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Thesis Summary

Introduction

Congenital adrenal hyperplasia (CAH) is an autosomal recessive condition caused in over 90% of cases by 21-
hydroxylase deficiency (210HD), that leads to cortisol deficiency. This thesis applies longitudinal statistical modelling
to gain insights into clinical trial and international registry data from patients with CAH, to inform and develop a

prototype clinical decision support tool that supports clinicians managing children and young people with CAH.

Methods

Contemporary models that predict height or weight were systematically reviewed. A nationwide UK service evaluation
guantified the satisfaction of services provided for children with CAH. Longitudinal multilevel modelling was used to
assess biomarkers, blood pressure and growth in patients with CAH. A web application was developed in a browser
interface to exhibit a prototype clinical decision support tool. All analysis was carried out in R (https://www.R-

project.org/).

Results

Models developed (n=180) or validated (n=61) to predict height or weight in 2022 were at significant risk of bias.
Questionnaires from 229 respondents showed satisfaction with services for CAH in the UK is high, although families
would appreciate further education about the condition. Spline modelling of 477 24-hour profiles of 17-
Hydroxyprogesterone from 122 patients show they follow a similar pattern to those of androstenedione, with adults
taking modified-release hydrocortisone exhibiting reduced variability in these markers throughout the day. Registry
data from 554 children with 210HD showed higher BP was common at younger ages, but the clinical significance of
this remains uncertain. Analysis of the growth of 573 children with CAH showed an early adiposity rebound and

blunted latest peak height velocity.
Conclusion

The prototype clinical decision support tool (https://endocrinology.shinyapps.io/cah_data_visualiser/) demonstrates
how data visualisation and automated calculations of clinical relevance could be incorporated into registry data entry

platforms, to make the process of data entry more attractive and useful for frontline clinicians.
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Chapter 1 — Thesis Introduction

1.01 Congenital Adrenal Hyperplasia

Congenital adrenal hyperplasia (CAH) is an autosomal recessive condition caused by enzyme deficiencies that lead to
glucocorticoid deficiency. Deficiency in the most prominent glucocorticoid, cortisol, results in overstimulation of the
adrenal cortex and increased production of androgens such as testosterone. Excess androgens result in virilisation of
affected females and ambiguous genitalia at birth. Different degrees of enzyme deficiency lead to a spectrum of CAH
severity that extends towards life-threatening adrenal crisis and salt wasting. It is known that treatment is best

tailored to the individual patient (2), but despite international guidelines available since 2002, the best way to titrate

glucocorticoid replacement and to monitor this disease is unknown (3-5).

Approximately 1 in 15,000 people in the UK are affected by CAH, the commonest inherited cause of adrenal
insufficiency (6), equating to 4000 people in the UK and half a million people worldwide. Overtreatment in CAH is
associated with reduced adult height, fertility issues in both sexes and adverse metabolic, cardiovascular and bone
health (2, 7, 8). Clinicians use blood tests to monitor CAH without precise guidance on how to interpret the results (5).
Under-replacement of glucocorticoids in CAH can cause hypoglycaemic or hyponatraemic seizures (6), incentivising
clinicians to treat patients conservatively with relatively high doses, despite the knowledge of longer-term
consequences caused by overtreatment (2). There is no web application or software that can provide clinicians with
appropriate individual patient data calculations or data visualisations that can assist management decisions. The
International Congenital Adrenal Hyperplasia Registry (I-CAH Registry) provides a user-friendly web interface for the
upload of patient data, but does not allow users to display individual patient data across different clinic visits to

support clinical decision making.

International guidance involves reviewing patients with CAH every three to four months after diagnosis and
throughout infancy, with reviews six monthly or yearly in older children. At each assessment, it is recommended to
record height, weight, blood pressure, physical examination, and timings of the medication schedule. Bone age
assessment is recommended annually, and serum biomarker measurement is dependent upon clinical judgement (5),
shown in preliminary work to be recorded frequently, with 2/3 of visits in the I-CAH Registry cohort analysed reporting

either androstenedione or 17-Hydroxyprogesterone (170HP) (2, 9).
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Alterations in growth trajectory and bone maturation have been studied previously in CAH. Reduction in adult height
has been quantified through meta-analysis of over 1000 patients with CAH as averaging 10cm (10). The pubertal
growth spurt has been shown as suppressed in CAH (11), and doses of glucocorticoids during the pubertal growth
spurt negatively correlate with final adult height (11, 12). Bone age is used to detect abnormal advancement in
relation to chronological age indicating ongoing exposure to adrenal androgens and undertreatment (2), with bone
age advancement at eight years of age in children with CAH associated with adult height less than two standard
deviations below the national average (11). However, these studies have focused on quantifying average differences
in these metrics in CAH, often lacking in describing interindividual differences or the association of important

covariates of treatment with those differences.

Studies in the UK and Sweden have shown an increased prevalence of obesity in adults with CAH (13-15), whilst adults
with CAH in the United States of America (USA) and France have shown similar Body Mass Index (BMI) to the general
population (16). A French study in children showed poor disease control in CAH associated with a higher BMI in
adulthood (17). Children in the USA were more likely to be obese if they had CAH, and Glucocorticoid dose was shown
to correlate with obesity (18). Obesity therefore occurs earlier in those living with CAH, likely contributing to their
increased cardiovascular risk profile in later life (19). Whilst undertreatment with glucocorticoids and androgen excess
in CAH can cause increased height velocity before puberty and reduced adult height (5), one can see a similar effect
due to obesity in otherwise healthy children (20). The extent obesity contributes to the disordered height seen in CAH

patients in relation to the effect of the disease itself is not well described.

Blood pressure in children with CAH is contentious, with several small studies reporting normal blood pressure values,
other studies finding elevated values in systolic or diastolic readings, and others reporting that high blood pressure

readings are a transient problem in early childhood that resolves (21). High doses of fludrocortisone in CAH to replace
salt loss can cause hypertension, as can high doses of glucocorticoids (2, 22). The optimum dose of fludrocortisone has
not been studied, and the extent to which hypertension in children with CAH correlates with adverse outcomes or co-

morbidities is unknown (5).

The optimum level of serum biomarkers to aim for in CAH is disputed, culminating in international guideline advising
not to normalise the serum cortisol precursor 170HP as this indicates overtreatment, yet falling short of providing a

target reference range. Recommended replacement of hydrocortisone is 10-15mg/m?/day, with agreement that
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different doses will be required between patients to maintain the same level of control (5). Preliminary work
presented internationally has highlighted significant variation in the treatment of CAH, and large variability in serum

biomarkers between different centres (9, 23).

In conclusion, glucocorticoid replacement in CAH requires titration of dosing to the individual patient, clinicians
considering multiple variables that covary. This has resulted in international guidance that lacks precise advice as to
how to adjust medications in children. The I-CAH Registry provides a platform for collation of multicentre data for
research, but does not allow visualisation of individual patient data across multiple visits that could provide clinical

decision support.

1.02 Prediction of growth

High glucocorticoid dosing in CAH has been shown to cause reduction in height velocity by a randomised controlled
trial in 1997 that compared 15mg/m? hydrocortisone total daily dosing to 25mg/m? hydrocortisone total daily dosing
(24). Retrospective analysis of data from 92 patients in Germany showed deleterious effects on final height at doses
over 17mg/m?/day (25). However, one must be careful making direct comparisons between groups formed by the
dichotomisation of continuous variables within real-world registry data, as a lack of randomisation can lead to
heterogeneity between groups (26). This problem has been addressed in relation to growth hormone deficiency by
using multivariable regression models, of which there are multiple iterations (27-29). At the funding panel review for
this fellowship, the increasing popularity and flexibility of machine learning techniques was highlighted as a valuable
area of possible methodologies that could support the overarching aims and objectives of the research contained
within this thesis. However, with the increasing popularity of machine learning models, there have been increasing
concerns about their inappropriate application and risk of providing unexplainable and bias results (30). Prediction
models of growth had not, as of the beginning of the funding period for this research (1/1/2022), been systematically
reviewed and assessed objectively for bias. The first objective was therefore tailored around understanding the

current standard of research into prediction modelling in this domain.

1.03 Patient and Public Involvement

There is increasing appreciation that research should be conducted ‘with” and ‘by’ patients and the public that are

directly affected by medical conditions, rather than ‘on’ or ‘for’ them (31). To inform the development of the project
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plan of this thesis, two events were held at Sheffield Children’s Hospital, the first with four children (aged seven to ten
years) and their parents, the second with seven young people aged 13 to 22. These were funded by a £500 PPI grant
from the Research and Design Service Yorkshire and Humber Public Involvement in Grant Applications Funding Award

(Call 10), with top up funding from Sheffield Children’s NHS Foundation trust.

These events investigated the challenges children face when living with CAH, and used their opinions to directly
inform the research funding proposal. A variety of games were used to investigate their thoughts about the variation
of treatment between hospitals, followed by telephone interviews with four parents to investigate parental concerns
about the disease, pseudonymised information sharing and long-term outcomes. The activities employed differed
depending on patient age groups. The approaches employed were presented at a national conference, the author of
this thesis as senior author (32). A focus group at the CAH support group in Bristol, 2021 was also used to inform the

objectives of the work presented in this thesis.

All children who attended the PPI event disliked blood tests, but there was minimal dissatisfaction with other
measures of disease control, including assessing height and weight, and using x-rays to quantify bone age. Most
children thought their care should be the same at different hospitals, and carers volunteered advantages of using
technology when interacting with clinicians. All participants were in favour of digital tools that support clinicians and

improve the process of adding data to registries that can be used for further research.

The focus groups conducted at the CAH support group showed there is enthusiasm for data sharing amongst parents
of children with CAH. However, there is also awareness of the importance of good data governance, to ensure data is
appropriately pseudonymised and that their children are not identifiable from published research. An area of keen
discussion was based around education about the disease, and the importance of being able to equip families with the

knowledge to be able to educate those around them about the importance of recognising and treating adrenal crises.

The early PPl experience encouraged the investigation of how real-world data can be best analysed and visualised to
be of pertinent clinical relevance to clinicians and families that are managing chronic disease. It also provided valuable
insight into the importance of understanding the management of chronic disease from not only the clinician

perspective, but the patient and family perspective. The second objective was therefore designed to get a diverse
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range of opinions from families of children with CAH through a national service evaluation to help contextualise the

overall research by providing a contemporary snapshot of current UK practice and the satisfaction associated with it.

1.04 Biomarkers of disease control in Congenital Adrenal Hyperplasia

The insights into the detriment of high glucocorticoid doses from the randomised controlled trial that compared total
daily glucocorticoid replacement of 15mg/m? to 25mg/m? led clinicians to infer that low concentrations of 170HP
were associated with patients on the higher dose that was detrimental to height velocity (24). This led to an
assumption that ‘normalising’ 170HP to concentrations seen in healthy patients was not to be recommended, and an

indicator of overtreatment (33, 34).

Cortisol follows a diurnal rhythm, rising as humans wake and falling throughout the afternoon (35). This natural
physiology is mimicked by providing patients who require cortisol replacement with larger doses in the morning, and
increasingly smaller doses throughout the day (5). However, such regimes still result in inappropriate ‘spikes’ in
cortisol that occur around dose administration. Efmody is a modified release hydrocortisone, developed under the
name ‘Chronocort’ to better mimic the natural diurnal rhythm of the hormone (35). The phase 3 ‘DIUR-005’ trial in
adult patients with CAH was setup under the premise that target levels of 170HP should not be low, culminating in
the primary efficacy endpoint being a complicated metric of the change from baseline of the natural logarithm of the
mean over a 24-hour period of the SDS profile for 1770HP (36). This study randomised participants to standard
replacement or a hydrocortisone equivalent dose of the novel Chronocort. Despite showing improvement in disease
control by a variety of other metrics, this trial missed its primary efficacy endpoint. Application was later made to the
European Medicines Agency (EMA) for extra post hoc analysis of the data from this study to inform consideration of
licensing of the drug. The better control of morning 170HP concentrations was cited as the justification for the EMA to

approve the drug (37).

Despite extra post hoc analysis and scrutiny by the EMA, there remained significant limitations on the analysis
performed on the data from this trial. Patients underwent comprehensive 2-hourly measurements 170HP and
androstenedione, to produce 24-hour profiles. However, these profiles were not modelled within patients, and the

biomarkers were not comprehensively regressed against one another in the original analysis (36). The third objective
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437 of this research thesis was therefore set to further investigate these biomarkers and the relationship between them
438 by conducting a retrospective exploratory interrogation of the data from this study.
439

440

441 1.05 The International Congenital Adrenal Hyperplasia Registry (I-CAH Registry)

442 The I-CAH Registry is the largest international database of pseudonymised information on patients with CAH in the
443 world. This is a rich dataset with information compiled from over 600 patients with more than 10,000 assessments
444 over the last 20 years. Data entry into the registry is increasing year on year and has already provided novel insights
445 into CAH treatment and monitoring (9, 38).

446

447  1.06 Blood pressure in Congenital Adrenal Hyperplasia

448 Elevated blood pressure contributes significantly to the burden of cardiovascular disease (39), but the impact within
449 patients with CAH is poorly understood. Studies in adults with CAH have shown elevated blood pressure (40) and

450 higher ambulatory blood pressure (41). A cross-sectional analysis of 199 adults showed an increased risk of

451 hypertension associated with later diagnosis, leading the authors to hypothesise that increased androgen exposure in
452 childhood may predispose adverse cardiovascular modelling. Research into the longitudinal blood pressure changes in
453 children with CAH is likely to improve the understanding of its prevalence and relevance in this disease.

454

455 Existing studies investigating blood pressure in children with CAH are conflicting (21). Many studies feature a small
456 number of patients, but in those studies with data from more than 100 patients, researchers have found higher

457 proportions of hypertension than in normative populations (19, 42-45). However, the association between high blood
458 pressure and different dosing or markers of disease control is inconsistent, with variable associations between

459 diastolic and systolic readings. However, none of the existing studies appropriately employed joint modelling to

460 investigate the paired metrics of diastolic or systolic blood pressure. The fourth objective of this thesis was therefore
461 constructed around understanding more about blood pressure within children living with CAH, by interrogation of
462 real-world data from the I-CAH Registry.

463

Page 17



464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

1.07 Growth in children with Congenital Adrenal Hyperplasia

In healthy children, body mass index increases after birth before falling after approximately 1 year and then increasing
in early childhood after approximately 6 years. Adiposity rebound is defined as the last nadir in BMI in early childhood,
that corresponds to a decline in fat mass in relation to height. Earlier adiposity rebound in otherwise healthy children

is associated with obesity in later life and cardiometabolic diseases in adulthood (46).

Several studies have shown that patients with CAH have an earlier adiposity peak and rebound compared to healthy
children. However, this age differs between studies and ethnicity, from as early as 1.7 years in a UK study to 3.8 years
in a study from the USA (47, 48). The reason for the early timing of adiposity rebound in CAH is poorly understood and
the factors influencing this difference in body composition remain elusive. Dose of glucocorticoids or
mineralocorticoids have not been shown to affect the adiposity rebound, although prior to 2022 this had only been
studied in a small population of patients that had received high dose induction therapy of glucocorticoids (49).
However, a study from an American cohort had shown that increased disease suppression in younger children had
been associated with earlier adiposity rebound suggesting there may be in inadequately described relationship
between glucocorticoid dosing and adiposity rebound. The studies into this phenomenon had quantified adiposity
rebound within different groups of patients with CAH, but failed to appropriately quantify the variability of adiposity
rebound between patients. Whilst there was an appreciation that it was occurring earlier, the fifth objective of this
project was designed to use more appropriate statistical modelling techniques that would be able to compare the
variability of this non-linear pattern between patients, rather than just the average pattern amongst groups of

patients (26).

Superlmposition by Translation and Rotation is a non-linear multilevel modelling technique that estimates an average
trajectory of growth across a sample population by applying an overall ‘fixed effects’ spline model, and then adjusting
that model to each individual patient fit by three different ‘random effect’ transformations to provide individual
patient level fits (50). The transformations include a shift on the y axis consistent with ‘size’, a shift on the x axis
consistent with ‘timing’ and a stretching or compression akin to a rotation in the plane of the graph consistent with
‘intensity’ of growth. Such transformations are excellent at quantifying the pubertal growth spurt in an explainable

fashion (51). The fifth objective of this research was tailored to use this modelling technique on data from the I-CAH
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Registry to quantify the average and between-participant variability in both the pubertal growth spurt and adiposity

rebound seen in CAH, and thus gain novel insights.

1.08 Data visualisation and automated calculations to improve clinical decision

support for CAH

After coordinating the collation of data for the national service evaluation, as well as the blood pressure and adiposity
rebound studies across a multitude of different centres, the author of this thesis understood how there were
increasing demands on the time of clinicians, often combined with reduced administrative support. Enquiries to
centres about biologically implausible data points or inconsistencies flagged during data analysis resulted in improved
data quality. However, this liaison was also combined with complaints about the time it can take to reassess mistakes
in data previously entered into the registry. These challenges led the author to investigate how data entry into the I-
CAH Registry could be combined with visualisation and disease appropriate calculations that would support clinical

decisions, rather than be restricted to research outputs that inevitably take years to come to fruition.

As part of the NIHR doctoral research fellowship undertaken by the author, one year was spent as a part-time clinical
fellow in the Medicines and Healthcare products Regulatory Agency (MHRA) medical software team, to gain insights
into the process of the regulation of software as a medical device. Specific focus was given to the importance of
assessing the ergonomics and human factors around software as a medical device development and deployment (52).
This fellowship provided valuable insight into the necessary initial investment as well as ongoing maintenance costs
that are required to develop and sustain software as a medical device, increasing as the class of that device goes up
from basic class | devices that can provide low risk algorithmic support to patient management, through class Il
devices that include those that provide advice around dosing of medication (53). This fellowship helped guide the final
objective of this thesis towards the development of a prototype clinical decision support tool that is not software as a
medical device, but could be integrated into the I-CAH Registry data entry platform to help advocate for more utility

for clinicians during data entry.
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518 1.09 Research Plan

519 1.09.01 Research Question

520 Can real world data from the International Congenital Adrenal Hyperplasia Registry be used to develop a prototype
521 clinical decision support tool that supports clinicians managing children and young people with CAH.

522
523 1.09.02 Aim

524 Use real world data from the International Congenital Adrenal Hyperplasia registry to develop a prototype clinical
525 decision support tool that supports clinicians managing children and young people with CAH.

526
527  1.09.03 Research Objectives

528 The objectives of this thesis have evolved throughout the course of this work. Working as a clinical fellow for the

529 medicines and healthcare products regulatory agency, the author gained significant insight into the economic

530 challenges, importance of ergonomics, and ongoing maintenance costs that are associated with developing software
531 as a medical device (52). The author received specific training in causal inference, but tempered the application of
532 these methods to real world data analysis after international presentations, peer review and the core and advisory
533 supervisory teams highlighting the difficulties in inferring causality from clinical data outside of the context of

534 controlled clinical trials. Objectives were thus directed towards robust description of available data sets using

535 appropriate repeated measures methods that appropriately quantify associations, to gain novel insights into CAH.
536

537 Thorough description can appropriately inform clinical practice by contextualising estimates of how important

538 variables measured in CAH vary across sample populations. However, care must be taken before using real world data
539 to predict outcomes for patients outside of the dataset in a disease that exhibits significant heterogeneity. This work
540 has been published in several peer review journals throughout the PhD, and thus the final objective was focused on
541 producing a visualisation and calculation tool relevant to CAH that has the potential to increase data entry and

542 engagement with the I-CAH Registry, and therefore increase the likelihood of more detailed research insights into CAH
543 in the future.

544
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1.09.03.01 Objective 1: Systematic Review into models predicting height and weight in fetus’ and

children

Systematically review the academic literature to assess the quality of prediction modelling published related to

growth prediction in fetus’ and children using the Prediction model Risk Of Bias Assessment Tool (PROBAST) (54).

1.09.03.02 Objective 2: Patient and Public Involvement: Service evaluation into the provision of

care of children with CAH in the UK

Carry out a national service evaluation to review the variability of and satisfaction with care provision for children with

CAH in the UK.

1.09.03.03 Objective 3: Analysis of data from a phase 3 clinical trial into the use of modified-

release hydrocortisone in adults with CAH

Assess the variability of 1770HP and androstenedione between and within patients with CAH in detail by retrospective
analysis of 24-hour profiles measured as part of a phase 3 clinical trial investigating modified-release hydrocortisone

(55).

1.09.03.04 Objective 4: Analysis of blood pressure data from the I-CAH Registry

Analyse data from the |I-CAH Registry to investigate the variability of blood pressure in patients with CAH. The author

of this thesis was primary investigator for this study, study ID 202107_NL (https://sdmregistries.org/studies/).

1.09.03.05 Objective 5: Analysis of growth data from the I-CAH Registry

Analyse data from the I-CAH Registry to investigate the age and associations of the adiposity rebound and pubertal
growth spurt in patients with CAH using non-linear spline modelling. The author of this thesis was primary investigator

for this study, study ID 202305_NL (https://sdmregistries.org/studies/).
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1.09.03.06 Objective 6: Development of a prototype clinical decision support tool to increase

utility of data entry into the I-CAH Registry

Produce a web application that facilitates rapid visualisation and automated calculations relevant to the management

of CAH. This prototype aims to demonstrate how data entry processes can be improved to provide utility to clinicians

entering information into disease specific registries.

1.09.04 Thesis flow chart

These research aims and objectives work chronologically to provide insight to later research carried out throughout

the thesis towards the final objective, as mapped by figure 1.1

Figure 1.1 — Graphical thesis flow chart

Can real world data be
employedto develop a
clinical decision support
tool for monitoringand
treatment of children with
Congenital Adrenal

Hyperplasia (CAH)? /

\

Objectives: 1 2 3 4

/Objective 6: Prototype Clinical\
decision support tool:

https://endocrinology.shinyapps.

Chapters: 1 2 3 4 5

[

Introduction: Describing what is
known about CAH

1.09.05 Software employed

Assessing risk of bias of techniques
used to monitor growth in children

Stakeholder engagement: Discovering
what matters to patients and clinicians

Modelling profiles of the main
biomarkers used to monitor CAH

p
Longitudinal modelling of blood
pressure in children with CAH

A

io/cah_data_visualiser/

K Presented T chapter?7 /

s N

Thesis summary and discussion

. J

in children with CAH

Non-linear modelling of growth ]

Analysis has been conducted in R, a language and Environment for statistical computing (56). The prototype clinical

decision support tool has been developed using the package Shiny (57). Microsoft Office (Microsoft corporation) has

been used to draft this thesis and associated publications, with visualisations being collated using the ggplot library in

R (58), and within Microsoft PowerPoint (Microsoft corporation) or Adobe Illustrator (Adobe Systems Incorporated).
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1.10 Ethics

The I-CAH Registry is approved by the National Research Ethics Service in the United Kingdom as a research database
that collects information from routine clinical care (19/WS/0131). Using real-world data requires adherence to
appropriate ethical principles to the same extent as a traditional clinical trial, but with differing considerations.
Responsibility for ethics and governance of this project lies with Neil Lawrence, but all supervisors have received
training in research and data governance. Data has been processed in accordance with the General Data Protection

Regulation 2018 (59).
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Chapter 2 — Risk of bias in machine learning and statistical models to
predict height or weight: a systematic review in fetal and paediatric

medicine

2.01 Publication and contribution of others

Original submission to the Journal of Clinical Epidemiology on 9/4/2024 was unsuccessful. However, submission to the
journal Diagnostic and Prognostic Research was successful on 15/12/2025 and can be accessed at
(https://doi.org/10.1186/s41512-025-00215-6) (60). This article was published with joint first authorship as all articles
were reviewed by both Neil Lawrence and Irina Bacila. The original draft of the manuscript and incorporation of
feedback and improvements was done by Neil Lawrence. All authors agreed on the final version of the manuscript (full

contributions in section 2.10).
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Neil R Lawrence*'?, Irina Bacila*1,2, Joseph Tonge?, Anthea Tucker?, Jeremy Dawson*®, Zi-Qiang Lang®, Nils P Krone'?,
Paula Dhiman’, Gary S Collins’
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7: Centre for Statistics in Medicine, Nuffield Department of Orthopaedics, Rheumatology and Musculoskeletal

Sciences, University of Oxford, Oxford, OX3 7LD, United Kingdom
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2.02 Chapter 2 Abstract

Background

Prediction of suboptimal growth allows early intervention that can improve outcomes for developing fetus’ as well as
infants and children. We investigate the risk of bias in statistical or machine learning models to predict the height or
weight of a fetus, infant or child under 20 years of age to inform the current standard of research and provide insight

into why equations developed over 30 years ago are still recommended for use by national professional bodies.

Methods

We systematically searched MEDLINE and EMBASE for peer reviewed original research studies published in 2022. We
included studies if they developed or validated a multivariable model to predict height or weight of an individual using
two or more variables, excluding studies assessing imaging or using genetics or metabolomics information. Risk of bias
was assessed for all prediction models and analyses using the Prediction model Risk Of Bias ASsessment Tool

(PROBAST).

Results

Sixty-four studies were included, in which we assessed the development of 180 models and validation of 61 models.
Sample size was only considered in 10% of developed models and 13% of validated models. Despite height and weight
being continuous variables, 77% of models developed predicted a dichotomised outcome variable.

Models performed best in the outcomes domain of PROBAST, with 61% of models developed and 85% of models
validated rated at low risk of bias. However, all models were rated as high risk of bias in the analysis domain, resulting
in an overall high risk of bias in all 241 models assessed. Only 29% (53/180) of the developed models were fully

reported to allow implementation hindering further research and external validation.

Conclusions

Recent models developed and validated in 2022 to predict height and weight in fetuses and children are at high risk of
bias and are unsuitable for application in clinical practice. Research into prediction of growth should focus on model
updating using appropriate data sources with transparent reporting to allow for external validation.

Registration

The review was registered on PROSPERO (ID: CRD42023421146), the International prospective register of systematic
reviews on 26/4/2023
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2.03 Background

Impaired growth in the early years of life is reflective of poor health, and a predictor of poor long-term outcomes (61-
63). Identifying pregnancies where the fetus has excessive growth can improve birth outcomes by controlling maternal
comorbidities and guiding decisions about caesarean section (64). Monitoring of postnatal and childhood growth is

equally important, with adverse growth associated with pathology, malnutrition, and neglect (65, 66).

Prediction of suboptimal growth allows for early intervention that can improve prognosis (67). The application of
ultrasound revolutionised antenatal birthweight prediction (68), the Hadlock formulae developed in the 1980s
facilitating accurate prediction still widely used today, recommended in the UK, Canada and United States by their
respective national obstetric advice bodies (62, 69-72). Statistical tables to predict growth using bone age in children
by Bayley and Pinneau were first published in 1946 (73), and seminal work was conducted by Tanner et al to inform
predictions using parental height in the 1970s (74, 75). Adult height prediction in children recommended by the UK
Royal College of Paediatrics and Child Health is via a prediction model developed in 2011 (76), although the American
Academy of Paediatrics recommend employing x-ray quantification of bone age, one of the most widely used being a

model first developed in 2009 (77).

The development of prediction models in medicine is increasing exponentially, with a growing proportion employing
machine learning methods (78, 79), despite often not demonstrating additional predictive performance over more
transparent techniques such as logistic regression (80). Only a fraction of prediction models undergo external
validation, and even fewer translate into clinical practice (81). Health inequalities can be perpetuated if prediction
models are applied in groups of individuals that are poorly represented in development data, regardless of
methodology (82). Understanding the limitations of traditional statistical techniques and machine learning helps

ensure appropriate application.

The Prediction model Risk Of Bias ASsessment Tool (PROBAST) has been developed to help assess risk of bias in the
development or validation of prediction models (54, 83). To date, there has been no systematic assessment of novel
algorithms to predict growth in fetuses or children. We investigate the risk of bias in statistical or machine learning

models recently published to predict height or weight of a fetus, infant or child under 20 years of age to provide

Page 26



679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

insight into why some equations developed over 30 years ago are still recommended for use by national professional

bodies (84-86).

