 1458 (6.1)
Former drinker 2767 (21.1) 2646 (11.0)
Missing data 1587 (12.1) 3930 (16.4)
Inflammatory conditions:
Rheumatoid arthritis 8097 (61.8) 15079 (62.80)
Psoriasis or psoriatic arthritis 3150 (24.0) 5084 (21.2)
Polymyalgia rheumatica or giant cell arteritis 1091 (8.3) 2275 (9.5)
Connective tissue diseasest 296 (2.3) 727 (3.0)
Other seronegative spondyloarthritist 476 (3.6) 834 (3.5)
Comorbidities:
Diabetes mellitus 1700 (13.0) 2689 (11.2)
Chronic kidney disease stage 3 973 (7.4) 2076 (8.7)
Drugs:
Hydroxychloroquine 1968 (15.0) 4984 (20.8)
5-aminosalicylate or sulfasalazine 2067 (15.8) 3080 (12.8)
Other glucocorticoid sparing drugs§ 181 (1.4) 342 (1.4)
Statin 2833 (21.6) 5277 (22.0)
NSAID or high dose aspirin (= 300 mg/day) 4888 (37.3) 7471 (31.1)
Paracetamol (acetaminophen) 2173 (16.6) 3620 (15.1)
Proton pump inhibitor 5870 (44.8) 10687 (44.5)
Antiepilepticl 118 (0.9) 239 (1.0)
Blood test abnormalities:
Cytopenia or raised liver enzyme levels within first six months of first 2512 (19.2) 4429 (18.5)

primary care methotrexate prescription

Median (interquartile range) follow-up (years)

2.35(0.91-4.83) 2.73 (1.05-5.00)

Outcome events

854 (6.5) 1486 (6.2)

CPRD=Clinical Practice Research Datalink; NSAID=non-steroidal anti-inflammatory drug.

One unit of alcohol equals 10 mL or 8 g of pure alcohol.
*Includes non-smokers, former smokers, and smoking status not available.
tincludes lupus, systemic sclerosis, myositis, and small vessel vasculitis.

#Includes ankylosing spondylitis, reactive arthritis, and inflammatory bowel disease associated inflammatory arthritis.
§Includes leflunomide, azathioprine, 6-mercaptopurine, ciclosporin, tacrolimus, and mycophenolate mofetil.

flincludes carbamazepine, levetiracetam, and valproate.

We included age, sex, body mass index (BMI),
alcohol intake, and diabetes because they are
associated with drug induced liver injury, and current
smoking because it is associated with non-response to
methotrexate, potentially requiring higher doses.?® ?’
We included chronic kidney disease because it reduces
methotrexate clearance,”® and type of immune
mediated inflammatory disease because patients
with psoriasis are at higher risk of raised liver enzyme
levels with methotrexate treatment than patients with
rheumatoid arthritis."”

Methotrexate dose was included to account for
potential dose-dependent toxicity. We also included

thebmyj | BMJ2023;381:e074678 | doi: 10.1136/bmj-2022-074678

statins, non-steroidal anti-inflammatory drugs, aspirin
(=300 mg/day), paracetamol (acetaminophen), proton
pump inhibitors, carbamazepine, levetiracetam, and
valproate as their use is associated with methotrexate
toxicity according to the British National Formulary.
Hydroxychloroquine was included as it increases
the bioavailability of methotrexate.” Sulfasalazine,
5-acetylsalicylate, and other immunosuppressant
drugs were included as they can cause cytopenia,
raised liver enzyme levels, and acute kidney injury.
Either cytopenia (neutrophil count <2x10°/L,
total leucocyte count <4x10°/L, or platelet count
<150x10°/L) or raised transaminase (alanine
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Table 2 | Final model hazard ratios and B coefficients before shrinkage

Predictors Adjusted hazard ratio (95% CI)* B coefficient
Age (years) 1.00 (1.00to 1.01) -0.0005886
Female sex 0.96 (0.83to1.11) -0.0412595
Methotrexate dose (mg/day) 1.01 (0.93 to 1.09) 0.0111752
Body mass index 0.99 (0.98 to 1.00) -0.0100983
Smoking status:

Non-smoker, NR, former smoker Reference -

Current smoker 1.06 (0.89 to 1.25) 0.0545787
Alcohol consumption (units/week):

Non-drinker Reference

Low (1-14) 0.93 (0.73t0 1.17) -0.0745235

Moderate (15-21) 0.79 (0.52t0 1.19) -0.2376144

Hazardous (>21) 1.11 (0.79t0 1.56) 0.1062592

Former drinker 0.95 (0.74 10 1.22) -0.0555338
Inflammatory conditions:

Rheumatoid arthritis Reference -

Psoriasis or psoriatic arthritis 1.14 (0.96 to 1.36) 0.1339634

Polymyalgia rheumatica or giant cell arteritis 0.99 (0.75 to 1.31) -0.0111359

Connective tissue diseases* 1.34 (0.87 t0 2.07) 0.2919058

Other seronegative spondyloarthritist 1.30 (0.91 to 1.87) 0.2636568
Comorbidities:

Diabetes mellitus 1.25(1.02t0 1.53) 0.2225364

Chronic kidney disease stage 3 2.01 (1.63to 2.49) 0.7005654
Drugs:

Hydroxychloroquine 0.90 (0.72t0 1.11) -0.1073611

5-aminosalicylate or sulfasalazine 0.92(0.761t01.12) -0.0791611

Other glucocorticoid sparing drugs 1.11 (0.66 to 1.85) 0.1000699

Statin 1.11(0.93t01.32) 0.1021201

NSAID or high dose aspirin (2300 mg/day) 0.97 (0.83t01.12) -0.0334514

Paracetamol (acetaminophen) 1.17 (0.98 to 1.40) 0.1608563

Proton pump inhibitor 1.02 (0.88t0 1.18) 0.0170423

Antiepileptic§ 1.68 (0.92 to 3.05) 0.5164347
Blood test abnormalities:

Cytopenia or raised liver enzyme levels within first six months of first primary ~ 2.97 (2.57 to 3.41) 1.086389

care methotrexate prescription

NR=not recorded; NSAID=non-steroidal anti-inflammatory drug.
One unit of alcohol equals 10 mL or 8 g of pure alcohol.
*Includes lupus, systemic sclerosis, myositis, and small vessel vasculitis.

tincludes ankylosing spondylitis, reactive arthritis, and inflammatory bowel disease associated inflammatory arthritis.
$Includes leflunomide, azathioprine, 6-mercaptopurine, ciclosporin, tacrolimus, and mycophenolate mofetil.

§Includes carbamazepine, levetiracetam, and valproate.

transaminase and/or aspartate transaminase >35 IU/L)
levels during the first six months of the methotrexate
prescription (ie, before the start of follow-up), were
included as prognostic factors because in other studies
they predicted cytopenia and/or transaminitis.>® >

We used the latest record of demographic and
lifestyle factors, diseases recorded within two years
before start of follow-up, and latest primary care
prescription within six months before start of follow-up
to define predictors, except for chronic kidney disease
stage 3, which was defined using both GP records
and estimated glomerular filtration rate (eGFR) 30-59
mL/min. GPs typically review patients with long term
conditions annually. We utilised a look-back period
of two years to minimise the risk of missing data from
those patients who did not attend in the previous year.

Sample size

For model development, we used Riley and colleagues’
formulae.?? Using those formulae we determined that
to minimise model overfitting (a target shrinkage factor
of 0.9) and ensure precise estimation of overall risk, we
required a minimum sample size of 1398 participants
(189 outcomes) based on a maximum of 20 parameters,

Cox-Snell R? value of 0.12, estimated outcome rate of
0.057 per person year, and a five year time horizon,
and a mean follow-up period of 2.36 years using the
findings from our earlier work.!” The sample size for
external model validation was larger than the typically
recommended minimum sample size of 200 events.

Statistical analysis

Multiple imputation handled missing predictor data
on BMI, alcohol intake, and methotrexate dose using
chained equations.>> We carried out 10 imputations in
the development dataset and five imputations in the
validation dataset—a pragmatic approach considering
the larger size of CPRD Aurum. The imputation model
included all candidate predictors, Nelson-Aalen
cumulative hazard function, and outcome variables.