2.04 Methods

We systematically reviewed the literature by searching MEDLINE and EMBASE using the OVID library interface on
27/4/2023. This report follows the transparent reporting of multivariable prediction models for individual prognosis or
diagnosis for systematic reviews and meta-analyses (TRIPOD-SRMA) (Supplementary Checklists 2.1) (87). The review
was registered on PROSPERO (ID: CRD42023421146), the International prospective register of systematic reviews on

26/4/2023 (88).

Search Strategy

Search terms were constructed with the help of an information specialist (AT) using a strategy that combined four
groups of terms, all of which would be included in eligible studies, combined with the Boolean operator ‘OR’. The four
groups included statistical modelling or machine learning methods, model performance terms, terms relating to
height or weight, and terms relating to the age of participants. These groups were combined with the Boolean
operator ‘AND’, and restricted to articles published in 2022 to ensure a contemporary sample were assessed. The full

search strategy is detailed in Appendix Table S2.1.

Eligibility Criteria

We included peer reviewed original research studies published in English that reported the development or validation
of a model to predict height or weight of an individual, restricted to those published in 2022 to provide a
contemporary reflection of the studies that are developing and validating these models. Studies were included if
models used two or more predictor variables, with continuous or categorical outcomes, using data from any study
design. We use the term ‘model’ to describe any statistical model, equation or machine learning algorithm that

produces a predicted outcome designed to apply to an individual.

Included models could employ metrics derived from imaging (e.g. ultrasound), but models predicting results from
images were excluded to avoid quantitative medical imaging interpretation studies. Models using composite

outcomes that included height or weight alongside other outcomes were excluded to ensure homogenous
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comparisons. Models incorporating genomics or metabolomics were excluded to ensure models assessed used
predictors that were accessible to clinicians. Studies where the focus was to identify predictors, rather than develop a
model to predict an outcome in an individual, were excluded, alongside reviews and conference abstracts to evaluate

models at a stage of development suitable for potential application in clinical practice.

Selection Process
Titles and abstracts were screened independently by two authors (Neil Lawrence and Joseph Tonge), with full articles
read and models assessed independently by two authors (Neil Lawrence and Irina Bacila). Disagreements were

arbitrated by a third author (Paula Dhiman).

Risk of bias assessment

PROBAST was used to assess each prediction model in four domains, each consisting signalling questions answered as
‘ves’, ‘probably yes’, ‘no information’, ‘probably no’ or ‘no’. Questions prompt consideration of risks of bias within
each domain, but need not be exclusively answered positively or negatively to define the domain rating, which may be
‘low’, ‘unclear’, or ‘high’. If any domain is rated ‘high’, overall assessment of the model is high risk of bias (Appendix
Tables S2.2-52.3 outline PROBAST criteria). Model ratings were discussed between both authors to reach agreement

on each screening question and domain rating, any disagreements arbitrated by a third author (Paula Dhiman).

Data Collection and analysis
A data collection form was developed using Excel (Microsoft, Redmond, Washington) (https://tinyurl.com/3aazxyen).
We collected whether the studied population was maternal or paediatric, the outcome variable(s) of interest,

geographical origin of the data, number of eligible models reported and the following model specific data items:

For each eligible model:
e  Type of prediction model study (development or validation).
e Whether sample size was considered.
e Number of participants used in analysis, with number of ‘events’ for categorical outcomes.
e  Whether analysis assessed discrimination, calibration, or both.

e PROBAST signalling question answers and risk of bias rating.
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For models developed:
e Number of candidate predictor parameters.
e Modelling methodology employed.

e  Whether final model equation or equivalent that would allow external validation of the model was reported.

Summary statistics were calculated using R: A language and environment for statistical computing (https://www.R-
project.org), and reported with lower quartile, median and upper quartile values. Percentages were calculated for the
number of models rated in each category. Models were subdivided into type of methodology (regression-based
methods, flexible machine learning methods and ensemble machine learning methods) to assess for any difference in

the risk of bias between categories.

2.05 Results

Number of studies and models assessed
The search returned 3236 eligible articles after deduplication (Figure 2.1), with abstract screening returning 145

articles. At least one model that satisfied inclusion criteria was found in 64 articles (Appendix Table S2.4). Data used to

develop and validate the models originated from participants in 26 different countries, most commonly China

(n=20/64, 31%) (Table 2.1, Appendix Table S2.5, Appendix Figure S2.1). Model development was the focus of 37

articles (58%), model validation in 14 articles (22%), and 13 featured both development and validation suitable for
rating (20%). A median of 3 models were rated in each article (Q1 to Q3: 1 to 4.5, range: 1 to 25). In all articles with
multiple models, the same dataset was used either with different predictors, a different outcome variable, a subset of

the sample or a different methodology.
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759

Articles published between
01/01/2022 and 31/12/2022
Medline (n=1815)
Embase (n=2833)
Total: 4648

Articles after removing duplicates
(n=3236)

Articles after title and abstract
screening (n=145)

Articles after full text screening (n=64)

Articles included in quantitative synthesis (n=64)
37: Developmentonly
14: Validation only
13: Development and Validation *

Figure 2.1 — PRISMA flow diagram of included studies

81 articles excluded:

2: Adults not children

50: Notindividual patient predictions
21: Not predicting height or weight
8: Only one predictorvariable

* Of 13 articles with both development and validation of a
prediction model, 4 contained development and external
validation of the same model, remaining 9 were a
combination of development of a new model and external
validation of an existing model

241 models assessed

760
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Table 2.1 — Characteristics of studies included in review

1.
Studies investigating multiple outcomes included height and weight in childhood in one article; height, weight, and

Studies . Studies
. . Studies . .
including includin including both
model & model All studies
model
development I development n=64
validation only cy L.
only n=14 and validation
n=37 - n=13
Population studied Number of studies (%)

Maternal population 20 (54.1%) 11 (78.6%) 8 (61.5%) 39 (60.9%)
Individuals under 18 17 (45.9%) 3 (21.4%) 5 (38.5%) 25 (39.1%)
years
Outcome of interest
Height 9 (24.3%) 2 (14.3%) 3(23.1%) 14 (21.9%)
Weight 23 (62.2%) 11 (78.6%) 8 (61.5%) 42 (65.6%)
BMI 4 (10.8%) 0 (0.0%) 1(7.7%) 5(7.8%)
Multiple outcomes' 1(2.7%) 1(7.1%) 1(7.7%) 3 (4.7%)
Geographical
location
Africa 2 (5.4%) 1(7.2%) 0 (0.0%) 3(4.7%)
Asia 24 (64.9%) 5(35.7%) 5 (38.4%) 34 (53.1%)
Australia 1(2.7%) 0 (0.0%) 1(7.7%) 2 (3.1%)
Europe 6 (16.2%) 4 (28.5%) 4 (30.8%) 14 (21.9%)
North America 3(8.1%) 3(21.4%) 3(23.1%) 9 (14.0%)
Multiple: North America 1(2.7%) 0 (0.0%) 0 (0.0%) 1(1.6%)
and Europe
Multiple: South America,
North America, Europe 0 (0.0%) 1(7.2%) 0 (0.0%) 1(1.6%)

and Asia

BMI in childhood in one article; weight and length in infancy in 1 article
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Methods employed

The final model equation or code that would enable external validation of the model was provided for only 53/180
(29%) of the developed models. Logistic regression was most commonly used to develop models (n=63/180, 35%),
multiple linear regression second most common (23/180, 13%), with support vector machines and random forest used

next most frequently (16/180, 9% each) (Appendix Figure S2.2). Models were categorised as regression-based

methods (97/180, 53%), flexible machine learning methods (45/180, 25%) and ensemble methods (35/180, 20%),

remaining models (3/180, 2%) developed with unclear methodology (Appendix Table S2.6). Both discrimination and

calibration were assessed in 28/180 (16%) models developed, and 10/61 (16%) models validated with 122/180 (68%)

models developed and 32/61 (52%) models validated relying on discrimination alone (Appendix Figure S2.3).

Sample size

Sample size was only considered in 10% of developed models and 13% of validated models. Sample size methodology
ranged from expert opinion to cited literature but was never consistent with the most up to date guidance (89-93). A
median of 1993 participants (Q1 to Q3: 286 to 6363) were used for model development. A continuous outcome was
predicted in 42/180, the remaining 138/180 predicting a binary outcome, of which the number of outcome events
used to develop 49/138 models was unclear. Of the 89/138 binary outcome models developed that clearly reported
the number of outcome events, a median of 130 participants (Q1 to Q3: 78 to 412) had the outcome of interest.
Where it could be calculated (84/138), there were a median of 11.7 events per candidate variable (Q1 to Q3: 4.1 to

24.7) for models predicting a binary outcome.

The sample size used to validate 5/61 models was unclear, with 56/61 using data from a median sample size of 374

(Q1 to Q3: 170 to 660). A continuous outcome variable was predicted in 30/61 models. For models predicting a binary

outcome, the sample size contained a median of 85 (Q1 to Q3: 68 to 147) events.
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Risk of bias ratings
Overall PROBAST ratings

Every model assessed was rated high risk of bias (Table 2.2, Figure 2.2, precise screening question results explaining

rationale for domain in Appendix Table S2.7, Appendix Figure S2.4). This comprised a median of 3/4 domains (Q1 to

Q3: 2 to 3) rated high risk of bias in models developed, and 2/4 domains (Q1 to Q3: 1 to 3) for models validated.
Whilst problematic analysis resulted in high risk of bias across all models, a post-hoc sensitivity analysis showed that
87% of models developed and 74% of models validated would have rated high risk of bias due to at least one other
domain, even had analysis been adequate. There was no difference in proportion of models rated high risk of bias

dependent upon type of machine learning methodology employed (Appendix Table S2.8), or when only the top-rated

model from each article was included to calculate summary statistics (Appendix Tables S2.9-S2.10).

Domain 1: Participants

Participant selection contributed high risk of bias in 54% of developed models, and unclear risk of bias in 19%.
Validated models were high risk in 64% and unclear in 7%. The screening question most frequently highlighting
problems was 1.2 referring to the suitability of eligibility criteria, rated as ‘N/PN’ in 51% of developed models and 44%

of validated models.

Domain 2: Predictors
Predictor measurement contributed high risk of bias in 44% of developed models, and 26% in models validated.
Question 2.1 assessing heterogeneity in the way predictors were defined and assessed across participants most

frequently highlighted problems, rated as ‘N/PN’ in 61% of models developed and 34% of models validated.

Domain 3: Outcome

Outcome measurement contributed high risk of bias in 58% of developed models, and 15% in models validated.
Question 3.1 assessing appropriate determination of the outcome most frequently highlighted problems, 43% of
models developed and 10% of models validated rated ‘N/PN’. The second most frequent was 3.6 pertaining to
appropriate time between predictor and outcome assessment, where 39% of developed models and 16% of validated
models were rated ‘N/PN’. Heterogeneity in the assessment of the outcome was a problem in 28% of models

developed.

Page 33



817 Domain 4: Analysis

818 Every model developed and validated was rated as high risk of bias due to problematic analysis. Question 4.7

819 regarding model performance measures used to evaluate models was most frequently highlighted, inappropriate in
820 88% of models developed and 93% of those validated. Next most frequently flagged questions were 4.3 pertaining to
821 all enrolled participants being included in the analysis, and 4.4 whether missing data was handled appropriately. In
822 these questions 80% and 74% were rated ‘N/PN’ for developed models, and 61% and 62% for validated models

823 respectively. Across all questions in domain 4, there was a median of 7.5/9 (Q1 to Q3: 6 to 8) questions answered
824 ‘N/PN/NI" in developed models and a median of 4/6 (Q1 to Q3: 4 to 5) in models validated.

825

826  Figure 2.2 — Risk of bias ratings

827 Bar chart showing risk of bias ratings by specific domain and overall for developed (n=180) and validated (n=61)

828 models

Domain 1:

(Participants) 54% 19% 27% 64% 7% 29%

Domain 2:

(Predictors) 29% 27% 26% 12% 62%

Domain 3:
(Outcome)

a 58% B 13% 72%

Domain 4:
(Analysis)

Overall
Risk of Bias

=1

50 100 150 20 40 60
Number of developed models Number of validated models

829 Key: [_]tow [] unctear [ HicH

0

830 * = 3% unclear risk of bias in domain 3 of developed models.
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Table 2.2 — Screening question results

Title of domain /

Developed models (n=180)

Validated models (n=61)

screening question n, % n, %
Low HIGH UNCLEAR LOW HIGH UNCLEAR
Overall risk of bias n=0, n = 180, n=0, n=0, n=61, n=0,
0% 100% 0% 0% 100% 0%
LOow HIGH UNCLEAR LOw HIGH UNCLEAR
Domain . .
1 |Participants n=48, h=97, n=35, n=18, n=39, n=4,
27% 54% 19% 29% 64% 7%
Screening questions: Yes / No/ No Yes / No / No
eq i probably yes probably no information probably yes probably no information
Were appropriate data sources
11 used, e.g., cohort, randomized n =283, n=79, n=18, n=43, n=18, n=0,
"~ |controlled trial, or nested case- 46% 44% 10% 70% 30% 0%
control study data?
1.2 Were all inclusions and exclusions n=62, n=91, n=27, n=31, n=27, n=3,
"™ |of participants appropriate? 34% 51% 15% 51% 44% 5%
Low HIGH UNCLEAR LOwW HIGH UNCLEAR
Domain .
» |Predictors n =48, n =80, n=52, n=38, n=16, n=7,
27% 44% 29% 62% 26% 12%
Screening questions: Yes/ No/ No Yes/ No/ No
i probably yes probably no information probably yes probably no information
Were predictors defined and _ _ _ _ _ _
2.1 [assessed in a similar way for all n=52, n =110, n=18, n=37, n=21, n=3
participants? 29% 61% 10% 61% 34% 5%
Were predictor assessments _ _ _ _ _ _
2.2 |made without knowledge of n= 1023’ n= 212, n _015’ n= 52’ n _02’ n _07’
outcome data? 68% 23% 9% 85% 3% 12%
Are all predictors available at the B _ _ _ _ _
2.3 |[time the model is intended to be n= 1068’ n _010' n _02' n= il' n _DO' n _DO'
used? 93% 6% 1% 100% 0% 0%
LOow HIGH UNCLEAR LOw HIGH UNCLEAR
Domain
3 |Outcome n=71, n=104, n=s5, n=44, n=9, n=8,
39% 58% 3% 72% 15% 13%
Screening questions: Yes/ No/ No Yes/ No/ No
' probably yes probably no information probably yes probably no information
31 Was the outcome determined n=92, n=77, n=11, n=>54, n=a6, n=1,
" |appropriately? 51% 43% 6% 88% 10% 2%
32 Was a prespecified or standard n=169, n=11, n=0, n=57, n=3, n=1,
"™ loutcome definition used? 94% 6% 0% 93% 5% 2%
33 Were predictors excluded from n =168, n=12, n=0, n=>58, n=3, n=0,
" |the outcome definition? 93% 7% 0% 95% 5% 0%
33 Were predictors excluded from n =168, n=12, n=0, n=>58§, n=3, n=0,
"~ |the outcome definition? 93% 7% 0% 95% 5% 0%
Was the outcome defined and
3.4 |determined in a similar way for all n= 1011’ n= EO, n= :9’ n= 53’ n _08’ n _00’
participants? 62% 28% 10% 87% 13% 0%
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Title of domain /

Developed models (n=180)

Validated models (n=61)

screening question n, % n, %
Domain Yes / No/ No Yes / No / No
3 Outcome probably yes probably no information probably yes probably no information
Was the outcome determined
3.5 |without knowledge of predictor n= 36’ n= 2‘8’ n= 56’ n= ':’8’ n _04’ n= 39’
information? 42% 27% 31% 62% 7% 31%
Was the time interval between
3.6 predictor assessment and n=91, n=71, n=18, n =49, n =10, n=2,
" loutcome determination 51% 39% 10% 80% 17% 3%
appropriate?
Low HIGH UNCLEAR LOw HIGH UNCLEAR
Domain .
4 |Analysis n=0, n =180, n=0, n=0, n=61, n=0,
0% 100% 0% 0% 100% 0%
Screening questions: Yes/ No/ No Yes/ No/ No
i probably yes probably no information probably yes probably no information
a1 Were there a reasonable number n=287, n=62, n=31, n=42, n=19, n=0,
"™ |of participants with the outcome? 48% 35% 17% 69% 31% 0%
4.2 Were continuous and categorical n =38, n=122, n =20, n=>53, n=7, n=1,
" |predictors handled appropriately? 21% 68% 11% 87% 11% 2%
43 Were all enrolled participants n=0, n =144, n =36, n=7, n=37, n=17,
" lincluded in the analysis? 0% 80% 20% 11% 61% 28%
a4 Were participants with missing n=13, n=133, n=34, n=2, n =38, n=21,
*" |data handled appropriately? 7% 74% 19% 3% 62% 35%
45 Was selection of predictors based n=91, n=62, n=27,
"~ lon univariable analysis avoided? 51% 34% 15%
Were complexities in the data
4.6 (e.g. censoring, competing risks, n =38, n=117, n=25, n=38, n=47, n=6,
" |sampling of control participants) 21% 65% 14% 13% 77% 10%
accounted for appropriately?
Were relevant model
4.7 |performance measures evaluated n= 31’ n= 1059’ n _DO’ n _04’ n= 57’ n _00’
appropriately? 12% 88% 0% 7% 93% 0%
Were model overfitting and ne27 n=114 n=39
4.8 zfct;rzfgdlr;onr]:del performance 15% 63% 22%
Do predictors and their assigned
weights in the final model _ _ _
4.9 |correspond to the results from n1-725/1, n1_0‘;7l n ;31;2’
the reported multivariable ? : ?
analysis?
Sensitivity analysis: Low HIGH UNCLEAR LOW HIGH UNCLEAR
Risk of bias rating not including n=19, n=157, n=4, n=13, n =45, n=3,
analysis domain: 11% 87% 2% 21% 74% 5%

Individual question risk of bias ratings grouped as positive, negative or no information for developed and validated

models
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2.06 Discussion

We conducted a systematic review assessing the risk of bias within the development and validation of models to
predict height and weight in fetal or paediatric medicine, and found all models assessed to be at high risk of bias, all
having problematic analysis. Less than a third of models were reported to facilitate external validation. This highlights
the importance of tools to assess the risk of bias of prediction models prior to application in clinical practice, and the

necessity to improve understanding in prediction modelling to increase research impact.

Selection and measurement of variables

Both height and weight are continuous outcomes, yet the most common model development method employed was
logistic regression, alongside a variety of machine learning methods that predict categorical outcomes. Mishandling of
continuous and categorical predictors was seen in over two-thirds of models developed, with inappropriate
preferences to categorise continuous predictors, reducing power and introducing bias. This reproduces recent findings
about logistic regression prediction models (94), despite open access guidelines advising against such practice (95, 96).
The assessment of predictors or outcomes was frequently heterogenous, particularly in multicentre or lengthy
longitudinal studies. In over a third of models developed, there were limitations identified in the interval chosen
between predictors and outcome of interest being too short or too long for clinical utility, and in 6% of models

developed the predictors would not be available at the time the model was designed to be used.

Sample size

Sample size consideration was rare, in keeping with broader reviews showing consistently inappropriate samples
employed to develop prediction models (97). Due to routine inclusion of multiple interaction terms and categorisation
of predictors, machine learning models require larger samples to avoid overfitting (93). Future research can benefit

from published advice and software packages to assist calculating appropriate sample sizes (98).

Analysis

The most frequent problems in analysis included using inappropriate performance measures, not accounting for all
participants studied, and failures in handling missing data. Missing data mechanisms should be considered before
carrying out complete case analysis. The exclusion of participants because of information only available at a stage

after the prediction model is employed is inappropriate (99). Multiple imputation offers the opportunity to account
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for missing values by using auxiliary variables and reduces the likelihood of bias, yet was rare, and when employed

was often on a small subsection following listwise deletion (54, 100).

Only 16% of models assessed reported calibration alongside discrimination. Exclusively using calibration to assess
predictions of continuous measurements may be appropriate, but over half reported only discrimination. Calibration
plots to assess the accuracy of predictions across the spectrum of outcomes were rarely employed. Receiver operated

characteristics curves featured frequently, providing little insight beyond their area under the curve.

A lack of reporting of the final prediction model, as either an equation, code or online calculator for over 2/3 of
models assessed calls into question the value of publishing such models. This was highlighted when assessing whether
weights of variables in multivariable analysis were consistent with weights applied within the reported prediction

model, a question that cannot be answered without transparent reporting of the final model itself.

Notwithstanding data analysis, 87% of developed models and 74% of models validated rated a high risk of bias based
on the scoring of other domains. There would therefore remain significant problems with the underlying data
available to the authors of most of these studies that means any model redevelopment, even with gold standard
analysis, would remain at risk of bias. Instead, incorporating prediction model intentions within study designs and well
defined protocols that promote transparency should be the focus of future research, to increase the likelihood of

models that have the potential for clinical application (101).

Clinical and Research Implications

We have shown a high risk of bias in predicting fundamental metrics used for clinical assessment in obstetrics and
paediatrics, similar to that recently seen in infectious diseases (102), oncology (103), intensive care (104) and surgery
(105), as well as across supervised learning methods in general (30). Existing models most frequently used for
comparison within studies related to obstetrics were the Hadlock formulae for fetal weight prediction developed in
the 1980’s (69), formulae that have recently also shown superiority in meta-analysis of prediction for estimated fetal
weight (106, 107). Whilst failure to adopt novel models into clinical practice may in some cases reflect inertia within
healthcare, our work alongside these meta-analyses highlights that despite exponential development of prediction
models, there is a lack of high quality models developed that are suitable for clinical practice. In terms of paediatric

studies predicting height, Bayley-Pinneau and Tanner’s formulae from the 1970’s and earlier were frequently used for
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comparison (73, 75), rather than the more recent 2011 UK model that adjusts for regression to the mean (76), or more
modern open-source software that predicts height using bone age (77, 108). When comparing newly developed
models in future research, it is important that authors compare models to their most contemporaneous equivalents
that are used within clinical practice. A lack of recent meta-analysis robustly comparing prediction models of adult
height in children is an area for future research, although the heterogeneity in the predictors used for development of
such models within our assessments highlights some of the challenges in direct model comparison. To maximise the
likelihood of clinical application, we advocate for the application of high quality, robust prediction model strategies

rather than the current trend of simply a greater quantity.

Strengths and limitations

Most studies that validated an external model did not report external validation as their primary aim. Nonetheless,
when analysis is used to conclude about the validity of the application of a model, or to advocate for another newly
developed model, it is vital it is done robustly. Clinicians should critically analyse prediction models of height and
weight using the updated PROBAST+AI (109), as we have seen significant limitations within model validation, that can

result in model accuracy being interpreted incorrectly.

This review has provided a contemporary assessment of the risk of bias in models designed to predict height and
weight, but is limited to those published in 2022, and thus some models produced more recently may be at lower risk
of bias. We have not directly assessed the risk of bias that may exist within the original model development of those
that are currently used in clinical practice, and have not included models published within the grey literature which
limits the scope of this research. The studies included were heterogenous, some assessing growth over months or
years, some assessing point estimates of height or weight using proxy variables. Whilst PROBAST and the more recent
PROBAST+AI are well-structured tools that direct robust assessment of models, there remains an element of
subjectivity in specific ratings. However, the independent rating by two authors and arbitration of disagreements by a
medical statistician, alongside the large number of screening questions and domains that indicated a high risk of bias
reassures that the overall risk of bias within all of the models assessed is high, and that their application in clinical

practice cannot be recommended.
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2.07 Conclusions

Recent models developed and validated in 2022 to predict height and weight in fetuses and children are at high risk of
bias and unsuitable for clinical practice. Until the standard of prediction modelling is improved, clinicians should
continue to use traditional growth charts and simple formulae recommended by national and international bodies (70,
84-86). The current focus on developing brand new models and use of opaque machine learning methodologies that
lead to difficulties in interpretation should be redirected into external validation of existing models and incremental

model updating (80, 110, 111).

2.08 Availability of data and materials

All raw data collected about each study and model reported in this study is available via the following link

(tinyurl.com/442f4bdz).
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2.11 Thesis contribution of chapter 2

A systematic review has been completed and published in Diagnostic and Prognostic Research, showing the high risk
of bias in models recently developed and validated to predict height and weight to achieve objective 1 (60). Critiquing
published statistical models using the rigorous approach outlined within the PROBAST guideline and its related
documents (54, 83, 109) directly informed the methods employed to analyse data from the national service

evaluation, the Chronocort study and the I-CAH registry in subsequent chapters of this thesis (112-115).
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Chapter 3 — National service evaluation of the quality of care for children
and young people with congenital adrenal hyperplasia in the United

Kingdom: survey responses from patients and clinicians
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3.02 Abstract

Aim

To quantify differences in service provision for children and young people (CYP) living with CAH across the United

Kingdom.

Methods

A national service evaluation using online questionnaires circulated to patients and clinicians from secondary and

tertiary UK centres managing CYP with CAH, and via the “Living with CAH” support group mailing list.

Results

Total of 195 responses relating to patients aged 0-20 years (43 patients, 152 carers), as well as 34 clinicians from 33
hospitals. Only 12% of clinicians were ‘completely satisfied” with the service provided, compared to 68% of carers and
76% of patients. Whilst 94% of clinicians reported providing formal training to families with CAH, over 80% of both
patients and carers reported not attending what they considered formal training. Appetite for further training was
higher in carers (86%) than patients (55%), although further ‘unsure’ responses suggested formal training sessions
would likely be well attended. Biochemical monitoring of treatment was broadly in keeping with international
guidelines, with 67% of clinicians reporting regular use of dried blood spots, and 12% regular urinary steroid

metabolites.

Conclusions

While there is overall good satisfaction with care provision among patients and carers with CAH in the UK, extra
resources addressing the psychological and educational needs about the disease and its management would benefit
patients and carers. Improved access to allied health professionals and psychologists will help support families and

improve patient outcomes.
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3.03 Introduction

Congenital Adrenal Hyperplasia (CAH) is caused in over 90% of cases by 21-hydroxylase deficiency, resulting in
glucocorticoid deficiency and androgen excess. Commonly manifesting as ambiguous genitalia in girls, boys may
present in the first few days of life with an adrenal or salt losing crisis. However, manifestations occur along a

spectrum and may present later with a more insidious picture of glucocorticoid deficiency (5).

International guidance has evolved in the last two decades in attempts to help standardise treatment regimens and
improve outcomes for patients with CAH. Nonetheless, the CAH-UK initiative has recently reported on current practice
in 107 patients from 14 centres (15) and reveals a heterogeneous approach to managing the condition. A
comprehensive analysis of patient reported measures, as part of the CAH-UK project, reported large variability in the
quality of life of these patients, poor quality of life related to unhealthy body habitus and levels of hormonal control

consistent with overtreatment (116).

In the UK rare diseases framework survey, patients have reported that access to specialist care, coordination of that
care and awareness of healthcare professionals are three of the top four challenges linked to living with a rare disease
(117). The UK National Diabetes Audit has been shown to allow objective assessment of the national diabetes
prevention programme, and provide valuable feedback to ensure diabetes interventions are well targeted (118). We
therefore set out to assess the current service provision of CAH across the UK by conducting a questionnaire-based
multicentre national service evaluation, to quantify patient, carer and clinician satisfaction with services, and to help

identify key elements for best practice.
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3.04 Methods

Survey Development

Three questionnaires using similar questions designed for anonymous completion by clinicians, carers and parents
were developed with a multidisciplinary team comprising general paediatricians, paediatric endocrinologists, clinical
nurse specialists, carers of children with CAH and children living with the condition. The living with CAH support group
and British Society for Paediatric Endocrinology Adrenal Special Interest Group approved the final version after pilot
testing with a patient and public involvement group. A total of 48 questions were asked to clinicians, and up to 40
guestions to patients and carers, with conditional branching employed to ensure redundant questions were not
displayed, and a reduced number of questions with simpler wording for younger respondents. A full copy of each

survey is available in the research repository (https://github.com/neilxlawrence/CAH_service_evaluation).

Project registration and data collection

The project was approved and registered as a multicentre service evaluation project with Sheffield Children’s Hospital
Quality and Governance Department (registration number SE1661). Clinicians participating at local centres followed
their local service evaluation procedures. The questions were formatted into an online form using Microsoft Forms
(Redmond, Washington, USA) with responses collected within the Sheffield Children’s hospital secure NHS mail service
(Sheffield, UK). The questionnaire was available for completion at hospital trusts between 10/12/2021 and
30/06/2023 and was disseminated to members of the Living with CAH support group on 14/12/2021. A paper version
of each questionnaire was also available to minimise digital exclusion, with results scanned and transcribed into the

online form after completion.

Respondent characteristics
Patient and carer questionnaires collected age, sex, ethnicity, and name of the centre. Clinician questionnaires

collected the name of centre, job role and years spent managing children with CAH.

Categories of questions

Both carers and clinicians were asked about the frequency of aspects assessed and discussed at clinic appointments.

Level of confidence in managing the condition was asked to patients and carers, as well as questions about education
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and aspects of advice they had received. Clinicians were similarly asked about the education provided, as well as their

access to ancillary services and members of the multidisciplinary team.

Statistical Analysis
Data analysis was carried out in R: A Language and environment for statistical computing (R Foundation for Statistical

Computing, Vienna, Austria), packages employed listed in Appendix Table S3.1. Geographical spread of responses was

guantified in comparison to the overall catchment population of the hospital from which the response was registered
(119). A sensitivity analysis weighting responses by the size of the catchment population was conducted to assess for
any significant change in proportions of responses from centres that had a proportionally larger number of responses

to the survey (full details within Appendix Table S3.2). Thematic analysis of free text comments was conducted to

summarise these responses and quantify the most commonly emerging topics.

3.05 Results

A total of 229 responses from 33 hospitals pertaining to children with CAH were received (full summary in Appendix
Table S3.2). Thirty-four clinicians from 18 hospitals responded, alongside 43 patients and 152 carers reporting their
last appointment from 34 different hospitals (Table 3.1). Geographical spread is depicted in Figure 3.1, with the
sensitivity analysis of results weighting results by number of clinician responses and hospital catchment area

(Appendix Table S3.2) showing no significant difference between the raw proportions of answers and weighted

proportions.
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1092  Figure 3.1 — Geographical distribution of responses to all surveys

1093 Number of responses from each hospital depicted by size of point on the map.

9 Clinician

9 Patient Carer
\J Q‘
Crll responses: Q0 responses: responses:

total 34 total 152

total 43

1094

1095

1096 Demographics of respondents

1097 Patients were aged between 6 and 19 years, with 58% of white ethnicity and 26% Asian. They had most commonly
1098 (65%) been treated at the hospital for over ten years, reporting a mode of two visits in the last 12 months (39%). Carer
1099 responses pertained on average to slightly younger patients, 30% caring for those 1-5 years old and 9% to those under
1100 12 months of age, 78% white and 13% Asian. Carers most frequently reported 6-10 years at the hospital (27%), and a
1101 similar mode of two visits in the last year (28%).

1102

1103 Clinicians were most commonly consultants (82%), alongside 12% nurses and 6% doctors in training. Most had cared

1104 for children with CAH for over 10 years (56%). They reported having treated less than 10 patients in the last 12 months

1105 in 50% of cases, 11-20 patients in 27% and over 20 in 23%.
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Table 3.1 — Demographics and job role of respondents

Patients
Percentage of responses
(n/total responses)

Parents
Percentage of responses
(n/total responses)

Clinicians
Percentage of responses
(n/total responses)

Number of respondents:

43 152 34
Number of centres:
27 34 18

(1 unknown)

(2 unknown)

(0 unknown)

How would you describe the sex

of the patient?

Male:
Female:

44.2% (19/43)
55.8% (24/43)

Prefer not to say:

0.0% (0/43)

Male: 46.7% (71/152)
Female: 52.6% (80/152)
Prefer not to say:

0.7% (1/152)

How long have you been treated

at this hospital for CAH?

How long have you been treating
children with CAH?

1 visit: 3.2% (1/31)
<12 months: 0.0% (0/31)
1-2 years: 6.5% (2/31)
3-5 years: 12.9% (4/31)
6-10 years: 12.9% (4/31)
>10vyears: 64.5% (20/31)

1 visit: 2.0% (3/152)

<12 months:11.2% (17/152)
1-2years: 15.1% (23/152)
3-5years:  24.3% (37/152)
6-10 years: 27.0% (41/152)
>10 years: 20.4% (31/152)

5.9% (2/34)
14.7% (5/34)
23.5% (8/34)
55.9% (19/34)

1-2 years:
3-5years:
6-10 years:
>10 years:

Overall, are you satisfied with the service provided for CAH?

Completely dissatisfied:

2.4% (1/42)
Somewhat dissatisfied:

0.0% (0/42)
Neutral:

2.4% (1/42)
Somewhat satisfied:

19.0% (8/42)

Completely satisfied:
76.2% (32/42)

Completely dissatisfied:

0.7% (1/151)
Somewhat dissatisfied:

1.3% (2/151)
Neutral:

2.6% (4/151)

Somewhat satisfied:
27.8% (42/151)

Completely satisfied:
67.5% (102/151)

Completely dissatisfied:
0.0%

Somewhat dissatisfied:
0.0% (0/34)

(0/34)

Neutral:
11.8%

Somewhat satisfied:
76.5%

Completely satisfied:
11.8%

(4/34)

(26/34)

(4/34)
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1108 Service satisfaction and confidence in management

1109 Both patients and carers were satisfied with services in 95% of cases. Patients reported being ‘very confident’

1110 managing the condition in 71% of cases, with carers ‘very confident’ managing CAH day to day in 85% of cases.

1111 Frequency of carers reporting ‘very confident’ decreased to 56% during illness, and 40% in an emergency, although
1112 only 10% ‘not confident’ in an emergency. A slight majority of patients (57%) and carers (52%) reported that they
1113 were happy with the amount of knowledge they possessed regarding the medication used to treat CAH, the

1114 remainder either unsure or wanting more information.

1115

1116 Frequency of follow up was deemed appropriate by 93% of patients and 78% of carers. Most patients (76%) and carers
1117 (48%) had not spoken to anyone else with CAH. 90% of patients who had discussed the condition reported they had
1118 received the same advice as others, whereas 74% of carers who had spoken to other families in the last 12 months
1119 reported that they had received conflicting advice. Clinicians also reported that patients may often or always receive
1120 conflicting advice in 59% of cases. Only 30% felt their patients would be managed the same if treated at another
1121 hospital, and 54% of carers were unsure if their management would be the same at a different hospital.

1122

1123 Access to the multidisciplinary team

1124 All clinicians reported good access to clinical nurse specialists in endocrinology, but more difficulty with other allied
1125 health specialties. Psychologists were either impossible or difficult to access in 44% of cases, dietitians in 71% and
1126 physiotherapists in 68%. Access to genital surgery was possible in 77% of responses, but analysis of the free text
1127 comments showed that whilst available in some cases, surgery was not currently being offered due to differences of
1128 opinion of its application to differences of sexual development in the UK. Clinicians wanted better access to ancillary
1129 services in 21% of cases, more frequent patient appointments in 14% and the ability to do more tests in 12%. In
1130 contrast, patients and carers reported that they had the right number of appointments in 93% and 78% of cases

1131 respectively (Appendix Figure S3.1).

1132

1133 Education about CAH
1134 Over 94% of clinicians reported they delivered formal education about CAH, but 81% of patients and 83% of carers
1135 reported that they had not received formal education. Only 19% of patients and 1% of carers reported that they

1136 would not attend a formal education course if it were available (Table 3.2, Appendix Figure S3.2). Exploring conflicting

1137 advice about CAH, 68% of patients and 73% of carers reported that they had not had varying advice from professionals
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about CAH, although 24% of patients and 27% of carers reported this had happened in the last 12 months. There were
11 of 56 free text comments pertaining to education written by carers, all calling for better education about the

condition (Appendix Table S3.3).

Clinicians universally reported nurses being involved in education, along with doctors in 72% of cases and
psychologists in only 16%. In 32% of clinician responses the education lasts less than an hour, and the remaining 68%
less than four hours. Only 47% of clinicians reported always ensuring school is contacted directly for staff education

about CAH.

Monitoring of patients with CAH

Figure 3.2 shows the frequency of clinician reported metrics assessed in clinic alongside carer reports of what was
measured at last appointment. Auxology and blood pressure are measured commonly, with blood tests measured at
least once a year by 61% of clinicians, more frequently than bone age assessed by 42%. Urinary steroids were
measured least frequently, reported as ‘never measured’ by 41% of clinicians. Use of dried blood spot 17-
Hydroxyprogesterone was reported by 49% of patients and 66% of clinicians. Saliva sampling was not specifically

asked but featured in free text comment answers pertaining to three hospitals as a method of monitoring employed.

Figure 3.3 shows the frequency of topics discussed in clinics, with goals of management and sick day rules being
discussed reported most frequently by both carers and clinicians. Carers reported they had less frequent discussions
about the psychological effects (51%) and physical effects (63%) of CAH. Fertility and heart disease were the least

reported topics of discussion by both clinicians and carers.

Page 50



1159

Table 3.2 — Education and confidence in managing CAH

Patients
Percentage of responses
(n/total responses)

Parents
Percentage of responses
(n/total responses)

Clinicians
Percentage of responses
(n/total responses)

Have you attended formal training about CAH?

Do you provide formal training for
CAH?

No: 80.6% (25/31)
Unsure: 9.7% (3/31)
Yes: 9.7% (3/31)

No: 82.8% (125/151)
Unsure: 3.3% (5/151)
Yes: 13.9% (21/151)

No: 0.0% (0/34)
Not sure: 5.9% (2/34)
Yes: 94.1% (32/34)

Would you attend formal training about CAH if it were available?

How long is the training that you
provide?

Yes: 54.8% (17/31)
No: 19.4% (6/31)
Unsure: 25.8% (8/31)

Yes: 85.5% (130/152)
No: 1.3% (2/152)
Unsure: 13.2% (20/152)

<1 hour:
1-4 hours:

32.3% (10/31)
67.7% (21/31)

Do you think you know enough a
for CAH?

bout the medications you use

What professionals perform the
training?

| don’t take medication:
0.0% (0/42)
No, | want to know more:
7.1% (3/42)
Unsure:
11.9% (5/42)
Yes, but want to know more:
23.8% (10/42)
Yes:
57.1% (24/42)

Doesn't take medication:
0.7% (1/152)
No, | want to know more:
4.6% (7/152)
Unsure:
0.0% (0/152)
Yes, but want to know more:
42.8% (65/152)
Yes:
52.0% (79/152)

Doctor: 71.9% (23/32)
Nurse: 100.0% (32/32)
Youth worker: 3.1%  (1/32)
Pharmacist: 3.1% (1/32)

Psychologist:  15.6% (5/32)

Dietitian: 3.1%  (1/32)

Do you feel confident
managing your CAH?

Do you feel confident
managing your child’s CAH day-
to-day?*

Do you think patients and families
are confident managing CAH?

No:

0.0% (0/31)
Somewhat confident:

29.0% (9/31)
Very confident:

71.0% (22/31)

No:

0.0% (0/151)
Somewhat confident:

14.6% (22/151)
Very confident:

85.4% (129/151)

No:

0.0% (0/34)
To some extent:

88.2% (30/34)
Yes, definitely:

11.8% (4/34)

1160 *Carers were also asked if they felt confident when the child was unwell (No: 1.5% (2/135), somewhat confident:
1161 42.2% (57/135), very confident: 56.3% (76/135)) and in an emergency (No: 10.1% (14/135), somewhat confident:
1162 49.6% (69/135), very confident: 40.3% (56/135))
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1163  Figure 3.2 — Frequency of assessment of patient metrics

Carers: At your last appointment, did you have the following measured... Clinicians: How often do you measure...

Weight:
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7 VA
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Clinicians: I
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7
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Dried blood spot 17-OH Progesterone:

0 25 Percentage of responses (%) 75 100
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1164

1165  Figure 3.3 — Frequency of topics discussed in clinic

Carers: At your last appointment, did you discuss... Clinicians: How often do you discuss...
Goals of management:
Carers:
Clinicians; I ————e
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1167 Thematic analysis of the free text comments

1168 The most common type of comment related to the standard of care, featuring in 40% of patient comments, 46% of
1169 carer comments and 76% of clinician comments. Carer comments about standard of care spanned the entire spectrum
1170 from 21% that were overtly positive about the standard of care to 16% that were overtly negative. Education was
1171 discussed next most frequently, in 20% of patient and carer comments but only 4% of clinician comments. A request
1172 to have access to 24-hour blood profiles measured was reported by four respondents, and access to modified-release

1173 hydrocortisone in one comment. Pertinent quotes from comments are in Appendix Table S3.3.
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3.06 Discussion

We conducted a national service evaluation into the care of children with CAH in the UK. Overall satisfaction with
services was very good, although there is significant appetite for better education about the condition and greater

psychological support for patients and their families.

International consensus guidelines, updated in 2018, contains recommendations for follow up and management of
children with CAH (5). Responses received in relation to patient assessment are broadly consistent with this guidance,
both patients and parents reporting regular measurements of auxology and blood pressure. Bone age was reported as
measured less frequently than the recommended once a year by over 40% of clinicians. The greatest variation in
monitoring was seen in the frequency of use of blood biomarkers. However, it must be noted that those reporting
‘never’ using laboratory 170HP did report using either dried blood spot 170HP or salivary 170HP, showing that

measurement of 170HP is certainly the preferred biochemical marker of disease control.

Whilst access to specialist nursing was good across all clinicians surveyed, there is difficulty in accessing important
allied health professionals including psychologists, dietitians, and physiotherapists. Appropriate multidisciplinary
working is vital for the proper management of paediatric CAH and has been shown to improve medication compliance
(120-122). Whilst clinicians did report overall satisfaction with services, almost half wanted to be able to offer more,
be that more tests, more appointments or more allied services. The need to improve care provision also came through
strongly in free text comments with heed paid to psychological support, including the quote ‘psychology [services are]
not adequate anywhere’. Recent findings from the CAH-UK initiative that assessed the quality of life of patients with
CAH showed increasingly impaired QoL with more detrimental measures of body habitus, highlighting the importance
of giving children with CAH the appropriate support to improve their psychological and physical health (15, 116). Lack
of access to surgical services also comprised two free text comments from patients and carers, although the
difficulties and controversies around genital surgery were highlighted by three comments from clinicians, reinforcing
the importance of further research into understanding both whether and when to offer genital surgery to patients

with CAH.
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There was a significant discrepancy between what patients and families consider to be formal training in the
management of the disease, and what clinicians report as formal training. All the free text comments about education
from carers were describing an appetite for more or better education, and the vast majority of both patients and
carers reported that they had not received what they would consider formal training. Whilst clinicians report formal
training almost universally, they admit to this being either less than an hour, or less than four hours in duration. The
requirement to administer emergency steroid injections is rare, and thus regular repeated education sessions at
different stages throughout childhood may be more appropriate. More attention to patient education, or more
structured training courses is likely to help to improve patient and carer confidence in the management of

emergencies, as well as other aspects of the disease.

It is over 20 years since the diet adjusted for normal eating course was shown to improve both biochemical control of
diabetes as well as the quality of life of participants (123). The vast majority of both patient and parent respondents to
our questionnaire reported that they would attend a similar course structured towards CAH, with just under half
reporting that they would like to know more about the medications they take for CAH, and frequent free text
comments calling for further education. Confidence in managing the condition was high, although it should be noted
that this decreases in acute illness and was lowest in emergencies. As such, further research should be targeted at
creating a standardised programme with resources that can be shared nationwide to improve the education of the

families of children and young people living with CAH.

Transition to adult services was not specifically questioned within the survey as this would only be applicable to a
small section of the respondents. Nonetheless, five unprompted free text answers were focused on transition and a
reminder that this is such a crucial stage in the management of chronic disease that requires appropriate support. Loss
to follow up is most likely to occur when patients transition, and anxieties around transition have consistently been
highlighted in patient and public involvement work carried out at our centre. The importance of the multidisciplinary
team and the timing of further, age appropriate education at this crucial time cannot be underestimated (124).
Further research into optimum transition care strategies is needed to reduce the high numbers of up to half of

patients lost to follow up or with poor control that has been shown in the UK after transition (125).
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1229 This study has limitations related to the difficulty in assessing quality of care in a rare disease. Data were collected
1230 over 18 months, and collection began whilst services were still recovering from the difficulties of a global pandemic,
1231 the impact of which was significant (126), with difficulties in accessing services during the pandemic highlighted in one
1232 of the free text comments. There was a good geographical spread of responses from all of patients, clinicians, and
1233 carers, despite not all centres across the country taking part. Whilst the number of responses from each centre was
1234 variable, statistical weighting of the responses by the catchment area of the hospital and then number of clinicians
1235 from each centre that responded is a robust sensitivity analysis and showed no significant change in the proportion of

1236 responses to any of the questions.
1237

1238 Free text comments from families highlighted the benefits of conducting this service evaluation, and the importance
1239 of giving patients and families a voice to express their preferences. Audit of practice is highlighted as an important first
1240 step in the improvement of services, but should be followed by appropriate actions and further work to improve

1241 patient care (127). Results from this survey should be used to advocate for increased resources locally, as well as to

1242 direct future research into the best ways to support and educate patients and families with CAH.

1243

1244  3.07 Conclusion

1245 Whilst overall satisfaction with paediatric CAH services in the UK is good, provision of education for those living with
1246 the disease is widely perceived as an unmet need. Improved access to allied health professionals and psychologists
1247 will help support families and improve patient outcomes. Further research to help standardise approaches to

1248 management and transition, and to develop effective educational resources is indicated.

1249
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3.10 Thesis contribution of chapter 3

A national service evaluation has been completed and published in Hormone Research in Paediatrics to achieve
objective 2 (115). This evaluation showed care of children with CAH in the UK is considered favourable by families and
clinicians, but improvements can be made in education about the disease. The evaluation provided objective evidence
that whilst research is ongoing into novel biomarkers of disease in CAH, the majority of clinicians still focus on the
measurement of 17-Hydroxyprogesterone and androstenedione when assessing disease control. As international
guidance recommends (5), the measurement of blood pressure and growth is common to inform treatment strategies.
This stakeholder engagement directed further analysis into these commonly used biomarkers, as well as blood
pressure and growth in children with the disease in subsequent chapters (112-114), and informed the metrics to

include within the prototype clinical decision support tool presented in chapter 7.
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Chapter 4 — Modelling adrenal steroid profiles to inform monitoring

guidance in congenital adrenal hyperplasia

4.01 Publication and contribution of others

This chapter was published in EBioMedicine and can be accessed at (https://doi.org/10.1016/j.ebiom.2025.105749)

(114). Co-authors outside of the supervisory team contributed through coordinating the original phase 3 clinical trial,
alongside review and feedback of the manuscript. The original draft of the manuscript and incorporation of feedback
and improvements was done by Neil Lawrence. All authors agreed on the final version of the manuscript (full
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4.02 Abstract

Background
The recent development of modified-release hydrocortisone (Chronocort) gives the potential for disease control

throughout 24 hours and the need to develop a rational regimen for monitoring patient’s biochemical disease control.

Aim
To define the relationship between the commonly used markers of CAH biochemical control, 1770HP and

androstenedione, in healthy controls and CAH patients.

Methods

Analysis of the 24hour 170HP and androstenedione endocrine profiles in patients randomised to either standard
glucocorticoid replacement therapy or Chronocort in a phase 3 clinical trial. Flexible splines were fit to carry out
timeseries analysis of profiles and calculate area under the curve. Cross correlation and autocorrelation were used to
assess rhythmicity and lag between markers. Bayesian multiple change point analysis was employed to assess the

linearity of the relationship between 170HP and Androstenedione.

Results

Healthy patients had a different relationship between androstenedione and 170HP than those with CAH, having lower
levels of 170HP for levels of androstenedione. Area under curve of both 170HP and androstenedione was lower in
CAH patients treated with Chronocort, and lower in female patients with CAH than males. Cross-correlation of 170HP
and androstenedione showed that changes in both markers occurred at the same time with no time lag. The variation
of 170HP over time in individuals was greater than that of androstenedione. The relationship between 170HP on
androstenedione is log linear, but has a change point at 1.5nmol/L (95% confidence interval 1.4 to 1.6) of
androstenedione and 4.5nmol/L (4.2 to 4.7) of 170HP, after which higher levels of androstenedione are associated

with a proportionally higher level of 170HP on the natural log scale.

Conclusions

The relationship between androstenedione and 170HP is not the same in CAH patients and healthy controls, with
androstenedione levels either low or undetectable when 170HP levels are at levels similar to healthy controls. This is
likely because androstenedione is generated from 170HP in uncontrolled CAH and from dehydroepiandrosterone in
healthy subjects. Further investigation into the relationship between profile measurements at different times of day

will inform the optimum time of day to assess point measurements of this biomarkers.
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4.03 Research in context

Evidence before this study

We searched PubMed from inception to Mar 10, 2024, using the terms “congenital adrenal hyperplasia” AND “17-OH
progesterone” OR “170HP” OR “androstenedione” OR “11-ketotestosterone” OR “11-KT” OR “monitoring”. No
language restrictions were applied. From the papers and reviews identified, there is no consensus on what hormones
to measure and at what time of day to measure them when monitoring the biochemical control of CAH. The
international guidelines simply state: “monitoring treatment through consistently timed hormone measurements
relative to medication schedule and time of day.” There is therefore a need to define a rational monitoring strategy

for patients with CAH.

Added value of this study

We have analysed and modelled the largest dataset of steroid profiles ever to be published with the aim of
rationalising monitoring regimens in CAH. The 122-person multicentre phase 3 study of modified-release
hydrocortisone (MRHC) versus standard treatment with repeated visits (4 x 24-hour profiles per participant) provides
us with the largest dataset of CAH steroid profiles ever collected and is unlikely to ever be repeated. The pattern of
steroid profiles within patients is strikingly similar, with cross correlation between them evidencing no time lag
between the two most commonly used biomarkers of disease control; 17-Hydroxyprogesterone (170HP) and
androstenedione. The changepoint analysis we have conducted alongside the visualisation of profiles shows that
androstenedione is more likely to be low, whilst 1770HP can still show elevated levels. The other androgens, including
testosterone in women and 11-oxygenated androgens in both sexes, correlated with changes in 170HP and
androstenedione. The improved androgen control over 24 hours on MRHC shows that a single measurement during

the day reflects disease control.

Implications of the available evidence

Our modelling analysis allows us to define monitoring regimens for patients with CAH. In CAH, androstenedione levels
are proportionally lower for the same 170HP level than those observed in healthy individuals. This means an
androstenedione above the reference range demonstrates poor control, but a normal androstenedione does not
mean tight control, and a low androstenedione does not imply over-treatment. A 170HP <38nmol/I (1250 ng/dl) was
associated with an androstenedione in the normal range <5nmol/I (143 ng/dl) in 95% of patients and in clinical trials
has been used to reflect good control. On MRHC, which controls androgen levels over 24 hours, a single daytime

sample of 170HP and/or androstenedione is sufficient to monitor biochemical control.
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4.04 Cover Art

Following submission to EBioMedicine, the work in chapter 4 was deemed appropriate to be included on the journal
cover. The following cover was conceptualised and designed by Neil Lawrence initially rendered in Adobe Illustrator,

with refinement in Adobe photoshop by Peter Drury from the media engagement team at the University of Sheffield.

Unfortunately, the artwork was not selected for use as the final cover art on that month’s issue of the journal.
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4.05 Introduction

Congenital adrenal hyperplasia (CAH) is the commonest genetic endocrine disorder (128), and mutations in the
CYP21A2 gene encoding the enzyme 21-hydroxylase (21-OHD) account for approximately 95% of cases (129, 130).
Deficiency in 21-hydroxylase blocks cortisol synthesis resulting in reduced cortisol feedback and consequently
increased pituitary adrenocorticotropic hormone (ACTH) release, which in turn promotes the over-production of
adrenal androgens. Patients with CAH therefore have two major problems: cortisol deficiency and androgen excess. In
addition, many patients also have mineralocorticoid deficiency as 21-hydroxylase mediates a key step in aldosterone

synthesis.

Androgens are generated through three pathways (131): the classic androgen pathway via dehydroepiandrosterone
(DHEA) to testosterone (T) and dihydrotestosterone (DHT); the 11-oxygenated androgen pathway initiated by the
conversion of androstenedione to 11-Hydroxyandrostenedione (110HA4) and yielding the active 11-ketotestosterone
(11KT); and the alternative pathway to DHT, that in health is active in the testis during male development in the fetus
and the early neonatal period (132), but not active in childhood and adults. In CAH, androgen biosynthesis is
upregulated due to the accumulation of 17-Hydroxyprogesterone (170HP) prior to the 21-hydroxylase enzyme block.
Excess 170HP results in atypical, enhanced conversion of 170HP to androstenedione by CYP17A1 17,20-lyase activity,
which physiologically has a much higher preference for the conversion of 170H-pregnenolone to DHEA. Accumulating
170HP also drives increased androgen production via the alternative DHT pathway, and increased androstenedione
feeds enhanced 11-oxygenated androgen pathway activity. In CAH patients on treatment, DHEA levels are usually low
(133), as androstenedione is generated atypically from 170HP rather than from DHEA; however, the precise

regulatory mechanisms underlying this relative DHEA deficiency are not known.

The goals of treatment in CAH are to replace cortisol deficiency and control androgen excess. The major challenge to
achieving these goals is the excessive rise in ACTH overnight as the lack of cortisol feedback is unopposed in patients
receiving conventional, immediate-release glucocorticoids. As a consequence, patients often undulate between
glucocorticoid overtreatment and androgen excess (7, 134). This poses a problem in deciding what to measure when
monitoring glucocorticoid treatment in CAH patients. The latest guidelines recommend monitoring treatment through
consistently timed hormone measurements relative to medication schedule and time of day (34). Traditionally 1770HP

and androstenedione have been used as markers of adrenal androgen control, but it is now recognised that the 11-
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oxygenated adrenal androgen pathway contributes to the adrenal androgenic activity (135); however, their
measurement is not available in most clinical centres. Fundamentally, there is no consensus on what hormones to
measure, when, how often, and how to interpret their results to optimize the biochemical control of patients with

CAH.

Modified-release hydrocortisone hard capsules (MRHC), development name Chronocort (Efmody®, Diurnal, UK) is now
available in Europe. Taken at bedtime, hydrocortisone is released during the early morning hours, resulting in an
overnight and early morning rise in cortisol that resembles physiological profiles (36). As part of the phase 3 clinical
trial (36), detailed 24-hour serum steroid profiles of 1770HP and androstenedione were collected on standard
treatment and MRHC and in a sub-cohort of patients diurnal salivary samples were collected for steroid analysis by
tandem mass spectrometry. This provides a unique dataset facilitating a detailed analysis of the steroid profiles in
patients with CAH on standard treatment and MRHC, respectively. We compared these data to 24-hour steroid

profiles measured in healthy participants to develop rational biochemical monitoring protocols in CAH.

4.06 Methods

Patients: Patients had classic 21-OHD CAH diagnosed in childhood, adequate mineralocorticoid replacement with renin
less than 2 times the upper limit of normal, and were on stable glucocorticoid therapy over the preceding six months.
Exclusion criteria included the use of medication interfering with glucocorticoid metabolism, bilateral adrenalectomy
and night shift work. The study protocols for the phase Ill extension study were approved by local Ethics/Institutional
Review Boards and the Medicines and Healthcare Products Regulatory Agency (NCT03062280, Eudract 2015-005448-
32). The trials were performed in accordance with the principles of the Declaration of Helsinki. We screened 138
patients, 122 were randomised, and 117 completed the study, with 477 24-hour steroid profiles available for analysis
(Table 4.1). Patients underwent blood sampling for 24-hour profiles at baseline, 4, 12, and 24 weeks; blood samples for
measurement of 170HP and androstenedione were taken every 2 hours from 15:00h to 15:00h the next day, with serum
testosterone measured at 07:00h. A sub-cohort of 12 patients (9 females) from a single centre (Birmingham, United
Kingdom) underwent 2-hourly saliva sampling by passive drooling between 07:00h and 23:00h. Patients, stratified by
baseline glucocorticoid treatment, were randomized to receive MRHC or continue on standard glucocorticoid therapy.
MRHC was prescribed as 5, 10 or 20 mg capsules and the initial dose was the hydrocortisone dose equivalent to their
baseline therapy (5x for prednis(ol)one and 80x for dexamethasone) with approximately /5 of the daily dose taken at

07:00h and ?/3 of the daily dose taken at 23:00h. Standard treatment was a mixture of regimens that included

Neil Lawrence PhD Thesis; Page 63



1434

1435

1436

1437

1438

1439

1440

1441

1442

1443

1444

1445

1446

1447

1448

1449

1450

1451

1452

1453

1454

1455

1456

1457

1458

1459

1460

1461

hydrocortisone, prednisolone, prednisone and dexamethasone. At baseline, 84% of patients were taking a dose of
standard glucocorticoid after 18:00h, and 84% of patients were diagnosed as salt-wasting. At 4 and 12 weeks, dose
titrations were made for both treatment groups, using identical rules, following centralized advice by two independent
physicians blinded to all data except 24-hour steroid profiles and an investigator-completed adrenal insufficiency
checklist. The blinded titrators considered morning and/or evening dose adjustments of either MRHC or standard
glucocorticoid using 170HP/ androstenedione measurements from the 24-hour profile and adrenal insufficiency

symptom questionnaire.