Model development

Fractional polynomial regression (first order) analysis
was used to model non-linear risk relationships with
continuous predictors and was found to be no better
than the linear terms (P>0.05, comparing models of
linear terms with thebest fitting first order polynomials),
hence continuous predictors were not transformed. All

doi: 10.1136/bmj-2022-074678 | BMJ 2023;381:e074678 | thebmyj
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Risk score = 1 — 0.895e%0.93p%

pX=

0.0111752 x methotrexate daily dose in mg

—0.0005886 x age in years at first primary care prescription

—0.0412595 x female sex

—0.0100983 x body mass index

+0.0545787 x current smoking

—0.0745235 x low alcohol intake

—0.2376144 x moderate alcohol intake

+0.1062592 x hazardous alcohol intake

—0.0555338 x former alcohol intake

+0.1339634 x psoriasis or psoriatic arthritis

—0.0111359 x polymyalgia rheumatica or giant cell arteritis

+0.2919058 x connective tissue disease

+0.2636568 x spondyloarthritis, reactive arthritis, or inflammatory bowel disease

+0.2225364 x diabetes

+0.7005654 x chronic kidney disease stage 3

—0.1073611 x hydroxychloroquine

—0.0791611 x 5-aminosalicylate or sulfasalazine

+0.1000699 x other glucocorticoid sparing agent

+0.1021201 x statin

—0.0334514 x NSAID or high dose aspirin

+0.1608563 x paracetamol (acetaminophen)

+0.0170423 x proton pump inhibitor

+ 0.5164347 x antiepileptic

care methotrexate prescription

+1.086389 x cytopenia or raised liver enzyme levels within first six months of first primary

Variables are coded O if absent and 1 if present, except for methotrexate dose, body mass index,
and age, which are continuous variables. 0.895 is the baseline survival function at five years, 0.93
is the shrinkage factor, and the other numbers are the estimated regression coefficients for the

predictors, which indicate their mutual adjustment.

Fig 1 | Equation to predict risk of methotrexate discontinuation owing to abnormal monitoring blood test results after six months of primary

care prescription and within next five years. Connective tissue diseases include lupus, systemic sclerosis, myositis, and small vessel vasculitis.
Other immunosuppressant glucocorticoid sparing agents include leflunomide, azathioprine, ciclosporin, and tacrolimus. Antiepileptics include
carbamazepine, levetiracetam, and sodium valproate. Blood test abnormality defined as either cytopenia (neutrophil count <2x10°/L, total leucocyte
count <4x10°/L, or platelet count <150x10°/L) or raised transaminase levels (alanine transaminase and/or aspartate transaminase »35 1U/L) during

the first six months of a prescription for methotrexate in primary care

11 candidate predictors (17 parameters) were included
in the Cox model, and the coefficients of each predictor
were estimated and combined using Rubin’s rule across
the imputed datasets. The risk equation for predicting
an individual’s risk of methotrexate discontinuation
with abnormal blood test results by five years follow-
up was formulated using the development data.
The baseline survival function at t=5 years, a non-
parametric estimate of survival function when all
predictor values are set to zero, was estimated along
with the estimated regression coefficients (B) and
the individual’s predictor values (X). This led to the
equation for the predicted absolute risk over time>*:
Predicted risk of methotrexate toxicity associated
drug discontinuation at five years=1-S(t )"
where S (t_,) is the baseline survival function at
five years of follow-up and BX is the linear predictor,

B +BX,+. .. +Bpxp.

Model internal validation and shrinkage

The performance of the model in terms of calibration
(the agreement between predicted and observed
risks) was assessed by plotting agreement between

thebmyj | BMJ2023;381:e074678 | doi: 10.1136/bmj-2022-074678

predicted and observed outcomes, using a smoothed
non-parametric calibration curve across the whole
range. A curve close to the 45° line is ideal (quantified
by a calibration-in-the-large of zero, calibration slope
of 1).