Healthy Participants: The healthy control group comprised data from 20 healthy participants from a cohort previously
reported (136) (Table 4.1). These 20 participants underwent 24-hour frequent serum sampling, with blood drawn in

20-minute intervals from 09:00h through to 09:00h the following day.

Steroid analysis: Serum steroids (170HP, androstenedione, testosterone) in the serum samples from the phase 3
study were measured by liquid chromatography-tandem mass spectrometry (LC-MS/MS; Q2 Solutions, USA). Serum
170HP, androstenedione, and testosterone were measured in the healthy controls by LC-MS/MS as previously
described (137). Salivary steroids (170HP, androstenedione testosterone, 110HA4, 11KT) were measured by Liquid

chromatography-tandem mass spectrometry (LC-MS/MS) as previously described (138).

Statistical Analysis: Data analysis was carried out in R: A Language and environment for statistical computing (R

Foundation for Statistical Computing, Vienna, Austria), packages employed listed in Appendix Table S4.1. Missing profile

measurements were interpolated between points within each profile or imputed with the adjacent value if the missing
point was at the beginning or end of the profile. Profiles were modelled using a cubic smoothing spline function that
calculated the area under the curve (AUC). Natural log (Ln) transformations were carried out to achieve normality of
skewed variables. Linear mixed effects models with sine and cosine terms were employed to quantify the circadian
rhythm of markers. Bayesian multiple change point analysis was employed on log-transformed values to assess for
variation in the relationship between markers at different concentrations. Model fit was assessed by R, a statistic

indicating a suitable representation of the data at values between 1.0 and 1.1 (139).
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Table 4.1 — Patient demographics and summary statistics of serum 17-

Hydroxyprogesterone and androstenedione

Number of patients

Healthy participants

20
Male =13, Female =7

All CAH Patients

122%
Male = 44, Female = 78

CAH patients on
standard
glucocorticoid
replacement*

61
Male = 25, Female = 36

CAH patients on
Chronocort

61
Male = 19, Female = 42

Age: mean years

model #

(95% Cl: 0.33 to 0.54)

Serum androstenedione (nmol/I) from 2-hourly sampling over 24 hours

(95% Cl: 7.67 to 7.79)

(standard deviation) 28.4 (12.3) 36.3 (11.6) 37.5(12.8) 35.2(10.3)
Number of 24-hour 204 477 301 176
profiles

Number of readings 14408 6202 3914 2288
Serum 170HP (nmol/I) from 2-hourly sampling over 24 hours

Mean 3.7 33.7 43.1 17.5
Standard deviation 3.0 79.5 93.9 40.7
Median 2.7 5.1 6.7 3.5
Quartile 1 to quartile 3 1.5t04.9 1.8t024.3 2.2t033.6 1.2to011.9
Amplitude of cosinor 0.44 7.73 0.83

(95% Cl: 0.77 to 0.90)

model #

(95% Cl: 0.64 to 0.78)

(95% ClI: 0.47 to 0.54)

Mean 4.0 3.6 4.4 2.4
Standard deviation 3.6 6.1 7.1 3.4
Median 3.0 1.5 1.7 1.4
Quartile 1 to quartile 3 2.1to4.6 0.7to0 3.5 0.7to 4.4 0.6to0 2.7
Amplitude of cosinor 0.71 0.50 0.03

(95% Cl: 0.01 to 0.05)

*Summary statistics for biomarker readings are calculated including readings from patients that were later randomised to take Chronocort, but at

the time of their first profile, were still taking standard glucocorticoid replacement

+117/122 patients completed all four study visits

¥ 1/20 patients only had profiling data available for Androstenedione, and not 170HP

§ 1368 values available for 170HP as one patient only had profiling of Androstenedione conducted

# full cosinor model parameters in supplementary table # linear mixed effects model. Confidence intervals estimated by calculating across 1000

bootstrap replications

170HP=17-Hydroxyprogesterone
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4.07 Results

Serum 170HP and androstenedione: The 24-hour absolute levels of serum 170HP in nmol/| overlaid on
androstenedione 10xnmol/I (to allow comparison as in CAH absolute levels of androstenedione are ~10x lower than
170HP) showed similar profiles, with changes in 170HP and androstenedione paralleling each other in the CAH
patients (Figure 4.1). The same was true for the profiles from healthy volunteers although the absolute levels of
170HP and androstenedione were of the same magnitude and generally lower (Table 4.1). In healthy participants,

there was a low amplitude of 170HP (0.4 nmol/I) and Androstenedione (0.7 nmol/l) (Appendix Supplementary

Analysis 4.1, Appendix Table S4.2). In contrast, patients with CAH had large variability in serum 170HP levels

exhibiting a diurnal rhythm with an amplitude of 7.7 nmol/l and peak at 07:54h in those taking standard glucocorticoid
replacement. During the trial, control improved in both arms but more markedly in the MRHC arm and the amplitude
of the 170HP rhythm reduced to 0.8nmol/l in those on MRHC. Similar results with lower absolute levels were seen for

androstenedione.

Relationship between serum 170HP & androstenedione levels: In both healthy participants and patients with CAH,
there was no lag on cross-correlation of 170HP with androstenedione confirming that they change in parallel (Figure
4.2). In healthy participants, mean 24-hour 170HP and androstenedione levels were very similar, whereas in CAH
patients 170HP levels were generally much greater than those of androstenedione (Table 4.1). In CAH patients,
Bayesian multiple change point analysis assessing In 1770HP on In androstenedione converged on a changepoint of

170HP at 4.5 nmol/I (149 ng/dl) (95%, Cl:4.0 to 5.0 nmol/l, R < 1.007) (Figure 4.3, Supplementary Analysis 4.2,

Appendix Tables S4.3-S4.4). Below the changepoint, there was a greater decrease in androstenedione for a similar

decrease in 170HP. The changepoint did not differ between either male or female patients or whether on MRHC or
conventional, immediate-release glucocorticoid. The relationship between serum 170HP and androstenedione was
different for healthy participants who, for similar levels of 170HP, had higher levels of androstenedione than CAH
patients. This means that in CAH patients, when the androstenedione was at the upper limit of normal, the 170HP
was elevated, and when the 170HP was in the normal range, the androstenedione levels were suppressed: a 170HP
<38nmol/I (1250 ng/dl) was associated with an androstenedione in the normal range <5nmol/I (143ng/dl) in 95% of

patients.
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1500  Figure 4.1 — Profiles of 170HP and androstenedione in healthy participants and CAH patients
1501 These profiles show the relationship between 170HP and androstenedione within individuals. For CAH patients
1502 170HP in nmol/l is overlaid on androstenedione 10xnmol/I to allow comparison as in CAH absolute levels of
1503 androstenedione are ~10x lower than 170HP whereas in healthy participants they have similar absolute levels of
1504 170HP and androstenedione. 1770HP=170H-Progesterone
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1507  Figure 4.2 — Cross-correlation plot of 170HP and androstenedione in healthy

1508  participants and CAH patients

1509 This cross-correlation shows there is no lag between markers, with peak at zero demonstrating that the markers
1510 change in parallel over time. Points show mean of the estimate within groups, error bars show standard error of the

1511 mean, grey lines in background show individual patient cross-correlation plots. 170HP=170H-Progesterone
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Figure 4.3 — Regression of Ln transformed AUC 170HP on androstenedione in

healthy participants and CAH patients.

In healthy participants there are higher level of androstenedione for same levels of 170HP. Bayesian changepoint
analysis of 170HP on androstenedione converged on changepoint in CAH patients at 4.5 nmol/l 170HP (149 ng/dl) (R
< 1.008), compared to changepoint in healthy participants at 2.4nmol/I (80.0 ng/dl) (R < 1.020). Grey lines show 25
randomly selected Bayesian posterior model fits close together, thus showing stable convergence of the model.

170HP=170H-Progesterone

=
o
E 5.0
&
k=
Q
=
o
—_
o
w
L]
g’ 25
—_
o
s o
Q
P~
—
o
L
g 0.0
2 ;
w
o
W
]
L o
.|
-] w w
2.5 -
-2 4] 2 4
Ln transformed androstenedione (In (nmol/l))
Key: © Female CAH patients Female healthy participants
« Male CAH patients Male healthy participants
- Bayesian posterior model fit patients - Bayesian posterior model fit healthy participants

Neil Lawrence PhD Thesis; Page 69



1522

1523

1524

1525

1526

1527

1528

1529

1530

1531

1532

1533

1534

1535

1536

1537

1538

1539

1540

1541

1542

1543

1544

1545

Relationship between serum 170HP, androstenedione & testosterone: In healthy women, testosterone levels were
higher for the same level of 170HP than in women with CAH, whereas for androstenedione, the relationship between

testosterone and androstenedione was similar for healthy women as in those with CAH (Appendix Supplementary

Analysis 4.3, Appendix Table S4.5, Appendix Figure S4.1). In male patients, there was a very weak negative correlation

between 170HP, androstenedione and testosterone (170HP: R%,4=0.016, p=0.10, androstenedione: R%,4=0.043,

p=0.02).

Salivary profiles of 170HP, androstenedione, 110HAA4, testosterone, & 11 ketotestosterone: Absolute profiles of all
five salivary steroids measured overlaid on serum 170HP and androstenedione profiles appropriately scaled showed
similar patterns in CAH patients. Correlation of each salivary marker was strong within female CAH patients, ranging

from r=0.7 to 0.9 for each of the five salivary steroids with both serum 170HP and androstenedione. Correlations

were weaker in male CAH patients (Figure 4.4, Appendix Table S4.6, Appendix Figure S4.2).

Dose of glucocorticoid replacement and disease control: There was a wide variation in total daily replacement
glucocorticoid dose across the cohort from 10mg to 80mg hydrocortisone equivalent. Overall mean (SD) total daily
hydrocortisone equivalent at time of profile measurement was 28.8mg (10.6) mg and was similar in those taking
standard glucocorticoid therapy 28.9 (10.9) mg and those taking MRHC 28.8 (10.0) mg. Comparing AUC of serum
170HP and androstenedione within patients on the same dose at two different visits, we saw similar control between
the two visits (men: R%,;=0.79, 0.90, women: R?4=0.44, 0.55). The distribution of serum 170HP was similar across the

dose range (slope = -0.007 standard error of the mean (SEM) = 0.008, p=0.34) (Supplementary Analysis 4.4, Appendix

Tables S$4.6-54.7, Appendix Figures S4.3-54.4), with 187/477 profiles measured within the range of serum 170HP AUC

seen in healthy controls. For serum 170HP the distribution above and below the healthy controls was similar (140
above, 150 below), whereas for androstenedione AUC, the majority had an AUC below that of healthy controls (none

above, 357 below).
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Figure 4.4 — Matrix of Biomarker Correlations

Correlations between serum 170HP, androstenedione and salivary 170HP, androstenedione, 110HA4, Testosterone
and 11KT. Point measurements In transformed measured at the same time of day. Saliva measured within 9 patients

across 14 visits at one study centre
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4.08 Discussion

We investigated the relationship between adrenal steroid hormones in healthy participants and patients with CAH to
better understand the biochemical monitoring of CAH. Serum 170HP and androstenedione showed similar changes
over time in both healthy participants and CAH patients but absolute levels and the relationship between 170HP and
androstenedione differed between healthy participants and CAH patients with CAH patients having a proportionally
lower androstenedione for the same level of 170HP. Salivary 170HP and androstenedione showed similar changes
and correlated with salivary testosterone and 11-ketotestosterone in women. Measurements of 170HP and
androstenedione made on different days whilst receiving the same glucocorticoid dose were similar. Patients on
MRHC had flatter profiles, similar to healthy participants, such that a single measurement of either 1770HP or
androstenedione reflected the overall 24-hour levels. In contrast, patients on conventional, immediate-release
glucocorticoid treatment generally had a diurnal rhythm with an increased amplitude of both 170HP and

androstenedione in the morning.

The 24-hour serum profiles of 170HP and androstenedione showed parallel changes in both healthy participants and
patients with CAH with no lag on cross-correlation. This means 170HP and androstenedione have a similar serum half-
life and provide similar information about androgen control over time. In healthy participants, profiles of serum
170HP and androstenedione were relatively flat with low amplitude (<1nmol/l), suggesting no clinically significant
circadian rhythm. At baseline, most CAH patients on conventional, immediate-release glucocorticoid treatment had a
diurnal rhythm of both markers, with a rise over the early hours peaking in the morning consistent with the fact that
standard glucocorticoid replacement cannot control the overnight rise in ACTH. This has led clinicians to measure
steroid profiles on standard treatment and to debate whether to take measurements before or after the morning
glucocorticoid dose, as a single measurement does not reflect the overall 24-hour biochemical control (133). In
contrast, patients on MRHC had flatter profiles (amplitude <1nmol/I for 170HP), similar to healthy participants. This
demonstrates that MRHC treatment can be monitored in most patients by taking a sample at any time in the daytime
and independent of the time of MRHC intake as the result will reflect the 24-hour levels. MRHC is a modified-release
formulation of hydrocortisone with delayed release such that a nighttime dose provides a physiological cortisol rise
overnight to peak in the morning with a second dose taken in the morning to fill in the diurnal rhythm. Thus,

monitoring on MRHC doesn’t need to be done before or after dosing but can be done any time in a morning or
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afternoon clinic, and a single measurement will generally reflect control over the 24 hours, as 170HP and

androstenedione levels do not show a diurnal rhythm on MRHC.

The relationship between serum 170HP and androstenedione differed between healthy participants and patients with
CAH. In healthy participants, absolute levels of 170HP and androstenedione were similar but CAH patients had
proportionally much lower androstenedione levels for the same level of 170HP. In addition, our results showed a
change point in the relationship between 170HP and androstenedione in CAH patients whereby when 170HP is in the
reference range androstenedione levels were proportionally even lower. This can be explained by the pathophysiology
of CAH, where 170HP accumulates prior to the 21-hydroxylase enzyme block. The excess levels of 1770HP result in the
atypical conversion of 170HP to androstenedione by CYP17A1 17,20-lyase activity, which physiologically has a much
higher preference for the conversion of 170H-pregnenolone to DHEA, which in CAH appears suppressed. The excess
170HP drives increased androgen production through androstenedione, which also feeds the 11-oxygenated
androgen pathway. Thus, when 170HP levels are brought into the normal range, androstenedione is neither
generated from 170HP nor DHEA. The relevance of this to monitoring patients with CAH receiving MRHC treatment is
that elevated androstenedione levels, even in the upper half of the reference range, reflect poor control of androgens
and, conversely, low androstenedione does not necessarily reflect glucocorticoid overtreatment. This is evident from
our study where a proportion of patients on total daily doses of MRHC 10-15 mg/day still had very low
androstenedione levels in whom one would be hesitant to reduce such a low daily dose any further to avoid giving
inadequate hydrocortisone replacement for adrenal insufficiency. It is unclear why androgen biosynthesis does not
reset itself once better disease control is achieved. One hypothesis could be that there is an intra-adrenal feedback
loop, with persistent androgen excess resulting in downregulation of CYP17A1 or specifically CYP17A1 17,20 lyase
activity. Future research will need to investigate whether the relationship between 170HP and androstenedione

normalises as treatment improves.

The salivary steroid profiles of 170HP and androstenedione correlated well with the serum profiles suggesting that
where salivary measurements are available, they could be used instead of serum measurements. This is consistent
with the previously published data of single measurements made in the day in a large cohort of children with CAH and
healthy controls (140). This has the advantage that salivary steroids are stable at room temperature and can be
collected at home and sent to the laboratory, avoiding the need for venipuncture. In women, the salivary

testosterone, 110HA4 and 11-ketotestosterone all strongly correlated with the serum and salivary 170HP and
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androstenedione, suggesting that controlling 1770HP and androstenedione also controls the other androgen pathways

in the adrenal gland as has previously been shown with urine analysis (141).

The dose of glucocorticoid given either as standard treatment or MRHC did not correlate with control of 1770HP across
patients, despite improved control in individual patients with increasing the glucocorticoid dose. All the patients
studied had proven established classic CAH but there was a wide spectrum of total daily hydrocortisone equivalent
dose from 5mg to 80mg, with the spectrum of control similar at each dose. Compliance was good in the study which
was closely monitored. Half of the patients (50.3%) were taking either standard treatment or MRHC with
hydrocortisone equivalent doses above that recommended from adult adrenal replacement (25mg/day). It is not clear
what factors apart from glucocorticoid dose and circadian delivery of hydrocortisone determine the level of control,

and this is something to be addressed by future research.

Current guidelines recommend that 170HP should not be titrated into the reference range as this risks overtreatment
with glucocorticoid; however, no recommendation on the absolute level is given (34). Cohort studies have suggested
that “optimal control” would be a 170HP <36nmol/I (1200 ng/dl), which is below 3-4x the upper limit of normal (ULN)
(142, 143). Our analysis showed that a 1770HP <38nmol/I (1250 ng/dl) was associated with an androstenedione in the
normal range <5nmol/l (143ng/dl) in 95% of patients. This level of 170HP is similar to that used in the cohort studies
to define optimal control and was used in the clinical trial. However, the absolute level of control of adrenal
androgens in CAH depends on the clinical goals for the patients, often dependent on age and sex. During childhood,
optimising growth and preserving fertility are important targets in the management of CAH. In young adults, fertility
becomes increasingly important, and in older adults avoiding iatrogenic glucocorticoid excess becomes important.
Among the patients on MRHC in the clinical trial, a number of female patients became pregnant, as well as the female
partners of male patients, suggesting that controlling the adrenal androgens throughout the 24 hours is important for
fertility (36). Our results show that if the 170HP is controlled within 3-4xULN, then the androstenedione will be in the
reference range or low. Based on the close relationship of androstenedione to testosterone and 11-ketotestosterone
in women, elevated androstenedione levels are likely to be associated with virilisation and infertility. Therefore, in
women prioritising fertility treatment, titrating androstenedione into the lower half of the reference range is likely to
be more successful; in parallel to androstenedione, 170HP and progesterone which typically accumulate in CAH will
normalise, supporting improved implantation and early pregnancy outcomes. The absolute level of 1770HP and

androstenedione used to titrate the hydrocortisone dose should depend upon the goals of treatment and the
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patient’s current dose and treatment regimen. Accepting that 170HP is higher than androstenedione, both
measurements give a similar reflection of control and a 170HP <38nmol/l and an androstenedione of <5nmol/I reflect

reasonable control for most patients.

The limitations of this study include the fact that not all steroid measurements were made in all participants and that
serum steroid measurements were carried out by different assays in study participants and healthy controls, albeit
both were established and validated LC-MS/MS assays. Relatively few patients had 11-oxygenated androgens
measured but these were detailed profiles and this is the largest dataset available, and it is unlikely that an equivalent
dataset will be created. The density of data with 2-hourly 24-hour profiles being repeated 4 times in a cohort of over

100 patients with CAH provides a reference set against which comparisons can be made.

In conclusion, measuring either 1770HP and or androstenedione gives similar information about the control of adrenal
androgens; however, clinicians should be aware that in CAH patients androstenedione levels are proportionally lower
than 170HP, so where tight control is required, such as a woman wishing to be pregnant, androstenedione levels may
be very low, and the hydrocortisone dose should not be reduced below a typical adrenal replacement dose. On MRHC,
a single measurement of either 170HP and/or androstenedione can be taken in the morning or early afternoon,
independent of the time of drug dosing, and used to monitor treatment. Either serum or saliva measurements can be

used as the levels parallel each other.
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4.11 Thesis contribution of chapter 4

A comprehensive analysis of the largest dataset of steroid profiles from patients with CAH has been completed and
published in eBiomedicine (114), quantifying the similarity in profiles of 17-Hydroxyprogesterone and
androstenedione and thus achieving objective 3. This research directly informed the assessment of these biomarkers
in the subsequent chapters, when these biomarkers were analysed in the context of blood pressure and growth of
children with CAH. Both biomarkers were assessed for statistical significance within models, but models were made
more parsimonious by only including 17-Hydroxyprogesterone to reduce the degrees of freedom, knowing that due to

the collinearity this was unlikely to cause significant detriment to the conclusions inferred (112, 113).
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Chapter 5 — Blood pressure and its associations in 554 children and young

people with CAH

5.01 Publication and contribution of others

This chapter was published in the European Journal of Endocrinology and can be accessed at
(https://doi.org/10.1093/ejendo/Ivaf060) (113). Co-authors outside of the supervisory team contributed through
coordinating data collection for their centre, alongside review and feedback of the manuscript. The original draft of
the manuscript and incorporation of feedback and improvements was done by Neil Lawrence. All authors agreed on
the final version of the manuscript (full contributions in section 5.10).
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5.02 Significance Statement

We used advanced regression modelling to study a large group of children with CAH. We showed that increased levels
of renin, androstenedione and 170HP were associated with lower blood pressure (BP), although BP was higher than
normative values, with a larger differential at younger ages. Although increased doses of mineralocorticoid resulted in
a higher BP, the effect size was marginal at 1mmHg per 100 micrograms of fludrocortisone. Further long-term
research into cardiovascular outcomes in patients with CAH will help us understand whether increased BP at young

ages has any adverse clinical outcomes.
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1765  5.03 Abstract

1766 Background

1767 Congenital Adrenal Hyperplasia (CAH) due to 21-hydroxylase deficiency (21-OHD) affects approximately 1 in 15,000
1768 individuals. We leveraged the power of multicentre registry data to assess the trend and predictors of blood pressure
1769 (BP) within children and young persons with 21-OHD to inform monitoring strategies.

1770

1771 Method

1772 Data from the International CAH Registry in patients younger than 20 years was compared to normative values. Values
1773 of BP were modelled to create reference curves, multiple change point analysis applied to quantify the difference with
1774 normative data. Covariate adjustment was informed by a directed acyclic graph, prior to joint outcome regression
1775 modelling to accurately assess predictors of BP.

1776

1777 Results

1778 A total of 6436 visits within 554 patients (52.5% females) showed BP-Standard deviation scores (SDS) were higher at
1779 younger ages. Patients under five years had systolic BP-SDS of 1.6 (Q1:0.6-Q3:2.7) decreasing to 1.0 (Q1:0.2-Q3:1.8)
1780 over five years, equating to 31.0% over the 95 centile decreasing to 15.0%. Higher doses of fludrocortisone were
1781 associated with a small increase in systolic BP equivalent to 1.2mmHg with every 100 micrograms extra

1782 fludrocortisone. Renin of 100uU/ml was associated with 4.6mmHg lower systolic BP than a renin of 1uU/ml, higher
1783 170H-progesterone and androstenedione also predicted lower systolic and diastolic BP (p<0.05).

1784

1785 Conclusion

1786 Higher BP in children with 21-OHD is common and particularly pronounced at a younger age, but may not be

1787 attributable to excessive mineralocorticoid replacement. There is a need to improve our understanding of the

1788 determinants of this raised BP as well as its long-term effects.
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5.04 Background

Congenital Adrenal Hyperplasia (CAH) is the most common form of inherited adrenal insufficiency, affecting between
1in 10,000 to 1 in 15,000 people. It is caused in over 90% of cases by deficiency of the enzyme 21-hydroxylase which
converts 170H-progesterone (170HP) to 11-deoxycortisol, the main substrate used in the production of cortisol.
Patients with classic 21-hydroxylase deficiency (21-OHD) need lifelong treatment with glucocorticoid replacement,
most commonly hydrocortisone in childhood (2, 5). Most patients are also at risk of salt wasting due to aldosterone
deficiency caused by the lack of conversion of progesterone to deoxycorticosterone. This mineralocorticoid deficiency
is treated with fludrocortisone. Salt replacement is also recommended at young ages, although use is variable (5, 45,

144).

Blood pressure (BP) in children with 21-OHD is contentious (145), small studies in under 24 patients reporting normal
BP (146, 147), but studies investigating 24 hour ambulatory reading in 38 or fewer patients finding elevated BP (148-
150). Others, including analysis of registry data from 716 children in two countries report that high BP readings are a

transient problem in early childhood that resolves (45, 151). This previous registry study was unable to assess

biomarkers of disease control in relation to BP (45).

High doses of fludrocortisone in 21-OHD to prevent salt loss can cause hypertension, as can high doses of
glucocorticoids (22, 45, 152). However, the optimum dose of fludrocortisone has not been studied, and the extent to
which hypertension in children with 21-OHD correlates with long term adverse outcomes or co-morbidities is
unknown (5, 21, 145). As cardiovascular diseases remain the leading cause of global mortality (153) there is a pressing
need to understand how hormone replacement and biomarkers of disease control impacts on BP in patients with 21-

OHD, to inform appropriate prevention and monitoring strategies.

The International Congenital Adrenal Hyperplasia (CAH) Registry provides rich longitudinal data from CAH patients
with 21-OHD (154). We set out to use advanced statistical modelling to assess the trend in BP throughout childhood
and compare this to normative data from the National Heart, Lung, and Blood Institute (NHLBI) (155), and assess the

impact of different aspects of patient treatment on BP in children with 21-OHD.
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5.05 Methods

This retrospective cohort study included children with a diagnosis of 21-OHD with consent for data sharing with the I-
CAH Registry. No patients were excluded. Data were extracted on 21/12/2021 and analysis was restricted to visits of
patients under the age of 20 years. We carried out data pre-processing and clarification by longitudinal visualisation of

variables with liaison with contributing centres to correct data entry errors.

Missing data

Missing data was assessed using a hierarchical hybrid approach of spline interpolation between longitudinal points for
height and weight, last observation carried forward or next observation carried backward for dosing, and joint
modelling multilevel multiple imputation for biomarkers and BP values. Analysis was conducted in ten imputation sets
and estimates combined with Rubin’s rules (156). A sensitivity analysis assessing the impact of missing data was

performed by repeating all analyses with cases with complete data only (Appendix Supplementary Methods 5.1).

Statistical Analysis
Summary and reference values
Statistical Analysis was carried out in R, a language and environment for statistical computing (R Foundation for

Statistical Computing, Vienna, Austria; packages in Appendix Table S5.1). Summary statistics were calculated using the

median and interquartile range of continuous variables. Standard deviation scores (SDS) were derived by comparing to
World Health Organisation (WHO) reference standards for growth (157), and NHLBI normative data over 1 year of age
for BP (155, 158). Absolute BP values were modelled with a Lambda-Mu-Sigma (LMS) approach to create smoothing
reference curves. We subtracted the NHLBI median BP for age from the I-CAH registry median BP for age, and
conducted multiple change point analysis to assess the age at which BP in those with CAH plateaued above normative

values.

Dosing and biomarkers

Glucocorticoid dose, fludrocortisone dose and salt replacement were summed as total daily doses. Glucocorticoids
were converted to hydrocortisone equivalent by using British National formulary specified conversion ratios (Appendix
Table S5.2, hydrocortisone(mg)=prednisolone(mg)x4) (159). Biomarkers assessed included 170HP, androstenedione

and renin. Lower and upper limits of detection and units of biomarkers were standardised across centres, and plasma
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renin activity (PRA) converted to renin (Appendix Table S5.3, PRA(nmol/I/hr)x0.158=renin(ulU/ml)) (160). Biomarkers

were In transformed prior to multivariable modelling to better approximate normality.

Covariate adjustment

A directed acyclic graph was developed with domain experts (Appendix Figure S5.1) to ensure appropriate covariate

adjustment sets to estimate the effect of each variable of interest on BP. The aim was to adjust for confounders that
affect both the exposure and outcome of interest. If the effect of an exposure is mediated through a variable, that

variable should not be adjusted for, to avoid collider bias (161).

Regression modelling

To estimate predictors of BP, we applied multilevel joint modelling regression, simultaneously assessing both systolic
and diastolic BP as our outcome variables. We used the directed acyclic graph to select appropriate covariate
adjustment sets for each target of estimation. We used both a treatment centre level and patient level random
intercept with a random slope applied for age to account for multiple measures and varying trajectories within

patients.

5.06 Results

Patient biometrics
This retrospective observational study included 554 patients (52.5% female, 46.4% male, 1.1% not assigned) from 35

centres across 18 countries (Table 5.1, imputed statistics Appendix Table S5.4). There was a total of 6436 visits with a

median of 9 visits per patient (Quartile 1 (Q1):6 to Quartile 3 (Q3):16), visits spanning a median of 3.2 years (Q1:2.5 to
Q3:7.3) within patients. Median age at visit was 3.0 years (Q1:1.0 to Q3:7.7),a greater proportion of visits at younger
ages reflecting more frequent assessment of younger patients and attrition from registry data entry (Appendix Figure

55.2).
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Table 5.1 — Summary statistics

Median (Q1 to Q3)

(3.09 to 11.47)

(3.07 to 14.35)

(0.46 t0 3.17)

. . Not Total
Sex assigned at birth: Male Female .
assigned sample

Number of countries 17 17 4 18
Number of centres 31 31 4 35
Number of patients 257 291 6 554
Number of visits 3018 3361 57 6436
Number of visits per patient 9 9 8 9
Median (Q1 to Q3) (7 to 16) (5to 16) (2to 11) (6 to 16)
Number of years visits spanned within patients 3.2 3.2 2.1 3.2
Median (Q1 to Q3) (2.7t0 6.9) (2.1t0 8.0) (0.2t03.1) (2.5t07.3)
Age of patients at youngest visit (years) 0.13 0.21 0.08 0.16
Median (Q1 to Q3) (0.04 to 0.99) (0.04 to 3.03) (0.03 to 0.26) (0.04 to 2.17)
Age of patients at most recent visit (years) 5.70 6.01 2.25 5.81

(3.07 to 12.87)

n (%) [missing n, % missing]#

(610, 20.2%)

(648, 19.3%]

[22, 38.6%]

Systolic BP at visit (mmHg) 107 (n=1556) 105 (n=1652) 99 (n=21) 106 (n=3229)
Median, (n) [Q1 to Q3]# [97 to 118] [96 to 116] [85 to 107] [97 to 117]
Systolic BP SDS at visitt 1.5 (n=1492) 1.1 (n=1564) ) 1.3 (n=3056)
Median (n) [Q1 to Q3] [0.5 to 2.4] [0.3to 2.1] [0.4 to 2.2]
Diastolic BP at visit (mmHg) 64 (n=1542) 64 (n=1645) 60 (n=20) 64 (n=3207)
Median, (n) [Q1 to Q3]# [57 to 71] [57 to 70] [50 to 71.25] [57 to 70]
Diastolic BP SDS at visitt 1.1 (n=1478) 0.9 (n=1559) ) 1.0 (n=3037)
Median (n) [Q1 to Q3] [0.4t0 2] [0.3t0 1.6] [0.3 t0 1.8]
Visits prescribed hydrocortisone* 2200 (72.9%) 2214 (65.9%) 35 (61.4%) 4449 (69.1%)

[1280, 19.9%]

Total Hydrocortisone equivalent at visit per

14.1 (n=2237) 14.5 (n=2438) 18.4 (n=25) 14.3 (n=4700)
BSA (mg/m?)t#
Median (n) [Q1 to Q3] [9.8 to 15.5] [9.9to 15.7] [13.5 t0 20.3] [9.9 to 15.6]
Visits prescribed fludrocortisone 2577 (85.4%) 2754 (81.9%) 51 (89.5%) 5382 (83.6%)
n (%) [missing n, % missing] ¥ [180, 6.0%] [140, 4.2%] [6, 10.5%] [326, 5.1%]
::’::'&::T;‘::f:;: da;t“‘:';};”z‘;;b“" surface 318 (n= 2442) 292 (n=2527) 555 (n=38) 307 (n=5007)
Median (n) [Q1 to Q3] [103 to 396] [99 to 321] [207 to 484] [102 to 356]
Visits prescribed salt 400 (13.3%) 486 (14.5%) 35 (61.4%) 921 (14.3%)
n (%), [missing n, % missing] ¥ [290, 9.6%] [204, 6.1%] [5, 8.8%] [499, 7.8%]
Renin (uIU/ml) 5.0 (n=1059) 4.0 (n=1041) 0.4 (n=16) 4.5 (n=2116)
Median (n) [Q1 to Q3] £ [0.3t0 69.1] [0.4 to 54.0] [0.1t03.2] [0.4t0 61.8]
170H-Progesterone (nmol/l) 18.2 (n=1380) 26.9 (n=1325) 12.1 (n=31) 21.18 (n=2736)
Median (n) [Q1 to Q3] [2.0 to 100.0] [3.0to 140.0] [4.0 to 62.8] [2.72 t0 115.0]
Androstenedione (nmol/l) 0.1 (n=1285) 1.0 (n=1211) 0.1 (n=29) 0.7 (n=2525)
Median (n) [Q1 to Q3] [0.1 to 3.0] [0.1 to 6.0] [0.1to0 1.0] [0.1to0 3.5]

n=Number; BSA=Body surface area; Q1=Quartile 1; Q3=Quartile 3; SDS=Standard deviation score

FSummary statistics of imputed values in Appendix Table S5.4
*Remaining visits patients prescribed either cortisone acetate (n=352), dexamethasone (134), prednisone (37), prednisolone (105),
methylprednisolone (1), mixed dosing (59) or no glucocorticoid (86) (Appendix Table S5.5)

tHydrocortisone equivalent calculated by multiplying preparations by the following factors: prednisolone/prednisone x4; dexamethasone x80;

cortisone acetate x0.8; methylprednisolone x5 (Appendix Table S5.2 for full frequency tables of preparations)
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Biomarkers

Renin was measured in 32.9% of visits with median value of 4.5ulU/ml (Q1:0.4 to Q3:61.8), androstenedione in 39.2%
of visits with median of 0.7nmol/I (Q1:0.05 to Q3:3.5) and 170HP in 42.5% of visits with median of 21.2nmol/I (Q1:2.7
to Q3:115.0). Glucocorticoid treatment consisted of hydrocortisone in 69% cases (alternative preparations Appendix
Table S5.5), at a median dose of 14.3mg/m? (Q1:9.9 to Q3:15.6) hydrocortisone equivalent; fludrocortisone and salt
supplements were prescribed in 84% and 14% cases respectively. Median height SDS at visit was -0.3 (Q1:-1.3 to

Q3:0.6), with median BMI SDS of 0.5 (Q1:-0.3 to Q3:1.3) (Figure 5.1).

Blood pressure

The BP-SDS was higher at younger ages, patients under five having median systolic SDS 1.6 (Q1:0.6 to Q3:2.7), those
over five having median systolic SDS of 1.0 (Q1:0.2 to Q3:1.8). This equated to 31.0% over the 95 centile for age and
sex under five years, decreasing to 15.0% in those over five. For diastolic, median BP-SDS decreased from 1.6 (Q1:0.8
to Q3:2.5) to 0.6 (Q1:0.1 to Q3:1.2), proportions over 95" centile decreasing from 27.5% to 3.3%.

In absolute terms, modelled median systolic BP was 23mmHg higher at age 1 decreasing to 7mmHg higher at age 10 in
males. Equivalent readings in females were 18mmHg higher decreasing to 9mmHg higher, diastolic BP showing a

similar trajectory (Figure 5.2, Table 5.2).

Blood pressure changepoint analysis in comparison to normative values

Multiple change point analysis estimated the difference of median BP in patients above normative data stopped
decreasing in males at age 11.5 years for systolic and 5.9 years for diastolic. In females, this occurred later at age 13.1
years for systolic and 7.0 years for diastolic. Following the change points, the median BP in male patients was
9.2mmHg above normative for systolic, 7.3mmHg above for diastolic and in females 6.4mmHg above for systolic and

5.6mmHg above for diastolic (Appendix Table S5.6, Appendix Figure S5.3).

Predictors of blood pressure in boys and girls

The directed acyclic graph (Appendix Figure S5.1) highlighted renin, androstenedione and 170HP as mediators of the

effect of drug doses on BP. To estimate the total effect of medications on BP, the independent variables were
restricted to the covariates of age, sex, height, weight (Figure 5.3) and other drug doses. To estimate the extent to
which each biomarker predicted BP, ancestor variables of drug doses were avoided, and covariates age, sex, height

and weight controlled for (Table 5.3, full models Appendix Table S5.7).

Neil Lawrence PhD Thesis; Page 84



1908

1909

1910

1911

1912

1913

1914

1915

1916

1917

1918

1919

1920

1921

1922

1923

Higher renin, higher 170HP and higher androstenedione all predicted lower BP. This translated to patients with a
renin of 100puU/ml having systolic BP 4.6 mmHg lower and diastolic BP 2.3 mmHg lower than patients with a renin of
1uU/ml. Patients with a 170HP of 100nmol/I had systolic BP 2.9mmHg lower and diastolic BP 2.3mmHg lower than
patients with a 170HP of 1nmol/|. Patients with androstenedione of 10nmol/I had systolic BP 1.7mmHg lower and

diastolic BP 1.4mmHg lower than patients with an androstenedione of 1nmol/I.

Higher doses of fludrocortisone were associated with higher systolic and diastolic BP, but dose of glucocorticoid and
salt did not have any consistent significant effect. However, whilst statistically significant, the effect of fludrocortisone
on BP was clinically small, with the equivalent of 100 micrograms of extra fludrocortisone being associated with an

increase in systolic BP of 1.2mmHg and diastolic BP of 0.8mmHg.

Sensitivity analyses
Bayesian joint models run without imputed data did not show any significant difference in the size or direction of the
estimates of interest. Models estimated using SDS for biometrics and BP as well as doses per body surface area also

showed no significant difference (Appendix Table S5.7).
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1924  Figure 5.1 — Variation of BMI-SDS and BP-SDS on age
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Figure 5.2 — LMS modelling of blood pressure
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A = Male systolic BP modelling; B = Female systolic BP modelling; C = Male diastolic BP modelling; D = Female diastolic BP modelling.
1931 BP = Blood Pressure; LMS = Lambda, Mu, Sigma; CAH = Congenital adrenal hyperplasia; NHLBI = National Heart, Lung and Blood Institute (162).

1932

CAH LMS patient centiles fit individually to each of 10 imputed datasets, with centile estimates combined using Rubin’s rules
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Table 5.2 — Blood pressure by sex and age

Age (Years) Male systolic | Male diastolic Female systolic | Female Diastolic
Median (mmHg)
(10th-90t centile)
[Difference of median of CAH patients above normative values (mmHg)]

103.3 63.8 100.8 62.4

1 (84.0 to 125.1) (49.1t0 80.3) (81.7 to 121.7) (48.110 77.9)
[23.3] [29.8] [17.8] [24.4]
103.8 63.9 101.4 62.7

2 (85.6 to 124.7) (49.7 to 80.0) (83.2 to 121.3) (48.8 to 78.0)
[19.8] [24.9] [16.4] [19.7]
103.9 63.0 101.9 62.6

3 (86.5t0 123.8) (49.4 to 78.4) (84.6 t0 121.0) (49.2 t0 77.6)
[17.9] [19.0] [15.9] [15.6]
103.9 62.1 102.5 62.5

4 (87.0to 122.8) (49.1t0 76.8) (85.8 to 120.9) (49.5 t0 77.1)
[15.9] [15.1] [14.5] [12.5]
104.0 61.8 103.2 62.4

5 (87.4t0122.2) (49.2 to 75.9) (86.9 to 121.1) (49.8 t0 76.7)
[14.0] [11.8] [14.2] [10.4]
104.2 61.8 103.9 62.6

6 (88.0t0 122.1) (49.5to 75.4) (87.9t0 121.5) (50.2 to 76.6)
[13.2] [8.8] [12.9] [8.6]

Plateau in difference
after 6 years

104.7 62.0 104.6 62.9

7 (88.9 to 122.3) (50.0 to 75.2) (88.9 to 122.0) (50.7 to 76.7)
[12.7] [7.0] [11.6] [7.9]

Plateau in difference

after 7 years
105.6 62.6 105.5 63.5

8 (90.2 to 123.0) (50.8 to 75.5) (89.9 to 122.8) (51.3 to 77.0)
[11.6] [6.6] [10.5] [6.5]
106.8 63.6 106.4 64.1

9 (91.7 to 124.0) (52.0to 76.4) (90.9 to 123.6) (52.0to 77.3)
[11.8] [6.6] [10.4] [6.1]
105.6 64.8 105.5 63.5

10 (90.2 t0 123.0) (53.3to0 77.5) (89.9t0 122.8) (51.3to0 77.0)
[11.6] [6.8] [10.5] [6.5]

Plateau in difference
after 11 years

112.0 66.1 109.5 66.2

12 (97.2 to 128.1) (55.1t0 78.3) (94.1 to 126.6) (54.4 10 78.7)
[11.0] [7.1] [7.5] [5.2]

Plateau in difference
after 13 years

116.5 67.7 111.7 67.5

14 (101.1 to 133.2) (57.0 to 79.5) (96.2 to 129.1) (55.9 to 79.5)
[10.5] [7.7] [5.7] [4.5]
120.1 70.7 113.8 69.2

16 (103.9 to 138.1) (60.2 to 82.4) (97.9 to 131.9) (57.8 to 81.0)
[9.1] [7.7] [5.8] [5.2]
121.7 74.0 115.9 71.3

18 (104.7 to 140.9) (63.6 to 85.6) (99.4 to0 134.8) (59.9 to 82.9)
[7.7] [9.0] [7.9] [7.3]

Blood pressure median and centiles derived from Lambda, Mu, Sigma modelling across all data within sex. Normative BP data was derived from the

National Heart, Lung, and Blood Institute guidelines (155). Plateau in difference calculated by Bayesian multiple change point analysis (Appendix

Table S5.6)
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1937  Table 5.3 — Predictors of blood pressure
Appropriate Estimate of Estimate of
. p R? systolic R? diastolic
. . covariate effect on effect on
Target of estimation . . . . model model
adjustment systolic BP diastolic BP (95% Cl) (95% Cl)
set* (95% Cl) (95% Cl) ’ ?
Effect of daily
hydrocortisone 0.052 0.031
equivalent dose (-0.057 to 0.162) (-0.045 t0 0.107)
(mg) on BP Age,
. Sex,
flffzct Of::'ally . Height, 0.012%* 0.008** 0.27 0.17
ucrocortisone dose Weight, (0.005t00.020) | (0.003 to 0.014) (0.14 t0 0.40) (0.06 t0 0.28)
(mg) on BP Other medication
dosing
Effect of Daily salt -0.69 -0.56
dose (g) on BP (-2.14t0 0.77) (-1.54 t0 0.42)
Extent In Renin . .
(In (wU/ml)) predicts -1.00** -0.71* 0.32 0.21
BP H p (-1.47 to -0.53) (-1.13 to0 -0.29) (0.19 to 0.45) (0.09 to 0.32)
Extent In 170HP Age,
(In (nmol/l)) redicts Sex, -0.64** -0.50** 0.31 0.20
P Height, (-1.00 to -0.27) (-0.78 t0 -0.22) (0.17 to 0.45) (0.07 to 0.32)
BP Weight
Extent In
:'(\dr tenedione (In -0.73** -0.61** 0.31 0.20
androstenedione (-1.18 t0 -0.28) (-0.96 t0 -0.25) (0.17 to 0.45) (0.08 t0 0.32)
(nmol/l)) predicts BP
. _________________________________________________________________________________________________________________|
Interpretation of statistically significant coefficients at clinically meaningful values
(reverse In transformed where appropriate):
100 micrograms of extra fludrocortisone was associated with an increase in systolic BP of 1.2 mmHg and diastolic BP
of 0.8mmHg
Patients with a renin of 100uU/ml having systolic BP 4.6mmHg lower and diastolic BP 3.3mmHg lower than patients
with a renin of 1uU/ml
Patients with a 170HP of 100nmol/I had systolic BP 2.9mmHg lower and diastolic BP 2.3mmHg lower than patients
with a 170HP of 1nmol/I
Patients with an androstenedione of 10nmol/l had systolic BP 1.7mmHg lower and diastolic BP 1.4mmHg lower than
patients with an androstenedione of 1nmol/|
1938 * Appropriate adjustment sets were applied informed by the directed acyclic graph to avoid bias introduced by conditioning on mediating variables
1939 or ancestors of the variable of interest (Appendix Figure 55.1)
1940 ** Statistically significant estimates as estimated by Bayesian joint modelling across 400 iterations with 10 bootstrap replications of each of 10
1941 imputed datasets and combining estimates using Rubin’s rules
1942 BP = Blood pressure; 170HP = 17-Hydroxyprogesterone; Cl = Confidence interval. Full model estimates and sensitivity analyses in Appendix Table
1943 S5.7
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1944  Figure 5.3 — Variation of height, weight and biomarkers on age
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5.07 Discussion

We reviewed data from over 6000 clinic visits of over 550 patients with CAH under 20 years of age and found that the
BP was higher than normative values. This increase was greater at younger ages, and similar in boys and girls. Joint
outcome regression modelling showed only a small average increase in BP due to mineralocorticoid replacement, and
no significant effect on BP from glucocorticoid or salt replacement. Higher levels of renin, 1770HP and

androstenedione all predicted lower BP when controlling for age, sex, height and weight.

Higher BP in children with CAH has previously been attributed to inappropriately high mineralocorticoid replacement.
We saw a low regression coefficient when modelling predictors of BP consistent with an extra 100 micrograms of
fludrocortisone causing approximately 1mmHg increase in systolic and diastolic BP. This corroborates the findings of
other studies showing higher BP at larger doses of fludrocortisone in childhood (42, 151). However, our much larger
cohort in combination with robust modelling appropriately adjusting for known confounders allowed us to estimate a
reliable effect size. This effect size was low, and can reassure clinicians that appropriate mineralocorticoid
replacement is not likely to drive a patient into clinically significant hypertension. This low effect size also explains how

smaller studies have failed to show any significant difference in BP with fludrocortisone dose (163, 164).

The lack of effect of daily hydrocortisone equivalent dose on BP in this study is further evidence that there is a variable
dose requirement between patients with CAH, even when accounting appropriately for their age, sex, height and
weight. The difference in regression coefficients between glucocorticoid and mineralocorticoid doses highlights that
these doses should not be combined during analysis, but considered individually as they have separate

pharmacological affects (165).

The negative correlation between renin and BP that we have shown highlights that this marker does have value when
monitoring patients with CAH (2, 5, 151). Our large sample, careful transformation and handling of covariates has
likely contributed to this finding where previous work has shown no association (166). Nonetheless, a model
explaining only 1/3 of the variability in BP indicates why this marker is sometimes challenging to interpret in isolation
within an individual patient, in part due to its variation with postural position (167, 168). Renin measurement should

thus be standardised, with results interpreted alongside clinical measurements of BP and electrolytes and considered
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against potential novel biomarkers within future studies to understand optimum mineralocorticoid replacement in

CAH.

Higher 170HP and androstenedione have been shown to be associated with lower BP in CAH in other studies (44,
147). In vitro, 170HP has been shown to bind to the mineralocorticoid receptor and antagonise the effect of
aldosterone (169), consistent with our results that higher levels of 170HP are associated with lower BP. The large
regression coefficients of patient weight within our model, consistent with the undisputed knowledge that heavier
children are more likely to have higher BP (170), show the importance of adjusting appropriately for covariates and
the value of guiding this analysis by the use of domain expertise mapped within a directed acyclic graph. However, the
association of higher 170HP and androstenedione levels with lower BP might also reflect reduced adherence to

replacement therapy in respective individuals.

Salt was prescribed in less than 15% of visits and largely concentrated in those under 5 years, which may have
contributed to its lack of a statistically significant effect on BP. However, our sensitivity analysis restricting analysis to
patients under five showed similar results, and is consistent with another I-CAH study that showed no difference in BP
between CAH patients on salt and those without (42), although the patients in that study not on salt were taking
higher doses of mineralocorticoid replacement. Overall, appropriate salt replacement in CAH should not be

considered to have the same effects of excess dietary salt in adulthood.

The limitations of this study are highlighted by the large proportion of missing data for BP and biomarkers that is
typical for large, real-world data sets. Robust multiple imputation techniques that have shown results similar to those
produced by complete case analysis is reassuring. However, measurements of both BP and biomarkers vary
significantly between centres, and therefore put the findings at risk of regression dilution bias. This centre effect has
been controlled for appropriately as a centre level random effect in the modelling, but may still have some residual
effect on the estimates presented. Our modelling assumes linearity in relationships that are likely non-linear, and the
effect sizes we report should not be extrapolated beyond the characteristics of the stable population from which we

have estimated them.

Accurate measurement of BP in children in an outpatient setting is challenging, with this study limited by a lack of

standardisation in measurement between centres. Patients may be upset undergoing blood tests at the same visit and
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thus have artificially raised BP due to duress. However, such duress also risks artificially raising steroid biomarkers, yet
we found higher steroid biomarkers associated with lower BP. Unfortunately, we have been unable to assess
compliance in this study, an unmeasured covariate that may be associated with other known covariates such as
weight. However, CAH is a rare disease, and this data from over 6000 clinic visits is only possible thanks to
collaboration across continents facilitated by an international registry. With variable numbers of visits within patients
our multilevel joint modelling design with careful covariate adjustment and appropriate support from professional

statisticians has facilitated valuable insights from a complex dataset.

The higher BP-SDS shown in CAH patients in this study, and the relatively higher BP at younger ages warrants further
investigation. Studies have shown vascular remodelling related to higher BP in the aorta and carotids in young
patients, and an increase in prevalence of left ventricular diastolic dysfunction evident in even small cohorts of young
patients (145, 149, 171). However, the impact of different treatment strategies on these outcomes is unknown.
Further engagement with long term disease registries and linking of datasets between children and adult services will
help establish how best to respond to raised BP in patients with CAH. Independent patient data meta-analysis would
help to assess whether other metrics of cardiovascular health measured in smaller studies should be regularly

monitored to improve patient outcomes and quality of life.

5.08 Conclusion

Higher BP in children with CAH is commonly observed and is particularly pronounced at a younger age. These higher
readings are not explained by excessive mineralocorticoid or salt replacement alone, nor are they associated with
poor disease control, higher levels of 170HP and androstenedione being associated with lower BP. There is currently
no evidence that BP is a significant problem in children with 21-OHD CAH, although there is a need to further our
understanding of the determinants of the raised BP in younger children with CAH, and whether this has any long-term
consequences. Future research assessing the impact of different dosing regimens on cardiac function would further

our understanding of the underlying pathophysiological processes.
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5.12 Thesis contribution of chapter 5

Longitudinal analysis of from 554 patients with CAH has been completed and published in the European Journal of
Endocrinology to achieve objective 4 (113). The lambda, mu, sigma modelling of systolic and diastolic blood pressure
within this research is then used directly to display disease specific centiles of blood pressure within the clinical

decision support tool presented within chapter 7 of this thesis.
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Chapter 6 - Adiposity rebound and height velocity in patients with

Congenital Adrenal Hyperplasia
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6.02 Significance Statement

We used non-linear regression modelling to quantify growth in a large group of children with congenital adrenal
hyperplasia. We found large variability in their age at adiposity rebound, occurring early before age 5 years in over
80% of the cohort. The latest peak height velocity was significantly blunted and earlier compared to healthy patient
studies, at mean age 8.4 years (SD 3.0) in boys and 9.0 years (SD 1.6) in girls. Multivariate modelling showed girls
prescribed higher doses of glucocorticoids associated with significantly higher BMI in adolescence and earlier adiposity
rebound. Adiposity rebound can be considered as an early surrogate outcome measure for future studies into early-

life treatment strategies.
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6.03 Abstract

Objective
Adiposity rebound is the first rise in BMI that occurs after the initial decrease during infancy. Early adiposity rebound,
before age 5, is a risk factor for later obesity and metabolic problems. We investigated adiposity rebound in children

with Congenital Adrenal Hyperplasia due to 21-hydroxylase deficiency (CAH).

Design

Longitudinal observational registry study.

Methods
Height, weight and BMI from patients younger than 20 years in the I-CAH Registry was described by non-linear mixed-
effects models. Covariates of glucocorticoid dose, mineralocorticoid dose, 17-Hydroxyprogesterone were assessed on

growth and bone age.

Results

A total of 10,261 visits within 573 patients (43.6% male) showed significant variation in age at latest peak height
velocity (8.4 years (SD=3.0) in boys; 9.0 years (SD=1.6) in girls). Peak height velocity was more blunted in boys (7.7
cm/year (SD=1.4)) than girls (7.4 cm/year (SD=1.3)) in comparison to normative values. Adiposity rebound occurred
earlier than age 5 years in 82% of the cohort, mean age 3.7 years (SD=1.3) in boys and 3.9 years (SD=0.9) in girls. Girls
prescribed higher doses of glucocorticoid were associated with heavier weight in adolescence and earlier adiposity

rebound. Bone age was increasingly advanced in those prescribed higher doses in both sexes.

Conclusions
There is a large variation in the timing of adiposity rebound and SITAR-estimated latest peak height velocity in children
with CAH. In addition to identifying individuals with CAH who may be at risk of adverse cardiometabolic outcomes

these metrics may serve as early surrogate outcomes in future research investigating early-life treatment strategies.
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6.04 Background

Congenital Adrenal Hyperplasia (CAH) is the most common form of inherited adrenal insufficiency, affecting
approximately 1 in 15,000 individuals. In over 90% of cases, it is due to 21-hydroxylase deficiency (21-OHD) causing
impaired conversion of 170H-progesterone (170HP) to 11-deoxycortisol, resulting in a deficiency of cortisol, and sex
hormone excess. Patients require lifelong glucocorticoid replacement and, in most cases, mineralocorticoid
replacement. International consensus guidance recommends a hydrocortisone daily equivalent dose of 10-15mg/m?

per day (2, 5).

In healthy children, body mass index (BMI) increases after birth before falling after approximately one year, then
increasing in early childhood after approximately age six. Adiposity rebound is the last nadir in BMI in early childhood,
that corresponds to a decline in fat mass in relation to height. This follows a different trajectory between sexes and is
frequently reported at an earlier age in girls than boys, although some studies find no difference in timing with sex.
Earlier adiposity rebound in otherwise healthy children is associated with obesity in later life and cardiometabolic

diseases in adulthood (172, 173).

Children with CAH have an earlier adiposity peak and rebound compared to healthy children. Precise estimates differ
between studies, from as early as 1.7 years in a UK study to 3.8 years in a study of 194 children from the USA (47, 48,
174). The reasons for the early timing of adiposity rebound in CAH are poorly understood and the factors influencing
this difference in body composition remain elusive. Multicentre studies have also shown increased prevalence of
adverse cardiometabolic markers in adolescents with CAH (15, 175). A better understanding of the factors that
contribute to the early adiposity rebound observed in children with CAH and whether this increases the likelihood of

later obesity will help to improve monitoring and treatment strategies, ultimately leading to better health outcomes.

Latest peak height velocity has been shown to be blunted in 210HD, although there are differing estimates about
magnitude and timing (11, 12, 176), and studies are yet to quantify this using Superlmposition by Translation And
Rotation modelling (SITAR), an effective statistical strategy to model growth in childhood (177, 178). Bone age is known
to be inappropriately advanced in this condition, although findings as to how this varies with dose are conflicting (5, 11,

179).
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The International Congenital Adrenal Hyperplasia (CAH) Registry provides rich longitudinal data in children with CAH
due to 210HD (154). We set out to use advanced statistical modelling to quantify growth in children with CAH, and
assess associations between growth, doses of glucocorticoid replacement and levels of disease control.