Internal validation was performed to correct model
performance estimates for optimism due to overfitting
by bootstrapping with replacement 500 samples
of the development data. The full model was fitted
in each bootstrap sample, and its performance was
quantified in the bootstraps (apparent performance)
and original samples (test model performance). Model
optimism was calculated as the difference between test
performance and apparent performance. We estimated
a uniform shrinkage factor as the average of calibration
slopes from each of the bootstrap models tested in the
original sample. This process was repeated for all 10
imputed datasets, and the final uniform shrinkage
calculated by averaging across the estimated shrinkage
estimates from each imputation. Optimism adjusted
estimates of performance for the original model were
then calculated as the original apparent performance
minus the optimism.
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1.0
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0.8

0.6

0.4

0.2

0.4 0.6 0.8 1.0

Predicted risk

Fig 2 | Calibration of a prognostic model for methotrexate discontinuation with
abnormal monitoring blood test results at five years in development cohort. Data from

a single imputed dataset were

used for illustration. Baseline survival function (S ) was

0.895 at five years of follow-up. Black line reflects perfect prediction

To account for overfitting during the model
development process, we multiplied the original
coefficients by the final uniform shrinkage factor and
re-estimated the baseline hazards conditional on the
shrunken  coefficients to ensure that overall calibration
was maintained, producing a final model. We calculated
Royston’s D statistic, a measure of discrimination (that
is, the ability to discriminate between those with and
those without the outcome), interpreted as a log hazard
ratio, the exponential of which gives the hazard ratio
comparing two groups above or below the median of the
linear predictor.>® > We also calculated Royston’s R?, a
measure of variation explained by the model based on
the D statistic, and Harrell’s C statistic, a measure of the
model’s predictive accuracy.

Model external validation

External validation was performed using data from
CPRD Aurum. The study setting, eligibility criteria,
outcome, and predictors did not differ from that
of the development cohort. We applied the final

developed model equation to the validation dataset,
and we examined calibration and discrimination
as described previously.’® 3¢ Calibration of five year
risks was examined by plotting agreement between
estimated risk from the model and observed outcome
risks. In the calibration plot, we divided predicted and
observed risks into 10 equally sized groups defined by
10ths of predicted risk. Additionally, we used pseudo-
observations to construct smooth calibration curves
across these groups through a running non-parametric
smoother. Separate graphs were plotted for each
imputation of the validation cohort. R? and C statistic
were calculated for the validation cohort. Subgroup
analyses considered age groups, methotrexate doses,
routes of administration, and type of immune mediated
inflammatory disease. The supplementary material
includes a detailed explanation of the statistical
methods used in the study. Stata-MP version 16 was
used for all statistical analyses.

Patient and public involvement

Patients and members of the public were directly
involved in selecting and prioritising the research
question. They advised to use readily available datasets
for the study rather than conduct an expensive and
time consuming clinical trial.

Results

Participants

Data for 13110 and 23999 participants who
contributed 34298 and 67 150 person years follow-
up were included in the development and validation
cohorts, respectively (see supplementary figures S1
and S2). Most participants in both cohorts had a
diagnosis of rheumatoid arthritis, self-identified as
female, and had similar lifestyle factors, comorbidities,
and prescriptions (table 1). The median methotrexate
dose in both cohorts was 15 mg/week (interquartile
range 10-20 mg/week in the development cohort and
12.5-20 mg/week in the validation cohort). Eleven
candidate predictors (17 parameters) were included in
the model (table 2).

Model development

In the development dataset, 854 outcomes occurred
in 6.5% of patients (n=13110) during the follow-up
period, at a rate of 24.90 (95% confidence interval
23.28 to 26.63) per 1000 person years. Of the 854
outcomes, 352 (41.2%) were due to cytopenia, 293

Table 3 | Model diagnostics

Apparent performance

Test performance

Optimism corrected Performance in external

Measure (95% CI)* (95% CI)t Average optimism¥  performance§ validation (CPRD Aurum)
Overall calibration slope 1.00 (0.89 to 1.11) 0.93(0.83101.03) 0.07 0.93 0.94 (0.85 t0 1.02)
Royston D statistic 0.89 (0.78 to 1.00) 0.85 (0.73 t0 0.96) 0.10 0.79 0.75 (0.67 t0 0.83)
R? 0.16 (0.13t00.19) 0.15(0.111t00.19) 0.03 0.13 0.12(0.10t0 0.14)
Harrell’s C 0.66 (0.64 t0 0.68) 0.65 (0.64 t0 0.66) 0.01 0.65 0.64 (0.62 t0 0.65)

CPRD=Clinical Practice Research Datalink.
*Estimated directly from data that was used to develop the model.
tDetermined by executing full model in each bootstrap sample of the development dataset (500 samples with replacement), calculating bootstrap performance, and applying same model in

original sample.