(11, 12, 176)(177, 178)(5, 11, 179)

6.05 Methods

This retrospective cohort study included children and young people under 20 years of age diagnosed with 21-OHD and
consented for data sharing with the I-CAH Registry. Ethical approval for the registry has been approved by the West of
Scotland research ethics committee (24/WS/0059). Data were extracted on 25/01/2024 and pre-processed, with

subsequent clarification of outliers by liaison with contributing centres, to correct data entry errors.

Missing data
Missing data was accommodated using a combined approach of spline interpolation between longitudinal points for
height, weight and bone age and last observation carried forward or next observation carried backward for dosing

(Appendix supplementary methods 6.01 (180)).

Statistical Analysis

Summary and reference values

Statistical Analysis was performed in R, a language and environment for statistical computing (181). Continuous
variables were summarised with median and interquartile range. Standard deviation scores (SDS) were derived by

comparing to World Health Organisation (WHO) reference standards for growth (155, 157, 158).

Treatment dose and disease control
Glucocorticoid doses were converted to hydrocortisone equivalent (hydrocortisone(mg)=prednisolone(mg)x4, other

ratios in Appendix Table S6.01 (180)) and summed to total daily dose. Biomarkers 170HP and Androstenedione were

measured in local laboratories with different assays, converted to standard units of nmol/l (Appendix Table S6.01

(180)) and natural log transformed to better approximate normality.
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Longitudinal modelling of growth

Weight, height and BMI were modelled on the natural log of age in each sex separately using SITAR (50). This is a
mixed effects model that fits an average b-spline curve through the data applying random effects that are allowed to
vary in three dimensions for each individual participant: Size, a translation on the y axis; timing, a translation on the x
axis; and intensity, horizontal stretching or compression of the curve equivalent to a rotation in the anteroposterior
plane of the graph. These three adjustments allow for the estimation of a growth pattern that is a similar shape in all
children, but comprises a sample of children who vary in stature, experience growth ‘spurts’ at variable times in
childhood, and have a variable velocity of growth during such growth spurts. SITAR allows us to describe an overall
‘average’ pattern of growth along with a robust estimation of the variability of growth across the sample population.
Alternatives, including the Lambda-Mu-Sigma model, cannot estimate the variability in the timing of growth between

participants (178).

The flexibility of a SITAR curve increases with pre-defined degrees of freedom. Due to the complexity of the
parameters of model estimation, curves were fit to children with adequate data points between specific age ranges,
with optimum degrees of freedom defined by minimising the Bayesian information criterion (BIC). Age and BMI at
adiposity rebound, and age and speed of latest peak height velocity were extracted from models transformed onto
the absolute scale. Comparison of mean growth metrics was made to data from studies of healthy children using two-
sided t-tests. Height and weight for each participant at age 18 was extracted from SITAR models and compared against

adiposity rebound and height velocity metrics for each participant by linear regression.

Covariate modelling

To assess the impact of dose and disease control on growth in this cohort, the covariates of dose of hydrocortisone,
dose of fludrocortisone, level of 170HP and level of androstenedione were assessed. As SITAR cannot estimate
covariates during model fitting, the modelling was simplified to a cubic spline with a two-level participant level
random intercept nested within treatment centre. Each covariate was interacted with each element of the cubic
spline basis function, optimum degrees of freedom defined by lowest BIC. This simplified modelling strategy did not
require restriction on participant data by age or number of data points, but did require all covariates to be available at
each clinic visit for data from that visit to be included. Both glucocorticoid and mineralocorticoid doses were included
in the model, but models were tested with a combination of both 170HP and androstenedione or each biomarker

individually to define the most efficient model. Clinically meaningful values of covariates defined by expert consensus
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were inserted into models to describe model trajectories, confidence intervals calculated by bootstrapping across 500

replications (Appendix Supplementary methods 6.01 (180)).

Bone age

Bone age advancement was calculated by bone age minus chronological age. Bone age was calculated locally and thus
methodology differed between centres. Due to reduced frequency of this measurement, a basic cubic model was used
to estimate the change in bone age advancement on age (26). The model was fit with similar covariates as growth
models, and then reassessed using just dose of glucocorticoid replacement as a single interacted covariate to
maximise the number of visits available for modelling. A sensitivity analysis was conducted restricting analysis to the
most commonly used method of bone age estimation to assess the impact of different methods of bone age

estimation.

6.06 Results

Biometrics and biomarkers
This observational registry study included 746 children with 21-OHD (43.6% male) from 22 countries treated in 47
different centres, 573 children having sufficient data for modelling of height and 457 for modelling of adiposity

rebound (Appendix Figure S6.01 (180)). Overall, 11,460 visits were distributed with median 11 visits (Q1:6 to Q3:21)

within each participant, 10,261 visits contributing to height modelling and 6,901 to adiposity rebound modelling. Visits
occurred between 23/1/2003 and 17/1/2024, 6388/11460 (56%) occurring in 2017 or beyond. There was a greater
proportion of visits at younger ages, with median age at visit 5.1 years (Q1:1.9 to Q3:9.2) (Table 6.1). Attrition meant

only 206/573 (36%) of participants had data available beyond the age of 12 years for height modelling.

Glucocorticoid treatment was most commonly with hydrocortisone (84.9% of visits, Appendix Table S6.02 (180)),

83.5% of visits with fludrocortisone prescribed. Of 1430/11460 (12.5%) visits with a recorded biomarker available,
170HP recorded in 1888/11460 (16.5%) visits (median 29.8nmol/I Q1:4.2 to Q3:112.0), androstenedione recorded in
1786/11460 (15.6%) visits (median 1.7nmol/l Q1: 0.2 to Q3: 4.4), with 1430/11460 (12.5%) visits having both
biomarkers available for analysis. Height SDS at visits was median -0.1 (Q1:-1.1 to Q3:0.9) and BMI SDS median 0.7

(Q1:-0.2 to Q3:1.5).
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Growth modelling and adiposity rebound

There was significant variation in age at latest peak height velocity occurring at mean 8.4 years (between participant
SD=3.0) in boys and 9.0 years (SD=1.6) in girls (Figure 6.1). Derived latest peak height velocity was 7.7 cm/year
(SD=1.4) in boys and 7.4 cm/year in girls (SD=1.3), significantly earlier and lower than that derived from healthy
children in the UK Avon Longitudinal Study of Parents and Children (10.6cm/year at 13.5 years in boys; 7.7cm/year at
11.7 years in girls (2-sided t-tests, p<0.05)) (177). Optimum SITAR fit was 5 and 6 degrees of freedom for height and

weight respectively, R%marginal 0.91-0.99 (Table 6.2, Appendix Table S6.03 (180)).

BMI modelled directly by SITAR estimated adiposity rebound in boys at mean of 3.7 years (SD:1.3) and 3.9 years in
girls (SD:0.9), with 80.4% of males and 82.8% of females occurring early before age five. This was also earlier than the
age calculated in a recent large healthy participant cohort of 5.1 years (SD:1.3) in both boys and girls (2-sided t-tests,
p<0.05)) (182). A sensitivity analysis showed these metrics did not change significantly when interpolated data was

not used in the calculations (Table $6.04, Figure S6.02). Residual plots showed individual patient estimates were not

biased towards the amount or timing of data contributing to the SITAR models (Appendix Figure S6.03).

Earlier adiposity rebound and greater BMI at adiposity rebound was associated with heavier SITAR predicted weight at
18 years in both sexes (p<0.05). Age at adiposity rebound was not associated with predicted height at 18 years
(p>0.05), but earlier age at peak height velocity was associated with shorter height at 18 years (p<0.05, Appendix

Table S6.05, Appendix Figure S6.04 (180)).

Covariate modelling

Optimum model fit with covariates was obtained by using 170HP alone, in comparison to androstenedione alone or
both markers combined (lower BIC). There were reduced visits available with covariates for modelling (1785/11460
(15.6%) visits), leading to an optimum model fit achieved with lower degrees of freedom of 3, unable to model the
latest peak height velocity within this smaller sub section of the population. Incorporating the covariates of
hydrocortisone, fludrocortisone and 170HP improved the proportion of variance explained by the models. The
RZmarginal increased by 2.3% boys and 1.3% in girls for height, and by 6.7% and 4.8% in girls for weight (full model

parameters in Appendix Tables $6.06-S6.07 (180)).

Regression modelling assesses the association of variability of continuous variables, rather than artificially

dichotomising the data into groups (26). Non-linear interactions are illustrated by bootstrapping clinically meaningful

Neil Lawrence PhD Thesis; Page 103



2295

2296

2297

2298

2299

2300

2301

2302

2303

2304

2305

2306

2307

2308

2309

2310

2311

2312

2313

2314

2315

2316

2317

2318

2319

2320

2321

2322

2323

2324

values decided by expert consensus into each model to derive representations of participants taking a dose of
8mg/m?/day as low dose versus a high dose of 18mg/m?/day, and a consistent level of 170HP of 10nmol/I to
demonstrate good control versus a consistent level of 170HP of 38nmol/l to demonstrate poor control (Figure 6.2).
Doses were selected to compare the lowest recommended physiological replacement dose in adrenal insufficiency
(183) against a relatively high value, but one that was prescribed in a reasonable proportion of visits within the data

set (80" centile dose was 17.5mg/m?/day) (Appendix Figure S6.05). Alternative example values are demonstrated in

Appendix Table 56.08, Appendix Figure S6.06 (180).

Larger doses of glucocorticoid replacement were associated with greater weight gain in girls. This achieved a
statistically significant difference after the age of 10 where girls on higher doses with poor disease control had greater

weight and BMI (Table 6.3, Figure 6.3). Adiposity rebound occurred 24.0 months earlier in girls (95% Cl 3.6 to 55.9)

requiring higher doses with worse disease control compared to those with lower doses and better disease control.
However, this difference in adiposity rebound was not robust to all sensitivity analyses. There was no significant

difference in timing with boys (7.2 months earlier, 95% Cl -1.2 to 40.6).

Care must be taken when interpreting these covariate models. Alternative example values inserted are demonstrated
in Appendix Table S6.08, Appendix Figure S6.06 (180). These show similar trajectories, as does a sensitivity analysis
when modelling was carried out without interpolated or carried values (Appendix Table S6.09, Appendix Figure $6.07).
However, sensitivity analysis did change whether metrics of growth had a statistically significant difference between
example comparisons. The most robust finding was an increase in weight and BMI in girls on higher doses in early

adolescence, consistent across all permutations of sensitivity analysis.

Bone age advancement
Across the cohort bone age advancement peaked at age 10.4 (95% Cl 8.3 to 17.0, Nparticipants=204) years in boys and 8.7
(95% Cl 7.4 t0 10.9, Nparticipants=240) years in girls with mean advancement of 2.1 (95% Cl 1.7 to 2.6) and 1.2 (0.9 to 1.6)

years respectively (Appendix Table S6.8, Appendix Figure S6.5 (180)). Covariate modelling with all doses and levels of

disease control did not show statistical significance, impacted by reduced visits (Nparticipants=144, Nyisits=572) with those
covariates available for modelling. However, the more parsimonious cubic model incorporating dose of
hydrocortisone equivalent alone (Nparticipants=415, Nyisits=3540) showed children prescribed higher doses within this data

had greater bone age advancement between the ages of 2.4 to 9.8 years in boys and 3.0 to 10.8 years in girls. This
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difference peaked at 0.9 (1.4 to 0.5) and 0.6 (1.5 to 0.5) years more advanced for those modelled on 18mg/m?/day
compared to 8mg/m?/day in boys and girls respectively (Figure 6.4). Results were similar when restricted to models

trained only on bone age estimated by the Greulich & Pyle method (81% of measurements) (Appendix Table S6.11,

Appendix Figure S6.09).

6.07 Discussion

We have used advanced statistical modelling on multicentre registry data from children with CAH to quantify the
blunted latest peak height velocity and early adiposity rebound seen in this condition, as well as significant variability
in those metrics between individuals. We have shown associations with increased weight gain, detrimental BMI and

advanced bone age in those prescribed higher doses of glucocorticoids.

The blunting of latest peak height velocity was more marked in boys than girls. Whilst one previous study of 598
individuals with CAH noted an earlier growth spurt but reported no detriment to height velocity (184), the majority of
studies assessing height velocity in CAH have found blunting (11, 12, 176). None of these studies have employed
SITAR, a method more appropriate to assess between participant variability (50). The large standard deviation we
have found in magnitude-of and age-at latest peak height velocity highlights the importance of modelling repeated
measures appropriately to reduce the risk of aggregation bias (178), and is likely to explain why we have estimated the
mean peak height velocity of 7-8cm/year in CAH slightly higher than others. Other powerful techniques including the
quadratic-exponent-pubertal-stop technique (QEPS) may provide more detailed insights into growth in this disease in

the future (185). This method requires more data points per patient and was unable to converge in this data.

Mean age at adiposity rebound estimated by SITAR modelling was similar between sexes in this cohort, in over four-
fifths of the cohort occurring before 5 years of age, a much higher proportion than the 40% of healthy children
reported in a recent meta-analysis (186). Early adiposity rebound, has been associated with adverse metabolic profiles
including higher glucose and insulin resistance in healthy children at age seven, as well as increased risk of overweight
and obesity in adolescence and adulthood (46, 173, 182, 187). Our results highlight this association with later obesity
is also the case in CAH. We must consider the possibility of a confounding obesogenic environment or metabolome
causing the change in both metrics, but it may be possible that this early shift in adiposity reflects metabolic changes

that lead to later obesity. Whether directly causal or simply an associated risk factor, early adiposity rebound can
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highlight children that are at greater risk of obesity later in life, and can be used as an early outcome metric when

researching different early treatment strategies.

Age at adiposity rebound in CAH has been reported even earlier than our analysis, including 1.7 years in 22 children
(48), 3.0 years in 29 children (49), 3.8 years in 16 children (188) and 3.3 years in 42 children (47). The largest cohort to
date included 515 children and an adiposity rebound of 3.9 years in boys and 3.3 years in girls, although unfortunately
this was derived from LMS modelling that did not allow an estimate of between patient variability or quantification of
height velocity. The non-linear SITAR modelling and large cohort is a significant strength of our work, allowing us to
robustly estimate the variability in adiposity rebound. The standard deviation of 1.3 years in males shows the extent
of this variability, highlighting how this metric can differentiate between individuals at an early age at greater risk of
adverse metabolic outcomes. Our estimate of a later adiposity rebound than previous studies may be indicative of
improving management of the condition, likely due to improving iterations of international guidance over the last two

decades (5).

Our multivariable modelling of height and weight showed girls prescribed higher doses and with poorer disease
control gained more weight in later childhood and adolescence, driving an increase in BMI. The higher dose and
poorer disease control was also associated with earlier adiposity rebound. Trajectories of BMI were similar in boys but
not statistically significant, due in part to slightly less data and larger variability. This differs from previous studies that
report no association between dose, disease control and adiposity in CAH in much smaller cohorts (49, 188). The
multivariate modelling must be interpreted with care, model estimates having wider confidence intervals at later
ages, driven by less than a third of patients having any data beyond 12 years of age. However, the SITAR modelling
done on a larger proportion of the cohort did show an earlier peak in height velocity was associated with shorter
predicted height at age 18. Future work with data from the I-CAH registry will aim to assess a greater number of

individuals followed to final height, highlighting the importance of ongoing data collection.

The associations we have shown between growth and glucocorticoid dose highlight the controversy in applying
disease specific growth charts for this condition. Whilst patients with CAH have different growth trajectories to
healthy patients, growth charts recently published developed from a heterogenous population of patients with CAH
must be used with care, as comparisons may be made to data from patients that have had an unreported level of

disease control (189). Bone age advancement was higher in individuals prescribed higher doses in this cohort.
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Correlation does not necessarily mean causation, as it is undisputed that underdosing of glucocorticoid replacement in
CAH is likely to cause bone age advancement. International guidance since 2002 has helped clinicians target
appropriate dosing strategies for children with CAH, recommending regular review and dose adjusted dependent
upon clinical need (5). Individuals deemed to have poor control, as indicated by bone age advancement or biomarkers
of disease control, are therefore likely to be prescribed higher doses, indicative of the heterogeneity of treatment
effect that we see from glucocorticoid replacement in CAH. Clinicians should aim to optimise growth in children with

CAH towards normal growth.

A lack of association between bone age and glucocorticoid dose has often been shown in other studies (15, 190, 191).
Karishma et al. found that those with higher doses had lower bone mineral density, although, those with low bone
mineral density were significantly older within their cohort, and their comparison did not account for age (192). The
non-linear relationship between bone age advancement and age we report here, similar to that shape reported by
Bretones et al (11), highlights the importance of accounting for non-linearity in such analysis. Al-rayess et al found
lower bone age SDS in children on lower doses, driven by the availability of glucocorticoids as suspension rather than
tablets (179). That study design was able to take advantage of differences in available treatment preparations
between their groups, inferring that those on tablet preparations were more likely to be receiving greater doses than
they required, and thus a reason as to why their data showed the opposite association to that we report here. Our
finding in a larger cohort of observational data highlights that bone age is a lagging indicator of previously inadequate

disease control (5).

Limitations of this study include only 15% of visits having adequate data available for multivariate modelling, and the
resultant simplification of multivariate models that had fewer degrees of freedom. Multivariate examples assume a
consistent dose throughout childhood and adolescence, whereas patients may require higher doses during puberty
due to the downregulation of 11B-Hydroxysteroid dehydrogenase type 1. SITAR modelling could only be carried out by
restricting data to individuals with adequate data points for models to converge. We have not been able to assess
timing of replacement doses, clinical pubertal staging, body fat percentage or other measures such as insulin
resistance or bone density. However, the number of individuals modelled here provides estimates for adiposity
rebound in CAH in the largest cohort to date. Age at diagnosis and ethnicity of patients as well as methods of
measurement of biometrics, bone age and biomarkers vary between centres, and thus effect sizes must be

interpreted with caution. This centre effect has been controlled for appropriately as a centre level random effect in
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multivariate modelling but may still have some residual effect on the estimates presented, and caution must be
applied before considering that associations will be consistent across different ethnic groups. Significant attrition with
age means we must be cautious about the overall trajectories of growth presented. However, the longitudinal non-
linear modelling complies with recent state-of-the-art guidance on such analysis (26). Age at adiposity rebound is
highly variable in this cohort of children with CAH, early adiposity rebound and early increases in height velocity
associated with detrimental growth trajectories that highlight patients at greater risk of adverse metabolic health
outcomes in later life. Age at adiposity rebound thus has the potential to be used as a surrogate marker of long-term

health outcomes when comparing treatment strategies for CAH in controlled studies in the future.

6.08 Conclusion

This study quantifies an early adiposity rebound in children with CAH and significantly blunted latest peak height
velocity, with large variation between participants. Biomarkers of poor disease control and higher prescribed
glucocorticoid doses were associated with earlier adiposity rebound and detrimental BMI in adolescence in girls.
Participants of both sexes prescribed higher doses, indicative of more significant disease or possibly poor adherence,
were associated with earlier bone age advancement. The timing of adiposity rebound and latest peak height velocity
can allow the identification of individuals with CAH who may be at risk of adverse long-term cardiometabolic
outcomes, and may be used as early surrogate outcomes in future research investigating early-life treatment

strategies.

6.09 Data availability statement

All code associated with this analysis can be found at:
https://github.com/neilxlawrence/I-CAH_Adiposity_rebound
Requests for access to data must be sought through SDM Registries:

https://sdmregistries.org/data-access/
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6.11 Thesis contribution of chapter 6

Non-linear spline modelling on data from 573 patients with CAH has been completed and accepted for publication in
European Journal of Endocrinology to achieve objective 5 (112). The differences in growth trajectory quantified within
the patients of this cohort in comparison to healthy cohorts directly informed the decision to show disease specific
centiles within the prototype clinical decision support tool described in the next chapter. The pre-processing of the
data for objective 5 provided a suitable dataset for lambda-mu-sigma modelling to be carried out to produce the

necessary reference centiles in the next chapter.
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Table 6.1 — Summary statistics

Total Male Female
Number of patients (n) 746 325 421
Number of visits (n) 11460 5690 5770
Number of countries (n) 22 20 22
Number of centres (n) 47 40 47
Number of visits per patient 11 14 10
Median (Q1 to Q3) (6to 21) (8 to 24) (6to 18)
Number of years visits spanned within patients 6.5 7.7 5.5
Median (Q1 to Q3) (2.9t0 10.7) (3.6t0 11.3) (2.4 t0 10.0)
Age of patient at youngest visit (years) 0.3 0.2 0.3
Median (Q1 to Q3) (0.1to0 3.4) (0.1t02.9) (0.1t03.7)
Age of patient at most recent visit (years) 9.3 10.0 8.8
Median (Q1 to Q3) (5.6 to 13.6) (6.4 to 13.6) (5.0 to 13.5)
Number of visits with height available 11251 5600 5651
(% interpolated)+ (4.1) (3.9) (4.3)
Height SDS at visit -0.1 0.0 -0.2
(Median (Q1 to Q3) (-1.1t0 0.9) (-1.0t0 1.0) (-1.1t00.7)
BMI SDS at visit 0.7 0.8 0.6
(Median (Q1 to Q3) (-0.2to 1.5) (-0.1to0 1.5) (-0.3t0 1.5)
Number of visits with bone age available 3803 2116 1687
(% interpolated)+ (62.4) (64.5) (59.8)
Bone age advancement at visit 0.9 0.9 0.9
(Median (Q1 to Q3) (-0.3t0 2.5) (-0.4 t0 2.8) (-0.2t0 2.2)
Visits with hydrocortisone equivalent dose available (n) n=10088 n=5129 n=4959
(% carried to interpolate) (46.0%) (47.7%) (44.2%)
Dose of hydrocortisone equivalent at visit per BSA 13.8 14.1 13.5
(mg/m?/day) (Median (Q1 to Q3)t (9.7 to 16.1) (10to 16.4) (9.5t0 15.7)
Visits with fludrocortisone dose available (n) n=10804 n=5381 n=5423
(% carried to interpolate) (1.7%) (1.3%) (2.2%)
Dose of fludrocortisone per day (micrograms) 1235 128.8 118.3
(Median (Q1 to Q3) (50 to 200) (50 to 200) (50 to 150)
17-Hydroxyprogesterone (nmol/1) 29.8 [n=1888] 29.0 [n=1041] 30.3 [n=847]
(Median [n] (Q1 to Q3) (4.2to 112.0) (4.5 t0 99.9) (3.9t0 128.3)
Androstenedione (nmol/l) 1.7 [n=1786] 1.4 [n=987] 2.0 [n=799]
(Median [n] (Q1 to Q3) (0.2 to 4.4) (0.0t0 3.5) (0.3t0 5.6)

n=Number; Q1=Quartile 1; Q3=Quartile 3; SDS=Standard deviation score; BSA=Body surface area

tHydrocortisone equivalent calculated by multiplying preparations by the following factors: prednisolone/prednisone x4; dexamethasone x27;
cortisone acetate x0.8; methylprednisolone x5 (Appendix Table S6.01 for all conversion factors (180)). 84.9% of visits prescribed hydrocortisone
(Appendix Table S6.02 for proportions of preparations prescribed (180)). Missing data for dose was carried forward or backward within clinically

plausible limits set by age (Appendix Supplementary Methods S6.01 (180))

¥ Missing data for growth and bone age was interpolated between visits using splines, but not extrapolated beyond first or last available data point

for each individual patient.
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2464  Table 6.2 — SITAR Model derived metrics of growth

Male patients Female patients
Age at latest peak height velocity (years) 8.4 9.0
Mean (SD) (3.0) (1.6)
Latest peak height velocity (cm/year) 7.7 7.4
Mean (SD) (1.4) (1.3)
Age at adiposity rebound 3.7 3.9
Mean (SD) (1.3) (0.9)
BMI at adiposity rebound 16.2 16.0
Mean (SD) (1.5) (1.5)
SITAR outcome variable Height (cm) Weight (kg) BMI (kg/m?) Height (cm) Weight (kg) BMI (kg/m?)