FAverage difference between model performance in bootstrap sample of the development dataset and performance in the development dataset.
§Obtained by subtracting average optimism from apparent performance.
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Fig 3 | Calibration of a prognostic model for methotrexate discontinuation with
abnormal monitoring blood test results at five years in validation cohort. Data from a
single imputed dataset were used for illustration. Baseline survival function (S ) was
0.895 at five years of follow-up. Black line reflects perfect prediction

(34.3%) were due to raised liver enzyme levels, and
209 (24.5%) were due to worsening renal function.
Diabetes, chronic kidney disease stage 3, and either
cytopenia or raised liver enzyme levels during the
first six months of a methotrexate prescription were
strong predictors of drug discontinuation, with
before shrinkage adjusted hazard ratios of 1.25 (95%
confidence interval 1.02 to 1.53), 2.01 (1.63 to 2.49),
and 2.97 (2.57 to 3.41), respectively (table 2).

Before shrinkage, the calibration slope in the
development data was 1.00 (95% confidence interval
0.89 to 1.11). From the bootstrap, a uniform shrinkage
factor of 0.93 was obtained and used to shrink
predictor coefficients in the final model for optimism,
and after re-estimation the final model’s cumulative
baseline survival function (S;) was 0.895 at five years
of follow-up (fig 1, also see supplementary material).

Model performance in development cohort

Supplementary figure S3 shows a calibration plot
of the final (ie, after shrinkage) model at five years,
with average model predictions closely matching
the average observed outcome probabilities across
all 10 groups of patients, with confidence intervals
overlapping the 45° line (perfect prediction line).
As most patients had a low risk of the outcome (see
supplementary figure S4), most of the groups are
clustered at the bottom left of the calibration plot.
Figure 2 shows the smoothed calibration curve at
five years. The Royston D statistic was 0.89 (95%
confidence interval 0.78 to 1.00), corresponding to
a hazard ratio of 2.44 (95% confidence interval 2.18
to 2.72) when comparing the risk groups above and
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below the median of linear predictor. The optimism
adjusted Royston D statistic was 0.79, corresponding
to a hazard ratio of 2.20, obtained by exponentiating
the D statistic. The optimism corrected R*> was 0.13
(table 3).

Model performance in validation cohort

Overall, 1486 outcomes occurred in 6.2% patients
(n=23999) at a rate of 22.13 (95% confidence interval
21.03 to 23.28) per 1000 person years in the validation
cohort. The calibration slope across the five year
follow-up period was 0.94 (95% confidence interval
0.85 to 1.02). The calibration plot showed reasonable
correspondence between observed and predicted risk
at five years across the groups defined by 10ths of risk
(see supplementary figure S5). Most groups clustered
at the bottom left of the calibration plot owing to low
risk of outcome for most patients (supplementary figure
S6). The smoothed calibration curve also showed good
agreement of the predicted risk to the observed risk
(fig 3). Model performance was also tested at years 1,
2, 3, and 4 (see supplementary figures S7-S10), and a
similar pattern was observed.

Model discrimination in the development and
validation data was broadly similar (table 3). The
Royston D statistic in the validation cohort was 0.75
(95% confidence interval 0.67 to 0.83), corresponding
to a hazard ratio of 2.12 (95% confidence interval
1.95 to 2.29). The R* and Harrell’s C statistic were
0.12 (95% confidence interval 0.10 to 0.14) and 0.64
(95% confidence interval 0.62 to 0.65), respectively.
The model calibration slope and discrimination were
similar across subgroups defined by age (<60 years or
>60years), methotrexate dose (<15 mg/week or >15 mg/
week), route of administration (oral or subcutaneous),
and type of immune mediated inflammatory disease
(rheumatoid arthritis or others) (see supplementary
table S1 and figures S11-S14).