Number of patients used to fit SITAR model 266 267 219 307 309 238

Number of data points used to fit SITAR model 5196 5224 3030 5065 5101 2871

SITAR predicted value at age 18 166.9 74.8 27.1 157.2 68.9 28.0

Mean (SD) (14.2) (17.0) (6.0) (7.2) (9.7) (4.5)

WHO z-score of SITAR predicted value at age 18 -1.2 i 1.3 -0.9 i 1.6

Mean (SD)* (1.9) (1.3) (1.1) (1.0)

SITAR degrees of freedom 5 6 3 5 6 3
Restricted age range of patients to fit SITAR 0.2t020 0.2t020 0.2t07 0.2t020 0.2t020 0.2t07
(years)

Root Mean Square Error 1.50 1.50 0.77 2.60 2.1 0.91

Marginal R? 0.74 0.92 0.12 0.91 0.90 0.07

Conditional R? 0.99 0.99 0.84 0.99 0.91 0.80

2465 SD=Standard deviation, variability defined by between patient random effects. SITAR: Superimposition by Translation And Rotation. Optimum degrees of freedom defined by lowest Bayesian Information Criterion. Patients’

2466 included in models if they had six or more measures of the necessary biometric.
2467 *WHO do not provide reference standards for weight for age beyond 10 years
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Table 6.3 — Covariate adjusted multivariable model metrics assessing disease associations with growth

Sex of patients in underlying model Male Female
:1aot:eyliomts with covariates available to train 982 Visits | 139 patients 803 Visits | 143 patients
Representation of model Low dose good Low dose poor High dose good High dose poor Low dose good Low dose poor High dose good High dose poor
control control control control control control control control
Metrics inserted to demonstrate covariate model fit
Hydrocortisone equivalent (mg/m?/day) 8 8 18 18 8 8 18 18
Fludrocortisone dose (micrograms/day) 100 100 100 100 150 150 150 150
17-Hydroxyprogesterone (nmol/I) 10 38 10 38 10 38 10 38
Model derived estimates: (bold type indicates statistically significant difference between those on low dose with good control versus those with high dose and poor control)
Height at age 8 (cm) 131.0 131.5 133.1 133.58 129.4 129.6 129.8 130.0
(95% Cl) (128.9t0 132.9) (129.3t0 133.3) (131.2t0 134.9) (131.47 to 135.62) (127.8t0 131.0) (127.9t0 131.2) (127.1t0 132.3) (127.0t0 132.7)
Height SDS at age 8 0.7 0.7 1.0 1.12 0.5 0.5 0.6 0.6
(95% Cl) (0.3t01.0) (0.4t01.1) (0.7t0 1.4) (0.74 t0 1.48) (0.2t00.8) (0.2t00.8) (0.1t01.0) (0.1t01.1)
Weight at age 8 (kg) 32.0 32.3 35.0 35.33 30.9 30.9 33.9 34.0
(95% Cl) (29.31t034.1) (29.71t034.7) (32.2t038.4) (32.28t0 38.89) (28.9t0 33.1) (28.8t0 33.0) (28.8t0 38.9) (28.8 10 39.0)
Weight SDS at age 8 1.5 1.6 2.0 2.1 1.2 1.2 1.7 1.7
(95% Cl) (1.0t01.9) (1.0t02.0) (1.5t02.6) (1.56 t0 2.65) (0.9t01.6) (0.8t01.6) (0.8t02.4) (0.8102.4)
BMI at age 8 (kg/m?) 18.6 18.7 19.7 19.75 18.5 18.4 20.1 20.0
(95% Cl) (17.510 19.6) (17.6t0 19.8) (18.41021.3) (18.46t0 21.32) (17.3t0 19.6) (17.3t0 19.6) (17.5t022.8) (17.510 22.6)
BMI SDS at age 8 1.6 1.6 2.0 2.03 1.3 1.3 1.9 1.8
(95% CI) (1.0t0 2.0) (1.1102.0) (1.510 2.6) (1.510 2.58) (0.8t01.7) (0.8t01.7) (0.910 2.6) (0.9t02.5)
Height at age 12 (cm) 152.3 152.5 155.2 155.4 148.5 148.9 149.4 149.8
(95% Cl) (149.2t0 155.1) (149.6 t0 155.1) (152.5t0 158.2) (152.92 to 158.58) (146.6 to 150.5) (147.1t0 150.8) (146.6 t0 152.2) (147.2t0 152.6)
Height SDS at age 12 0.5 0.5 0.9 0.89 -0.4 -0.3 -0.3 -0.2
(95% Cl) (0.0t0 0.9) (0.1t00.9) (0.5t01.3) (0.54t0 1.34) (-0.7t0-0.1) (-0.6t0-0.1) (-0.7t00.2) (-0.61t00.2)
Weight at age 12 (kg) 47.1 47.8 50.3 50.88 43.6 44.3 48.2 48.9
(95% Cl) (41.61052.6) (42.11t053.3) (46.91t053.7) (47.16 t0 54.76) (40.7 to 46.7) (41.1t047.7) (42.9t052.8) (44.21053.5)
BMI at age 12 (kg/m?) 20.3 20.6 20.9 21.1 19.8 20.0 21.6 21.7
(95% Cl) (18.3t022.1) (18.5t022.3) (19.7 t0 22.0) (20.0t022.1) (18.7t021.1) (18.8t021.4) (19.7 0 23.2) (20.1t023.3)
BMI SDS at age 12 1.1 1.2 1.3 1.4 0.7 0.8 1.2 1.3
(95% Cl) (0.4t01.7) (0.4t01.7) (0.910 1.6) (1.0t0 1.6) (0.3t01.1) (0.3t01.2) (0.7 t0 1.6) (0.8t01.7)
Age at adiposity rebound 3.6 3.5 2.9 2.9 4.8 4.8 2.5 2.6
(95% Cl) (2.5t04.8) (2.4104.5) (1.1t03.8) (0.7t03.7) (2.6107.3) (2.6106.6) (1.9104.0) (1.9t04.1)
BMI at adiposity rebound (kg/m?) 16.5 16.2 16.6 16.3 17.5 17.3 16.3 16.2
(95% Cl) (15.5t017.4) (15.3t017.1) (15.3t017.7) (14.9t0 17.5) (16.1t0 18.7) (16.0t0 18.5) (14.3t0 19.0) (14.0t0 19.0)
BMI z-score at adiposity rebound 0.8 0.6 0.7 0.5 1.3 1.2 0.6 0.6
(95% Cl) (-0.1t0 1.5) (-0.3t01.3) (-0.4t01.5) (-0.8t01.4) (0.6t01.9) (0.5t01.8) (-1.0t0 2.3) (-1.1t02.2)

Cl = Confidence interval. SDS=Standard deviation score (calculated from World Health Organisation normative standards, not available for weight above age 12). Doses and level of 17-Hydroxyprogesterone to define disease control defined by expert consensus, underlying model trained from visits
extracted from the International Congenital Adrenal Hyperplasia Registry with all covariates available. Full multilevel spline model estimates reported in Appendix tables $6.06-6.07 (180). Metrics calculated for alternative doses and levels of disease control applied to the same models are in
Appendix Table S6.08 (180). Comparisons between low dose good control and high dose poor control made across 500 bootstrapped replications to define statistical significance of the difference between metrics indicated by bold type

Neil Lawrence PhD Thesis; Page 112




2472 Figure 6.1 — SITAR models to quantify height, weight and BMI
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Age (years) Age (years)
Male patient data point Female patient data point
=== === Male SITAR average model fit === == Female SITAR average model fit
Male SITAR individual patient level fit ——— Female SITAR individual patient level fit
. Male SITAR derived age at adiposity rebound v Female SITAR derived age at adiposity rebound
| fage at peak pubertal height velocity | /age at peak pubertal height velocity

2473
2474 Prefix A = Height; B = Height Velocity; C = Weight; D = BMI. Suffix 1=Male; 2=Female. SITAR: Superlmposition by Translation And Rotation
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2475  Figure 6.2 — Covariate models representations of different glucocorticoid doses and

2476  levels of 17-Hydroxyprogesterone

200 | 200

10 12 14 16 18 0 2 4 6 8 10 12 14 16 18

Age (years) Age (years)

Patient data point
— Model representation of low glucocorticoid dose (8mg/m?/day) with good disease control 170HP 10nmolll
Model representation of high glucocorticoid dose (18mg/m?/day) with poor disease control 170HP 38nmol/l
- - Model representation of low glucocorticoid dose (8mg/m?/day) with poor disease control 170HP 38nmol/l
Model representation of high glucocorticoid dose (18mg/m?day) with good disease control 170HP 10nmol/
Ribbon shading shows 95% confidence interval calculated across 500 bootstrapped replications of the dataset

2477
2478 A = Male Height; B = Female Height; C = Male weight; D = Female weight. E = Male BMI; F = Female BMI. Figures show trajectories of growth for

2479 modelled values contained within Table 6.3. Alternative example values applied to models is found in Appendix Figure $6.05 (180).
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2480  Figure 6.3 — Bootstrapped differences between model representation of patient
2481 with low glucocorticoid dose and consistently good disease control versus patient

2482 with high glucocorticoid dose and consistently poor disease control
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2484
2485 Model trajectories calculated from multivariate models with the following clinically meaningful values: Low glucocorticoid replacement dose

2486 defined as 8mg/m?/day hydrocortisone equivalent, high defined as 18mg/m?/day; Good disease control defined as 17-Hydroxyprogesterone

2487 consistently 10nmol/l, poor disease control defined as 38nmol/I. Differences calculated as a model representation of patients with low dose good
2488 control minus a model representation of patients with high dose and poor control. 95% Confidence interval shading produced by calculating
2489 difference in metrics across 500 bootstrap replications of the data. A: Male height difference, B: female height difference, C: male weight difference

2490 D: female weight difference, E: male BMI difference, F: female BMI difference

2491
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2492

2493

2494

2495

2496
2497
2498
2499
2500

Figure 6.4 — Bone age advancement modelling

Difference in bone age advancement (years)

Bone age advancement (years)

150

o

L o N s

S b &

s A

Original
data

Interpolated
data

150

*B

Original
data

Interpolated
data

Male data = Low GC dose model

High GG dose model

| Female data — Low GC dose model

High GC dose model

Difference between male bone age
—— advancement of modelled low GC

0 2 4 3 8 10

Difference between female bone age
advancement of modelled low GC

dose minus high GC dose dose minus high GC dose
N
2
[ 2 1 6 8 10 12 14 6 18 0 2 4 [ 8 10 12 14 16 18
Age (years) Age (years)

Data available for bone age modelling, displaying parsimonious bone age models with only dose of hydrocortisone equivalent added as a covariate.

A&B: bone age data available, showing proportion of values interpolated between measurements, C&D: Bone age advancement (bone age —

chronological age) in individuals overlaid with model representations of those prescribed low dose hydrocortisone equivalent (8mg/m?/day) versus

those prescribed high dose hydrocortisone equivalent (18mg/m?/day), E&F: Difference between model representations of bone age advancement

in those on high dose subtracted from those on low dose. A,C,E male data and models, B, D, F female data and models
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Chapter 7 — Prototype clinical decision support tool for managing patients

with congenital adrenal hyperplasia

This chapter has been written by Neil Lawrence, with advice from the supervisory team Jeremy Dawson, Zi-Qiang

Lang, Gary Collins, and Nils Krone.

7.01 Background

The International Congenital Adrenal Hyperplasia Registry (I-CAH Registry) is a multicentre collaboration that collates
real-world data from children with Congenital Adrenal Hyperplasia (CAH) for purposes of research. Now part of the
wider International Registries for Rare Conditions Affecting Sex Development and Maturation (SDM registries), the |-
CAH Registry evolved from part of the International Disorders of Sexual Development Registry, developed as part of
the EuroDSD project in 2008 (154, 193). Engagement with SDM registries has increased year on year, the entire

registry platform containing 10,179 patients from 167 centres across 46 countries as of June 2025 (194).

Longitudinal data analysis from the I-CAH Registry has been presented in this thesis to describe trends in blood
pressure (Chapter 5) and growth (Chapter 6) in children with CAH. These have shown significant differences to
normative data, with data on blood pressure showing a tendency towards higher readings at younger ages. Modelling
of height, weight and body mass index (BMI) has shown an earlier adiposity rebound and significantly blunted
pubertal growth spurt. Comparing measurements in patients with CAH to standard normative blood pressure and
growth charts is therefore likely to show a disproportionate amount of measurements outside of what is considered

the normal range.

CAH is a rare condition, affecting approximately 1 in 10,000 to 15,000 people (5). The I-CAH Registry has facilitated the
analysis of one of the largest datasets of patients with this condition to date. However, the real-world nature of the
data that is available does present challenges. Alongside a lack of standardisation of measurement protocols and
laboratory analysis, there exists the simple but common limitation of mistakes in data entry. Data analysed within this
thesis has been pre-processed by liaison with centres about clear data entry errors, a laborious process and one

subject to limitations. Biologically implausible entries are often easy to identify, but more subtle entries are likely to
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go undetected. The process of liaison with participating centres has also highlighted how research contributors are
struggling to find time around clinical commitments to enter data into registries such as the I-CAH Registry.

There is a significant lag between contribution of data to registry research, and presentation of results at academic
meetings or in journal articles (9, 38). The SDM Registry team report a median of 3 years from project approval to
publication. Consent of patients and data entry frequently occurs prior to research study development and approval.
Establishing ways in which research centres can benefit from data entry earlier on in this process is likely to increase
engagement with data entry, and reduce attrition, leading to richer, more powerful data available for longitudinal
analysis. We set out to design a prototype clinical decision support tool for clinicians tailored towards patients with
CAH to help visualise longitudinal measurements and contextualise them against modelling from previous I-CAH

Registry data analysis.

7.02 Methods

Data from the I-CAH Registry was modelled in each sex separately using Lambda-Mu-Sigma for blood pressure as
described and published previously (113). The same modelling technique was applied to height, weight and BMI from
data extracted from the same registry in 2024 as part of the research reported in Chapter 6. Data was fit to a Box-Cox
t-distribution, that estimates the mean (i) and standard deviation (o) as well as the amount of skew (v) and size of the
‘tail’ (t) of the data within the distribution. The model fit is estimated around a penalised B-spline that estimates the
median of the data on the dependent variable, age. The model around the median is estimated such that the shape of
the distribution would reduce to the more commonly known normal distribution when v approaches zero and ©
approaches infinity. Statistical analysis and application development was conducted in R 4.4.1, a language and

environment for statistical computing (56).

The Shiny R library was employed to create a web application with a user interface designed to allow user entry of
longitudinal data from patients with CAH. This was uploaded to the cloud hosting platform shinyapps.io to allow
visualisation of this prototype within a web browser interface. A disclaimer was added to the application to ensure

anyone viewing the application understands that it is a prototype, and should not be used in clinical practice.
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User Interface

A user interface was designed within the Shiny application that separated patient level data from visit level data into a
‘sidebar’ and ‘main panel’ respectively. Within the main panel, the command ‘tabPanel’ was employed to subdivide
the interface into different sections. The dynamic command ‘observeEvent’ was employed to allow the user to add
data from multiple clinical assessment visits. The opportunity to download data as a comma separated values (CSV)
file was incorporated alongside an option to upload previous data from such a file, to ensure users wouldn’t have to
start entering data from point zero every time the application was used. A further option to download a portable
document format (PDF) report was incorporated to demonstrate how clinical decision support could be logged and

saved in other electronic or paper records.

Visualisations

Longitudinal plots were created using the library ‘ggplot2’, overlaying data inserted by the user for each visit onto
previously loaded centile lines developed from LMS modelling. The shiny command ‘observe’ was employed to ensure
plots of growth and blood pressure rendered automatically when new data was inserted by the user into the
application. Combined visualisations showing all longitudinal data entered into the application were shown in a
separate tab named ‘All Visits’, alongside an extra tab that included instructions for application use. Centile lines were

calculated and plotted at 29, 10, 25t, 50, 75t 90t and 98" centiles.

Medication calculations

A tab within each visit was created to allow users to enter up to four different doses of glucocorticoid replacement.
This tab allowed the user to declare the type of glucocorticoid replacement, and employed conversion ratios from the
British National Formulary to equate these to a total daily hydrocortisone equivalent (159). Data from the growth tab
was then used to calculate body surface area by the Mosteller formula (195), to give users a total daily
hydrocortisone equivalent per body surface area to compare directly against the 10-15mg/m?/day recommended in

children by international guidelines (5).
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7.03 Results

Underlying data

Data used to create condition specific LMS models of blood pressure, height, weight and BMI has been described
within Chapter 5 and Chapter 6. The LMS model parameters are shown in Tables 7.1-7.5. The LMS models use the data
to estimate centiles assuming a Box-Cox t-distribution. Due to the complexity of this fit, the parameters themselves
are of limited use, but allow for the mathematical calculation of sample population centiles that aid interpretation

when visualised (Figures 7.1-7.2).

Shiny application user interface

The web application can be accessed via the shiny servers at the following URL:
https://endocrinology.shinyapps.io/cah_data_visualiser/ . The Shiny web interface employs a mixture of web
technologies to render a user-friendly output. This interface automatically accounts for the size of the screen on which
the user is loading the application. The screen loaded on a desktop computer is displayed with annotations in Figure
7.1. Excerpts from an example downloaded report are shown in Figure 7.2. The code underlying this application can

be found at https://github.com/neilxlawrence/cah_data_visualiser .

7.04 Discussion

This chapter presents a user-friendly interface that offers instant visualisation of individual patient data designed to be
applied to children living with CAH, displayed against centiles created from data extracted from the International CAH
Registry. This interactive application shows a prototype of software that could incentivise clinicians to enter data to
the I-CAH Registry, as it allows instant feedback that could help support clinical decisions and visualise results for

families to improve shared decision making.

The I-CAH Registry accepts data entry through a web browser interface. The registry has gone through several
iterations since its inception, both to the user interface and to the underlying database and non-user facing underlying
database. However, no iteration has provided users with any facility to visualise data from patients within their centre,
or to summarise data from patients within the centre to facilitate local audit or quality improvement. The application
presented here shows a more user focussed design of a data entry system tailored towards automated data

visualisation to promote clinical utility alongside research data collection.
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The UK Medicines and Healthcare Regulatory Agency (MHRA) provide guidance on the development of software as a
medical device, as do the United States Food and Drug Administration (FDA) (196, 197). The British standard BS EN
62366 outlines technical considerations for state of the art practice in considering ergonomics within the development
of medical devices (198). However, the increasing use of artificial intelligence is providing new challenges that
regulatory agencies are working hard to keep pace with (199). The prototype application presented here would not be
classified as a medical device in its current form as it is displaying data against previously published research (200).
However, development and incorporation of algorithmic dosing predictions that advise clinicians about management
would cross the threshold into the development of a class lla medical device (53). As CAH is a rare disease effecting
between 1 in 10,000 to 1 in 15,000 people (5), developing software as a medical device to the state of the art would
be unlikely to be economically viable (201). This prototype would be better employed to advocate for incremental
improvements to the existing I-CAH Registry to improve the user experience of clinicians engaged in data entry and

research.

The presentation of research in the scientific literature has evolved, with mainstream journals highlighting important
aspects of research with panels such as ‘What this study adds’, and mandatory reporting of progressive research
aspects such as the involvement of patients and the public in research (202). Graphical and multimedia abstracts are
undoubtedly adding to the diversity of tools available for research communication (203). However, small studies have
shown conflicting findings about how the inclusion of such novel abstracts contribute to citation or Altmetric scores
(204, 205). The incorporation of other outputs including software and datasets within the contributions to knowledge
and understanding of the UK research excellence framework means that there are increasing incentives to consider
how to improve the impact of research beyond a traditional publication (206). However, some report that such
incremental changes do not go far enough to shift researchers to focus on increasing the impact of their research,

rather than just its rate of publication and citation (207).

Machine learning and artificial intelligence methods applied within data analysis and risk prediction are becoming
increasingly sophisticated. Transparent reporting guidance recommends extending articles into supplementary
material to detail the necessary information that would allow reproduction of the research (208). However, this is an
imperfect solution, with others advocating for the removal of arguably arbitrary journal article word limits to prevent

important information being inadequately reviewed when relegated to supplementary material (209). The significant
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lack of reporting of final prediction models in any form shown within the systematic review in Chapter 2 highlights the
importance of the reporting of data in relation to such studies that does not fit into the traditional model of journal
article prose, tables and figures. The current practice of peer review could be advanced to encourage reviewers to
consider whether alternative media should be requested to supplement research. Advocating for more basic web
applications to display data science could encourage readers to interact with research articles in a more meaningful

way.

The presented analysis and application have limitations. The growth centiles are based upon real-world registry data
including a heterogenous collection of individuals with CAH from different countries with varying levels of underlying
disease. As CAH is known to effect growth and blood pressure, visualisation in comparison to centiles created from
individuals, some of whom are likely to have been living with poor disease control, may provide a suboptimal
comparison. This should be weighed against comparing patients with CAH to healthy participant centiles, that would
itself be limited as we have shown differences in blood pressure and growth in patients with CAH within this cohort.
The application is only in prototype form, and has not undergone user testing. There is an absence of any incorporated
safety mechanisms, such as implausible data input detection, which risks data entry error. However, the incorporation
of instantly updating data visualisation does provide the user with visual feedback, that increases the likelihood of
detection of clear outlying data by the user. The current I-CAH Registry platform does not provide this, and thus this
prototype is suitable to present to the SDM Registries project management group and data access committee to

advocate for the incorporation of active data visualisation within the next iteration of I-CAH Registry user interface.

7.05 Conclusion

Real-world registry data and LMS statistical modelling have been used to develop centile lines for blood pressure and
growth in children with CAH. These centile lines have been incorporated into a user-friendly web application that
allows the entry and download of individual patient data, with automated visualisation of measurements against
derived centiles. The application also provides clinically relevant calculations of glucocorticoid replacement conversion
between preparations, and calculation of total daily dose per body surface area. This application is not recommended
for clinical use, but can be used to advocate for improved feedback and data visualisation for clinicians entering data

into the International CAH Registry.
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2667  7.06 Thesis contribution of chapter 7

2668 A prototype clinical decision support tool has been developed and presented in chapter 7 to achieve objective 6. This
2669 has been developed using insights from previous objectives. Figure 1.1 describing the chronology and contribution of
2670 each chapter and objective is reproduced here to contextualise the steps in the research:

2671

2672 7.07 Graphical thesis flow chart

\

Can real world data be Objective 6: Prototype Clinical

employedto develop a N\ decision support tool:
clinical decision support | Objectives: 1 2 3 4 5 >
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2673
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2674 Table 7.1 - LMS model parameters Height

Dependent variable:
Male LMS model parameters Female LMS model parameters
Height (cm)
Parameter Estimate Standard error p-value Estimate Standard error p-value
Intercept () 4.284 0.001 <0.001 4.277 0.001 <0.001
M 0.064 0.000 <0.001 0.063 0.000 <0.001
Intercept (o) -2.946 0.016 <0.001 -3.013 0.019 <0.001
o -0.002 0.002 0.303 -0.001 0.002 0.531
Intercept (v) 0.303 0.326 0.352 0.967 0.389 0.013
v 0.072 0.044 0.101 0.092 0.052 0.079
Intercept (1) 2.965 0.240 <0.001 2.193 0.191 <0.001
T -0.005 0.031 0.867 0.134 0.050 0.007
Number of visits in model 5863 4574
Number of patients in model 350 351

2675 LMS model fit in each sex with dependent variable of height. Mu is the generalised additive model estimate of the median of the dependent variable. Sigma estimates the scale or
2676 spread of the data around the median. Nu estimates the amount of skew of the spread of the data around the median. Tau estimates the kurtosis of the tail of the skew around

2677 the median. These four parameters allow representation of the Box-cox t-distribution, that allows for a more flexible deviation in ‘skewness’ from the normal distribution.
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2678  Table 7.2 — LMS model parameters Weight

Dependent variable:

Male LMS model parameters

Female LMS model parameters

Weight (kg)
Parameter Estimate Standard error p-value Estimate Standard error p-value
Intercept (p) 2.104 0.003 <0.001 2.067 0.004 <0.001
U 0.149 0.001 <0.001 0.146 0.001 <0.001
Intercept (o) -1.890 0.017 <0.001 -2.015 0.019 <0.001
o 0.017 0.002 <0.001 0.046 0.002 <0.001
Intercept (v) -0.194 0.106 0.067 0.206 0.119 0.084
v -0.030 0.013 0.012 -0.060 0.013 <0.001
Intercept (1) 2.240 0.124 <0.001 2.093 0.144 <0.001
T 0.035 0.019 0.068 0.052 0.025 0.036
Number of visits in model 5913 4631
Number of patients in model 351 351

2679
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2680 Table 7.3 — LMS model parameters BMI

Dependent variable:

Male LMS model parameters

Female LMS model parameters

BMI (kg/m?)
Parameter Estimate Standard error p-value Estimate Standard error p-value
Intercept (p) 2.755 0.002 <0.001 2.735 0.003 <0.001
U 0.019 0.000 <0.001 0.020 0.000 <0.001
Intercept (o) -2.391 0.017 <0.001 -2.488 0.020 <0.001
o 0.036 0.002 <0.001 0.068 0.003 <0.001
Intercept (v) -1.269 0.157 <0.001 -0.702 0.173 <0.001
v -0.012 0.017 0.486 -0.028 0.017 0.100
Intercept (1) 2.291 0.162 <0.001 1.581 0.117 <0.001
T 0.074 0.031 0.018 0.142 0.030 <0.001
Number of visits in model 5861 4574
Number of patients in model 350 351

2681
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2682 Table 7.4 — LMS model parameters Systolic Blood Pressure

2683
Dependent variable:
Systolic Blood Pressure Male LMS model parameters Female LMS model parameters
(mmHg)
Parameter Estimate Standard error p-value Estimate Standard error p-value
Intercept () 4.620 0.006 <0.001 4.591 0.006 <0.001
U 0.008 0.001 <0.001 0.009 0.001 <0.001
Intercept (o) -1.797 0.027 <0.001 -1.876 0.031 <0.001
o -0.039 0.004 <0.001 -0.029 0.003 <0.001
Intercept (v) 0.010 0.183 0.957 0.011 0.198 0.956
v -0.023 0.031 0.470 -0.022 0.027 0.407
Intercept (t) 4.620 0.006 <0.001 2.624 0.340 <0.001
T 0.008 0.001 <0.001 0.008 0.040 0.834
Number of visits in model 1556 1652
Number of patients in model 215 244
2684
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2685 Table 7.5 — LMS model parameters Diastolic Blood Pressure

2686
Dependent variable: Diastolic Male LMS model parameters Female LMS model parameters
Blood Pressure (mmHg)
Parameter Estimate Standard error Parameter Estimate Standard error Parameter
Intercept () 4.123 0.007 <0.001 4.099 0.007 <0.001
U 0.006 0.001 <0.001 0.008 0.001 <0.001
Intercept (o) -1.513 0.030 <0.001 -1.656 0.031 <0.001
o -0.043 0.004 <0.001 -0.032 0.003 <0.001
Intercept (v) 0.302 0.157 0.055 0.152 0.169 0.371
v -0.016 0.028 0.573 0.019 0.024 0.425
Intercept (t) 0.506 0.083 <0.001 2.542 0.349 <0.001
T 0.001 0.011 0.915 0.040 0.050 0.424
Number of visits in model 1542 1645
Number of patients in model 215 244
2687
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2688  Figure 7.1 — User interface
2689 User interface of application with annotations describing features. Available at
2690 https://endocrinology.shinyapps.io/cah_data_visualiser/
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2692  Figure 7.2 — Downloadable Report

2693 Each page of an example downloaded pdf report, available from the web application shown in Figure 7.1.
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Chapter 8 — Thesis Summary and Discussion

This final discussion has been written by Neil Lawrence, with advice from the supervisory team Jeremy

Dawson, Zi-Qiang Lang, Gary Collins, and Nils Krone

8.01 Thesis Discussion

This thesis reports the development of a prototype clinical decision support tool for Congenital Adrenal
Hyperplasia (CAH) that highlights the benefits of real time data visualisation and calculation of relative drug
doses relevant to this disease. Incorporation of this tool into the online I-CAH Registry data entry platform
would provide those entering data into the registry with quick feedback that would allow intuitive recognition
of data entry errors as well as longitudinal visualisation of growth and blood pressure trajectories that
clinicians use to inform their clinical decisions. This prototype clinical decision support tool can be found at

(https://endocrinology.shinyapps.io/cah_data_visualiser/).

The thesis began with a systematic review into prediction models relevant to growth in paediatrics or fetal

medicine, to inform the current standard of practice in this domain, hoping to learn from best practice
methods. This review was confined to models published in 2022 to ensure a contemporary representation of
current practices. Unfortunately, this review found a high risk of bias in all of the 241 models assessed (210),
highlighting why so few of such published models translate into clinical practice (81). None of these models
incorporated repeated measures assessments to inform predictions, whereas humans intuitively assess trends
when forecasting (211), and clinicians are advised to do so by national guidance when assessing child growth
(212). The insights from this review helped guide the analysis of data from the I-CAH Registry from individual
patient prediction of disease outcomes, towards using more appropriate multilevel modelling techniques to

provide statistical inferences about the course of CAH throughout childhood.

Chapter 3 reported a national service evaluation investigating management of CAH that helped frame analysis

of data from patients with the condition within the context of the current provision of care across the UK. Data

from 33 hospitals showed reassuringly good satisfaction across patients and families, although the provision of
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education about the disease is highlighted as an area for improvement. This work led to investigation into the
possibility of funding the development of a CAH education course, modelled around the success of the
national dose adjustment for normal eating (DAFNE) course provided with great success to children and young
people with type 1 diabetes (123). However, whilst CAH affects between 1 in 10,000 to 1 in 15,000 individuals,
type 1 diabetes has over ten times the prevalence affecting over 1 in 1,000 (213). The development of a
structured and standardised training course requires significant expertise and investment, and after discussion
with funding bodies and those with expertise in funding calls this proposal was deemed unlikely to be
successful. Instead, this work highlights how much disease education is important to children with chronic
disease, and that health service providers should consider the adequate provision of time with clinicians that
can provide bespoke advice to those with rare chronic disease that is suitable for their age, family
circumstances and disease severity (214). Whilst a powerful sample size containing basic demographic data
from respondents, we must acknowledge the limitations of this service evaluation that failed to achieve any
responses from Wales or Northern Ireland, and only achieved responses as far north as Edinburgh and
Glasgow in Scotland. There was also a lack of data about primary language of respondent, and insufficient
support for non-English speakers to complete the questionnaire. Nonetheless, this survey provided important

contemporaneous context to the analyses in the chapters that followed.

The management of CAH is informed by the measurement of blood biomarkers, most commonly 17-
Hydroxyprogesterone (170HP) and androstenedione (5). The fourth chapter of this thesis outlines an in-depth
analysis of 24-hour profiles of these hormones in adult patients with CAH. As a phase 3 randomised controlled
trial, with standardisation of measurement protocols and laboratory techniques, this data represents the
highest standard of in vivo measurement one can expect. These results highlight that despite such
standardisation, there is a significant amount of inter- and intra- patient variability in the trajectory of these
hormones (Figure 3.1). The level of 170HP and androstenedione measured at the same time correlate
strongly, but the level of these hormones measured within the same patient on the same medication on

different occasions can vary significantly, more so in women than in men (Appendix Figure S4.3). There is a

lack of any correlation between the total dose of glucocorticoid replacement patients are taking and their
levels of disease control, showing significant heterogeneity of disease and heterogeneity of treatment effect

between individuals (Appendix Figure S4.4) (114). We know that in children, this variability also depends on
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age (9, 135). This extensive modelling of the biomarkers within this disease is able to inform clinical
interpretation, but highlights important limitations within the analysis of registry data, where biomarkers are
often measured at different times under different conditions and in different laboratories. This informed the
importance of applying longitudinal multilevel modelling to registry data, that allows inference from the trends
within patients within hospitals, where group level differences can be estimated within the ‘random effects’ of
such models (215). However, analysis of this adult data did show increased variability between female patients
in comparison to male patients (Figure S4.3). One likely cause of this is the fluctuation in steroid levels at
different times in the menstrual cycle, data for which was not collected in this study, and was not analysed in
relation to data from female adolescents in the I-CAH Registry. Clinicians often take this into account when
assessing female patients, thus highlighting the importance of future studies collecting data about the point in

the menstrual cycle when steroid profiles are measured.