Worked examples

Ten anonymised patient profiles, one from the middle
of each of the 10 groups defined by 10ths of predicted
risk were selected from the development cohort, the
higher the decile group the higher the risk, and the risk
equation was applied to each (see supplementary table
S2). The cumulative probability of outcome over five
years ranged from 7.1% in the middle of the first group
to 9.4% in the middle of the seventh group, and 23.7%
in the middle of the 10th group.

Discussion

We developed and externally validated a prognostic
model for predicting the likelihood of methotrexate
discontinuation owing to abnormal blood test
results that utilises disease and demographic factors
ascertained during routine clinic visits in either primary
or secondary care. Our prognostic model performed
well in predicting outcomes by five years and did so
in clinically relevant subgroups defined by age group,
type of immune mediated inflammatory disease,
methotrexate dose, and route of administration.
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Strong independent predictors were cytopenia or
raised liver enzyme levels, or both, in the six months
before start of follow-up, chronic kidney disease stage
3, and diabetes. The last two associations could be
related to reduced methotrexate clearance in patients
with chronic kidney disease and to drug induced liver
injury and non-alcoholic fatty liver disease in people
with diabetes.?”

Strengths and limitations of this study

Strengths of this study included the use of a large,
real world, and nationally representative dataset
for model development, and a similar independent
dataset for external validation. The study population
included patients with a range of immune mediated
inflammatory diseases, and therefore the results
have broad generalisability. Expert members of a
multidisciplinary team selected the prognostic factors
based on their scientific knowledge and clinical
experience. Outcome definition required the abnormal
blood test result to be associated with methotrexate
discontinuation, thus allowing the model to predict
clinically relevant outcomes. Finally, information on
factors included in this prognostic model are easily
ascertainable during routine care, making the model
simple to use and enabling it to be incorporated into
electronic health records.

Some limitations of this study need consideration.
Firstly, we did not have access to the date when patients
were first prescribed methotrexate in the hospital clinic.
We did, however, have accurate information on the
date of first methotrexate prescription in primary care,
and therefore our model is fit to risk stratify monitoring
from six months after a first prescription in primary
care. We also did not have data on the concurrent
use of biologics, as these are prescribed in hospital.
Blood test abnormalities during long term treatment
with biologics are uncommon, and the British Society
for Rheumatology monitoring guidelines show no
evidence to suggest that concurrently prescribed
biologics increase methotrexate toxicity.>® We did
not have information on disease activity (ie, how
well the disease was controlled) as these data are not
recorded in CPRD. Increased disease activity is not
expected to cause abnormal monitoring blood test
results directly but may result in the use of higher
doses of methotrexate or combination glucocorticoid
sparing treatment, both of which we included in the
model. It is possible that abnormal blood test results
are due to another disorder and not to methotrexate.
In our previous validation study, only 5.4% of
abnormal blood test results could be explained by
another disorder.!” Although the external validation
dataset was distinct from the model development
dataset, it also originated from UK general practice.
We recommend that our model be validated in a
dataset from another country. Our imputation strategy
is compatible with all predictors being available at
implementation, and further research would need to
consider how to handle missing predictor values at
that point. Moreover, only 1.7% (n=224/13110) and
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1.6% (n=387/23999) of patients in the development
and validation cohorts, respectively, had a predicted
risk >30% resulting in uncertainty about predictions in
those at very high risk. We did not perform competing
risk regression to account for the competing risk of
death, although the proportions of deaths were small
(0.1%) in the development cohort (n=12/13110) and
validation cohort (n=30/23999).

In terms of external validity, most of the patients
in the cohort had rheumatoid arthritis, thereby
potentially limiting generalisability of these
findings to other diseases. The model performance
was, however, comparable when we considered
patients with rheumatoid arthritis or other immune
mediated inflammatory diseases separately. We
did not use methotrexate dose reduction to define
outcomes because of missing data on doses between
some prescriptions. Despite such events not being
considered, the study had sufficient power for the
parameters included. We excluded patients with a
previous diagnosis of serious liver, haematological, or
renal diseases as these conditions often contraindicate
methotrexate use and may additionally cause
uncertainty with outcome ascertainment. On the basis
of this requirement, we excluded only 1.5% of patients
(n=1060/69154) considered for inclusion in the
development and validation cohorts. In the prognostic
model, we considered milder liver, haematological, or
renal diseases in which low dose weekly methotrexate
is often prescribed. Finally, the model is derived from
a primary care dataset and may not be applicable
to patients with complex comorbidities prescribed
and monitored exclusively in secondary care. This
is, however, unlikely to be an important limitation
because such patients are uncommon owing to the
availability of other treatments.

Overall, 9% of the development cohort (n=1186)
had 290 days gap in methotrexate prescriptions
without any blood test results available in CPRD within
60 days of the last prescription date. We treated these
as random censoring events not associated with an
outcome. Not all of these gaps in treatment would be
related to abnormal blood test results. Other reasons
may include lack of efficacy, disease remission, other
side effects, and patient choice (eg, to start a family).
Nevertheless, it is possible that some patients who
actually experienced an outcome were misclassified
owing to missing data. This would potentially worsen
model performance. We are reassured this problem
is not major as it concerned a small proportion of
people, the model calibration was close to 1, and
discrimination was high.

Policy implications

The risk score output from the prognostic model may
be used to decide individual monitoring strategies after
the first six months of a prescription for methotrexate
in primary care—that is, patients at low risk of
toxicity could be advised to undergo less frequent
monitoring blood tests, whereas those at high risk of
toxicity undergo more frequent testing. Such decision
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making requires shared input, taking into account
individualised risk scores, patient preferences,
recommendations of health professionals, and
updated guidelines. It is beyond the scope of this study
to recommend specific risk thresholds at which current
clinical practice may be changed.

The frequency of monitoring blood tests is decided
according to recommendations of specialist societies
such as the British Society of Rheumatology and British
Association of Dermatology, and these thresholds
are best decided by guideline writing groups that are
external to the research team and include broader
clinical and patient representation.

Other prognostic models are widely used where the
risk of future events is calculated as a continuous score
and the threshold at which clinical practice is changed
is recommended in specialist society guidelines. For
example, the fracture risk algorithm (FRAX) calculates
the risk of future osteoporotic fractures as a continuous
score, and the recommended thresholds for lifestyle
interventions, bone density measurement, or drug
treatments are decided according to guidance from the
National Osteoporosis Guideline Group.

Within these limitations, it would seem reasonable
to offer patients at relatively low risk (eg, <10% over
five years, representing 68.4% of the validation cohort)
six monthly or annual testing, whereas those with
moderate risk (eg, 10-20% over five years, representing
20.9% of the validation cohort) might continue with
the current testing every three months, and those with
high risk (eg, >20% over five years, representing 10.7%
of the validation cohort) undergo more frequent testing.

Lengthening the time between monitoring blood tests
would save patients’ and health professionals’ time,
minimise discomfort from unnecessary venepunctures,
and conserve healthcare resources, because patients
with well controlled immune mediated inflammatory
diseases undergo quarterly monitoring blood tests
at their GP’s surgery or at hospital or community
phlebotomy services and are only followed-up in
specialist clinics annually. Patients taking methotrexate
are usually adherent to monitoring recommendations, 12
and our model, if implemented, should reduce the
volume of monitoring blood tests. It is important that
the results of this study are not used to risk stratify
monitoring in patients who have recently started
methotrexate treatment because we did not use data on
such patients in our study. In the UK, it typically takes
six months to stabilise methotrexate doses in patients
before prescribing and monitoring can be handed over
to GPs. In healthcare systems where specialists continue
to prescribe and monitor methotrexate indefinitely, this
model may be used to risk stratify monitoring from
one year after the first methotrexate prescription. The
results of this study need to be considered by guideline
writing groups to develop new recommendations for
blood test monitoring.

Conclusion
We have developed and externally validated a
prognostic model for predicting the likelihood of
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methotrexate discontinuation owing to abnormal
blood test results that can be readily used in clinical
practice. Future research should evaluate the cost
effectiveness and patients’ and health professionals’
acceptability of a risk stratified monitoring strategy.
Further validation studies should be performed in
other populations from outside the UK and should
consider fewer predictor parameters.
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