Research has previously described high blood pressure in patients with CAH, but not assessed the longitudinal
changes within patients over time (19, 42-45). Chapter five of this thesis describes the analysis of data
extracted from the I-CAH Registry for the purposes of assessing blood pressure within patients with CAH. The
findings of a greater proportion of blood pressure measurements recorded at younger ages in children with
this condition was further quantified by applying Bayesian multiple change point analysis. The application of
LMS modelling across data from the whole cohort was used to describe changes in blood pressure on age, with
10, 50t and 90" centile equivalents extracted in tabular form to provide a disease specific reference for
clinicians (113). This LMS modelling laid the basis for some of the visualisation tools employed within the final
prototype clinical decision support tool. Whilst this analysis did show both high inter- and intra- individual
variability in blood pressure, multivariable analysis showed a statistically significant association of the dose of
fludrocortisone in patients on their blood pressure, when controlling for age, sex, height, weight and dose of
hydrocortisone and salt replacement. This was in contrary to previous work with data from the I-CAH Registry
that concluded that plasma renin measurements are unrelated to fludrocortisone replacement, despite
international guidance recommending the measurement to help inform such mineralocorticoid replacement
(5, 166). This previous work relied upon simple multiple regression not accounting for repeated measures
within patients, leading to over emphasis of a null finding, and highlighting the importance of appropriate

multilevel repeated measures analysis when dealing with such data (26, 166).
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Analysis of a further extraction of data from the I-CAH Registry is described in Chapter 6, focusing on the
growth of children with the condition. This analysis applies the technique of Superimposition by Translation
and Rotation (SITAR), a sophisticated type of non-linear multilevel modelling developed by Professor Tim Cole
CBE, a supportive and engaged member of the PhD advisory panel (50). This analysis highlighted the benefit of
applying SITAR to repeated measures data that follows a non-linear trend, allowing both an average
description of adiposity rebound and pubertal growth spurts across the sample population, but also an
estimate of the between patient variability in such metrics. Despite published advice to the contrary (178),
researchers are still relying upon the LMS method to quantify these inflections in the trajectory of human
growth, including recent work within CAH itself by a group in the United States of America who have published
CAH disease specific growth charts in 2025 (189). The utility of this work is limited by the equations or code for
the published trajectories not being made available, nor being incorporated into an online visualisation tool.
There is also a lack of information within this publication about disease control or level of glucocorticoid
replacement within the patients that contributed data to develop these trajectories (189). These aspects are
important in relation to a disease where we know both disease control and level of glucocorticoid replacement
will affect growth (34), and thus Chapter 6 of this thesis carefully and thoroughly describes these variables in
the sample, to contextualise the growth modelling that has been applied. The application of multivariable non-
linear modelling within this chapter confirms that these metrics do have a statistically significant association
with different trajectories of growth. The code used to conduct the analysis within this thesis is available at
https://github.com/neilxlawrence to allow thorough critique and promote the use of appropriate longitudinal

modelling techniques to other data sets.

An important contrast must be noted in the factor employed to convert dosing of prednisolone to
hydrocortisone throughout this thesis. The analysis in Chapter 4 reviews data from the phase 3 randomised
controlled trial investigating modified-release hydrocortisone, a study that started in 2016 (36). This study
employed a conversion factor of 5x hydrocortisone dose in mg to be equivalent to the dose of prednisolone in
mg. There is some contention about the optimum conversion rate to employ when switching patients between
hydrocortisone dosing and prednisolone dosing, as the drugs have different half-lives, complicating direct

comparison. Some guidance recommends a conversion rate of 5x or greater for prednisolone to
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hydrocortisone daily dosing in adrenal insufficiency (216). To maintain consistency within the modified-release
hydrocortisone analysis, the analysis in chapter 4 employed the conversion factor of 5x. However, a conversion

factor of 4x was employed when assessing data from the I-CAH Registry in chapter 5 and chapter 6 as this is

consistent with the stronger evidence base cited and recommended within the British National Formulary and
Endocrine Society guidelines (159, 217). Whilst the contention between conversion factors is a limitation of
this research, most children within the I-CAH Registry data set were prescribed hydrocortisone only (73% of
visits, Table 5.1). The longitudinal approach to modelling data also protects against bias, assessing differences
in the progression of metrics within patients, and restricting the effect of this limitation to patients that
switched between preparations of steroids, rather than those on a consistent preparation at varying doses
across their visits. Nonetheless, this highlights the ongoing challenge that clinician’s face when converting
patients between different preparations of glucocorticoids, and the value that further research can have to

clarify this contentious topic.

Chapter 7 described the development of a prototype clinical decision support tool, that is used to advocate for
better active data analysis and visualisation within data registry platforms. The coordination of collaborators
within studies analysing data from the I-CAH Registry (9, 218), as well as the national service evaluation (115)
and previous contributions to the CAH-UK study (15, 116) has consistently highlighted the increased workload
and stresses that both clinicians and researchers are experiencing. Professionals are increasingly entering data
into registries in time that is not appropriately compensated, as doing it during busy clinics in between seeing
patients is of no benefit. With active medication calculations and rapid data visualisation that the prototype in
chapter 7 provides, clinicians can be provided with helpful insight into data that has the potential to make
their clinical practice easier. The incorporation of such a tool into future iterations of the registry platform for
SDM registries has the potential to make data entry a useful endeavour, rather than simply a demand on
clinical researchers’ time that takes many years to come to fruition as an objective research output. Future
work would require investment in the assessment of the ergonomics of such a tool, as well as robust data
governance procedures to be followed (52, 59). The prototype shown here should not be used in clinical
practice, but can be used to advocate for improvement in data entry platforms to encourage engagement that

can lead to larger datasets that can facilitate increasingly sophisticated multivariable analysis in the future.
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Categorisation of classic CAH into sub types of ‘salt wasting’ and ‘simple virilising’ has traditionally been used
to help distinguish between phenotypes of disease, and is discussed in international clinical guidelines (5).
However, there is only a weak genotype-phenotype correlation with these categorisations (219). This leads to
some researchers defining patients as salt wasting if they are ever treated with either salt replacement or
mineralocorticoid replacement (42). Such categorisations can result in circular logic: Patients with salt wasting
CAH require salt replacement, and patients are defined as salt wasting CAH if they require salt replacement.
This has led many experts in CAH to advocate for an appreciation of a spectrum of salt wasting within the
disease, rather than a strict dichotomisation (134). The analysis and modelling presented in this thesis has
assessed the associations of dose of glucocorticoid, mineralocorticoid and salt replacement along a continuum,
employing appropriate repeated measures techniques and covariable regression modelling to account for a
spectrum of salt wasting across a heterogenous population. Nonetheless, the lack of data on underlying
genetic mutations within the data presented in this thesis is certainly a limitation of the work. This highlights
that genetic mutation data in CAH warrants further investigation in the context of clinical outcomes, and
increasing the availability of these data within the I-CAH Registry will facilitate more detailed insights in the

future (220).

The analysis within this thesis has provided novel insights into CAH that can inform clinicians managing
patients with the condition, and direct future research to help improve management in the future. The
national service evaluation provides a large contemporary snapshot of patient and clinician opinions that can
be used to advocate for improvements in local practice to ensure patients are appropriately educated about a
disease that, in cases of adrenal crisis, requires emergency management (115). The variability in biomarker
measurements within patients on the same dose and preparation of replacement at different controlled visits
highlights the limitations that clinicians must appreciate when interpreting these biomarkers. The strong
correlation with salivary measures adds weight to the appropriate application of saliva monitoring instead of
serum monitoring of biomarkers in children, a preference highlighted strongly within the patient and public
involvement carried out to inform this research (Chapter 1) (114). Blood pressure measurements provide
inherently noisy data due to large variability within patients, but the large cohort analysed in Chapter 4 and
appropriate handling of covariates shows that dose of fludrocortisone does affect blood pressure, and the

measurement of renin can predict blood pressure in such data sets. This contributes towards appreciating that
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these metrics, whilst imperfect, do have value when measured in clinical practice, provided clinicians
understand their limitations (113). The application of appropriate non-linear analysis in Chapter 6 has shown a
large interindividual variability in the pubertal growth spurt in CAH and the timing of adiposity rebound, and
that these measurements vary between patients dependent upon dose and disease control. This highlights
that future research into growth trajectories in this disease is warranted, to understand optimum early years
management strategies that are imprecisely defined within international guidance (5). Future research should
utilise recommended repeated measurements and non-linear modelling with covariate adjustment to

maximise insights (26).
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8.02 Extent to which thesis meets aims and objectives

In summary, the thesis has addressed all the aims and objectives described in chapter 1 in the following ways:

8.02.01 Objective 1: Systematic Review into models predicting height and weight in fetus’

and children

Thesis contribution: A systematic review has been completed and published in Diagnostic and Prognostic
Research, showing the high risk of bias in models recently developed and validated to predict height and

weight.

8.02.02 Objective 2: Patient and Public Involvement: Service evaluation into the provision of

care of children with CAH in the UK

Thesis contribution: A national service evaluation has been completed and published in Hormone Research in
Paediatrics, showing care of children with CAH in the UK is considered favourable by families and clinicians, but

improvements can be made in education about the disease.

8.02.03 Objective 3: Analysis of data from a phase 3 clinical trial into the use of modified-

release hydrocortisone in adults with CAH

Thesis contribution: A comprehensive analysis of the largest dataset of steroid profiles from patients with CAH
has been completed and published in eBiomedicine, quantifying the similarity in profiles of 17-

Hydroxyprogesterone and androstenedione.

8.02.04 Objective 4: Analysis of blood pressure data from the I-CAH Registry

Thesis contribution: Longitudinal analysis of from 554 patients with CAH has been completed and published in
European Journal of Endocrinology, showing only a small effect size of dose of replacement fludrocortisone on

blood pressure.

Neil Lawrence PhD Thesis; Page 138



2902

2903

2904

2905

2906

2907

2908

2909

2910

2911

2912

2913

2914

2915

2916

2917

2918

2919

2920

2921

2922

2923

2924

2925

2926

2927

2928

8.02.05 Objective 5: Analysis of growth data from the I-CAH Registry

Thesis contribution: Non-linear spline modelling on data from 573 patients with CAH has been completed and
accepted for publication in European Journal of Endocrinology (112). This has quantified an early average and

large between patient variability in both adiposity rebound and peak height velocity.

8.02.06 Objective 6: Development of a prototype clinical decision support tool to increase

utility of data entry into the I-CAH Registry

Thesis contribution: The prototype clinical decision support tool can be accessed
https://endocrinology.shinyapps.io/cah_data_visualiser/ . This clinical decision support tool is an illustrative
prototype that should not be used in clinical practice, but can be used to advocate for informative data

visualisation to be incorporated into the data entry platform of the I-CAH Registry.

8.03 Practical implications of this research

This thesis has used statistical modelling to describe longitudinal variations and relationships between
variables frequently used to inform clinical decisions about children with CAH. Equipping clinicians with more
information about the magnitude and variability of the key metrics of this disease can help them contextualise
clinical findings amongst those with a similar condition. However, one must be careful in-overinterpreting
relationships within observational data, and should use insights to inform the design of robust clinical trials

randomised to reduce the risk of selection bias.

The most relevant practical implications for clinicians and researchers derived from each objective are

highlighted below:

8.03.01 Objective 1: Systematic Review into models predicting height and weight in fetus’
and children

Practical implication: Prediction models require thorough assessment for bias prior to implementation in

clinical practice. Clinicians and researchers should assess prediction models using systematic methods of bias
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assessment such as PROBAST-AI. Prediction of growth in clinical practice is best carried out using traditional
growth charts and simple formulae recommended by national and international bodies such as the Royal

College of Paediatrics and Child Health and the Royal College of Obstetrics and Gynaecologists (70, 85).

8.03.02 Objective 2: Patient and Public Involvement: Service evaluation into the provision of
care of children with CAH in the UK

Practical implication: Patients and families living with CAH would appreciate more education about their
disease. Whilst challenging for a rare disease within a health system that is increasingly overburdened, further

investment in research or novel methods of service delivery for education is worthy of consideration.

8.03.03 Objective 3: Analysis of data from a phase 3 clinical trial into the use of modified-

release hydrocortisone in adults with CAH

Practical implication: Clinicians can use this analysis to help appreciate the difference in proportionality
between 17-Hydroxyprogesterone and androstenedione in CAH to help their interpretation of these
biomarkers, guided by thresholds outlined in this publication. This work also provides extra evidence to help

advocate for the funding of modified release hydrocortisone to treat patients with CAH.

8.03.04 Obijective 4: Analysis of blood pressure data from the I-CAH Registry

Practical implication: This longitudinal assessment helps focus future research into the assessment of blood
pressure at early ages in CAH, and the importance of developing robust studies with hard outcome measures
to help understand whether these higher readings seen at younger ages are having any detrimental health
effects. In the meantime, this research should reassure clinicians that appropriate mineralocorticoid
replacement in this condition will not necessarily put patients at risk of hypertension, and that renin does have

value in monitoring the response to this treatment.
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8.03.05 Objective 5: Analysis of growth data from the I-CAH Registry

Practical implication: This non-linear modelling has confirmed an early adiposity rebound and blunted pubertal
growth spurt in CAH, but also quantified large variability around these metrics. This highlights the importance
of assessing these metrics in relation to future clinical studies comparing early years treatment strategies, and
highlights to clinicians the worth of monitoring these metrics within patients to highlight those where

treatment or nutrition may be better optimised.

8.03.06 Objective 6: Development of a prototype clinical decision support tool to increase

utility of data entry into the I-CAH Registry

Practical implication: The I-CAH and wider SDM registries have contributed widely to insights into rare
conditions through a wide range of scientific publications (194). This clinical decision support tool helps to
highlight how the significant time gap between registry data entry and output from scientific publications
could be bridged by incorporating an active visualisation clinical decision support tool into the registry

platform.
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8.04 Thesis Conclusion

Longitudinal multilevel modelling has been applied throughout this thesis to describe and generate robust
inferences from repeated measures data of patients with a rare disease. There is an increasing trend for
researchers to favour complex machine learning algorithms, but challenges in their explainability and
assessment persist, with clinicians becoming increasingly detached from methodology (210). This thesis
describes complicated methods, but techniques that are more easily understood by clinicians and patients
than their ‘black-box’ machine learning alternatives. Longitudinal multilevel modelling harvests the maximum
power from data collected from patients at different time points, allowing for appropriate description that can
help inform clinical practice. The prototype clinical decision support tool shows how data visualisation and
automated calculations of clinical relevance could be incorporated into registry data entry platforms, to make
the process of contribution more attractive and useful for frontline clinicians. Future work with the I-CAH
Registry to integrate this approach into the SDM Registries web interface has the potential to increase

engagement with registry research in the future.
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9.01 List of abbreviations

11KT 11-ketotestosterone

110HA4 11-Hydroxyandrostenedione

170HP 17-Hydroxyprogesterone

21-OHD 21-hydroxylase deficiency

ACTH Adrenocorticotropic hormone

AUC Area under the curve

Al Artificial Intelligence

BIC Bayesian information criterion

BP Blood pressure

CAH Congenital Adrenal Hyperplasia

Csv Comma separated values

CYP Children and young people

DHEA Dehydroepiandrosterone

DHT Dihydrotestosterone

DAFNE Dose adjustment for normal eating

FDA Food and Drug Administration

I-CAH International Congenital Adrenal Hyperplasia Registry

Registry

LMS Lambda-Mu-Sigma

LC-MS/MS | Liquid chromatography-tandem mass spectrometry

MRHC Modified-release hydrocortisone

MHRA Medicines and Healthcare Regulatory Agency

NHLBI National Heart, Lung, and Blood Institute

NIHR National Institute of Health and Care Research

PDF Portable document format

PRA Plasma renin activity

PRISMA Preferred Reporting Items for Systematic reviews and Meta-Analyses
PROBAST | Prediction model Risk Of Bias ASsessment Tool

Ql Quartile 1

Q3 Quartile 3

SDS Standard deviation score

SDM International Registries for Rare Conditions Affecting Sex Development and
registries Maturation

SITAR Superlmposition by Translation And Rotation

TRIPOD- Transparent reporting of multivariable prediction models for individual
SRMA prognosis or diagnosis: checklist for systematic reviews and meta-analyses
UK United Kingdom

USA United States of America

WHO World Health Organisation
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A2 Supplementary material for Chapter 2
Table S2.1 — Search terms used
Searched via EMBASE and MEDLINE via OVID on 27/4/2023.
S$2.1.1 Machine learning or modelling terms:
1 | Machine Learning/
2 | (machine adj1 (learn$ or model$)).ti,ab,kw.
3 | Deep Learning/
4 | (deep adj2 learn$).ti,ab,kw.
5 | exp Supervised Machine Learning/
6 | (supervised adj2 machine adj2 learn$).ti,ab,kw.
7 | ((support or relevance) adj2 vector adj2 (machine$ or classification$)).ti,ab,kw.
8 | "Neural Networks (Computer)"/
9 | (neural adj2 networksS).ti,ab,kw.
10 | ((statistical or "statistical-learning") adj1 (learn$ or strateg$)).ti,ab,kw.
11 | (multi adj2 layer adj1 perceptron$).ti,ab,kw.
12 | (random adj2 forest$).ti,ab,kw.
13 | "RF classifiS".ti,ab,kw.
14 | (lasso or ridge or kernel or ensemble or bagging or bagged or bootstrap$ or boosting or boosted or
fuzzy).ti,ab, kw.
15 | ((penali?ed or regulari?ed) adj2 ('likelihood' or 'regression' or 'logistic' or 'survival' or 'estimat$' or 'function$'
or 'method$' or 'least' or 'ensemble')).ti,ab,kw.
16 | ((classification or regression or estimation or decision) adj2 tree$).ti,ab,kw.
17 | (bayesS adjl networkS).ti,ab,kw.
18 | (nearest adjl neighbo?r).ti,ab,kw.
19 | (k-nearest adjl neighbo?r).ti,ab,kw.
20 | (elastic adj1 net).ti,ab,kw.
21 | (naive adjl bayesS).ti,ab,kw.
22 | ((nonparametric or "non-parametric") adj2 (model$ or analys$)).ti,ab,kw
23 | (KNN or ANN or ANNs or RNN or RF or SVM or NB or CART or DT or MLP).ti,ab,kw.
24 | Logistic Models/
25 | (logistic adj4 (modelS or regression)).ti,ab,kw.
26 | Linear Models/
27 | (linear adj2 (model$ or regression)).ti,ab,kw.
28 | (proportion$ adj2 odds adj2 regression).ti,ab,kw.
29 | Least-Squares Analysis/
30 | (least adj2 square$).ti,ab,kw.
31 | Survival Analysis/
32 | (survival adj1 (analysS or model$)).ti,ab,kw.
33 | Proportional Hazards Models/
34 | (proportional adj1 hazard$).ti,ab,kw.
35 | ((cox or parametric) adjl (regression or model$)).ti,ab,kw.
36 | (semi adj2 parametric adj1 (regression or model$)).ti,ab,kw.
37 | Disease-Free Survival/
38 | Progression-Free Survival/
39 | ((disease or progression or event) adj2 free adjl1 survival).ti,ab,kw.
40 | (overall adj1 survival).ti,ab,kw.
41 | formula$.ti,ab,kw.
42 | equation$.ti,ab,kw.
43 | "curve matching".ti,ab,kw.
44 | "interpolation methodS".ti,ab,kw.
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S2.1.2 Performance terms:

45 | Prognosis/

46 | (prognosS adjl (modelling or modeling or model or models or predict$ or index or performance or
nomogram or tools or ability or accuracy or probability or risk or factor$ or marker$S or
biomarker$)).ti,ab,kw.

47 | "risk modelS".ti,ab,kw.

48 | "predict$ the prognosis of".ti,ab,kw.

49 | "predict$ the risk of".ti,ab,kw.

50 | "predict$ the probability of".ti,ab,kw.

51 | Probability/

52 | (probability adjl (modelling or modeling or model or models)).ti,ab,kw.

53 | predictS adj3 (modelling or modeling or model or models or nomogram or tools or performance or ability or
index or accuracy or probability or risk or factor$ or markerS or biomarkerS).ti,ab,kw.

54 | "candidate predictor$".ti,ab,kw.

55 | "predictive clinical parameter$".ti,ab,kw.

56 | ((discrimination or discriminative or discriminatory) adjl (accuracy or ability or performance or value or
model or models or power or capacity or capabilit$ or efficiency)).ti,ab,kw.

57 | (discriminability or c-index or c-statistic or concordance or DCA).ti,ab,kw.

58 | "decision curve".ti,ab,kw.

59 | (calibratS adj1 (plotS or curve$ or slope$S or model or models)).ti,ab,kw.

60 | (brier adj1 score$).ti,ab,kw.

61 | (performance adjl (classification or classifier or clinical or accuracy or validation or metrics or diagnostic or
AUCQ)).ti,ab,kw.

62 | (sensitivity or specificity or PPV or NPV).ti,ab,kw.

63 | "correctly classified".ti,ab,kw.

64 | "clinical accuracy".ti,ab,kw.

65 | "positive predictive valueS$".ti,ab,kw.

66 | "negative predictive value$".ti,ab,kw.

67 | (classification or classifier).ti,ab,kw.

68 | Area Under Curve/

69 | "Area under the curve".ti,ab,kw.

70 | "Area under the ROC curve".ti,ab,kw.

71 | "Area under the ROC".ti,ab,kw.

72 | "Area Under the Receiver Operat$ Characteristic$".ti,ab,kw.

73 | ROC Curve/

74 | "receiver operating characteristicS".ti,ab,kw.

75 | (ROC or AUC or AURQC).ti,ab,kw.

76 | "Hosmer-Lemeshow".ti,ab,kw.

77 | "H-L test".ti,ab,kw.

78 | "expected ratio".ti,ab,kw.

79 | "observed ratio".ti,ab,kw.

80 | "E:O ratio".ti,ab,kw.

81 | r?squared.ti,ab,kw.

82 | MSES.ti,ab,kw.

83 | Correlation.ti,ab,kw.

84 | risk accumulationS.ti,ab,kw.

85 | "root mean square$ error".ti,ab,kw.

86 | "root mean square$ percentage error".ti,ab,kw.

87 | RMSES.ti,ab,kw.

88 | explained variaS.ti,ab,kw.

89 | error.ti,ab,kw.

90 | ("F?score" or "F score" or "F1 score" or "F2 score" or "F-1 score" or "F-2 score").ti,kw,ab.

91 | ("F?measure" or "f measure" or "f1 measure" or "f2 measure" or "f?1 measure" or "f?2 measure").ti,kw,ab.
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3816

3817

3818

3819

3820

92 | r?2.ti,ab,kw.
93 | recall.ti,ab,kw.
94 | precision.ti,ab,kw.
95 | accuracy.ti,ab,kw.
96 | "detection rate".ti,ab,kw
97 | "false positive rate".ti,ab,kw
98 | "hamming loss".ti,ab,kw.
99 | "jaccard score".ti,ab,kw.
100 | "jaccard index".ti,ab,kw.
101 | "youden score".ti,ab,kw.
102 | "youden index".ti,ab,kw.
S2.1.3 Growth terms
103 | growthS.ti,ab,kw.
104 | heightS.ti,ab,kw.
105 | weightS.ti,ab,kw.
106 | fatS.ti,ab,kw.
107 | obesS.ti,ab,kw
108 | macrosomsS.ti,ab,kw.
109 | stuntS.ti,ab,kw.
110 | statureS.ti,ab,kw.
111 | "failure to thrive".ti,ab,kw.
S2.1.4 Patient demographic terms
112 | (adolescens$ or child$ or infanS or neonat$ or neo-nat$ or born$ or paediatricS or peadiatricS or pediatricS
or perinat$ or fetus$ or foetus$ or fetal$ or foetalS).ti,ab,kw.
113 | adolescent/ or child/ or infant/ or fetus/
S2.1.5 Combination of terms
114 | Or/1-43 Machine learning or modelling terms
115 | Or/44-92 Performance terms
116 | Or/93-99 Growth terms
117 | Or/100-101 Adolescent, Infant, Child or fetus terms
118 | And/102-105 Systematic Review Collection of terms
119 | | . : Time restriction
limit 118 to yr="2022"
120 | . . ) Journal article and language restriction
limit 119 to (english)
121 . Final titles and abstracts to screen
Deduplicate 120
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Table S2.2 — PROBAST domains and signalling questions

Screening questions used to inform domain ratings (54, 83)

PROBAST domain and signalling questions

Notes

Domain 1: PARTICIPANTS

1.1 Were appropriate data sources used, e.g., cohort, randomized
controlled trial, or nested case—control study data?

1.2 Were all inclusions and exclusions of participants appropriate?

Domain 2: PREDICTORS

2.1 Were predictors defined and assessed in a similar way for all
participants?

2.2 Were predictor assessments made without knowledge of
outcome data?

2.3 Are all predictors available at the time the model is intended to
be used?

Domain 3: OUTCOMES

3.1 Was the outcome determined appropriately?

3.2 Was a prespecified or standard outcome definition used?

3.3 Were predictors excluded from the outcome definition?

3.4 Was the outcome defined and determined in a similar way for all
participants?

3.5 Was the outcome determined without knowledge of predictor
information?

3.6 Was the time interval between predictor assessment and
outcome determination appropriate?

Domain 4: ANALYSIS

4.1 Were there a reasonable number of participants with the
outcome?

4.2 Were continuous and categorical predictors handled
appropriately?

4.3 Were all enrolled participants included in the analysis?

4.4 Were participants with missing data handled appropriately?

4.5 Was selection of predictors based on univariable analysis
avoided?

4.6 Were complexities in the data (e.g., censoring, competing risks,
sampling of control participants) accounted for appropriately?

Not applicable to assessment
of model validation

4.7 Were relevant model performance measures evaluated
appropriately?

4.8 Were model overfitting and optimism in model performance
accounted for?

Not applicable to assessment
of model validation

4.9 Do predictors and their assigned weights in the final model
correspond to the results from the reported multivariable analysis?

Not applicable to assessment
of model validation
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Table S2.3 — Study specific guidance for PROBAST ratings

Domain 1: Participants

1.1 Were appropriate data sources used, e.g. cohort, RCT or nested case-
control study?

Factors decreasing risk of bias (Y/PY)

e prospective longitudinal cohorts (RCT or proper registry) with consistent methods for
participant inclusion and exclusion — predefined predictors and outcome
determination

e case control/cohort studies are low risk of bias if the original cohort/registry outcome
frequency is adjusted for. Look for ‘reweighting’ or ‘inverse sampling fraction’ of the
outcome.

Factors increasing risk of bias (N/PN)

e existing cohorts with potentially inconsistent participant inclusion/exclusion criteria —
data collected for other purposes than developing and validating a prediction model
(if a protocol is given this may reduce the risk of bias)

e RCTs have narrower eligibility for participants, they also need to ensure treatment is
included as a predictor, if not this is high risk of bias

e ill-defined case-control/cohort studies are at high risk of bias

e non-nested case-control design

Notes:

Studies using questionnaire data are not necessarily at high risk of bias and are considered
on a case by case basis. If the population is appropriately representative or weighted to
make itself representative of the population in which it could be employed their use can be
justified.

1.2 Were all inclusions and exclusions of participants appropriate?

Factors decreasing risk of bias (Y/PY)
e inclusion/exclusion appropriate to get representative sample of target population
e participants correspond to unselected participants of interest

Factors increasing risk of bias (N/PN)

e inappropriate inclusion/exclusion of participants e.g., subgroups of populations that
are not representative of the target population

e includes participants who have already had the outcome e.g., including pre-operative
transfusion patient when predicting intra- or post-operative transfusion or if the blood
transfusion outcome is a self-reported outcome measure

Notes:

Inclusion and exclusion criteria should not include any attribute that is retrospectively
applied, and cannot be known at the time of entry into the study (e.g. excluding babies
born prematurely). Where studies exclude patients on the basis of missing data, this is
considered within the analysis rating, not the domain of participants.

Neil Lawrence PhD Thesis; Page 174



Domain 2: Predictors

2.1 Were predictors defined and assessed in a similar way for all
participants?

Factors decreasing risk of bias (Y/PY)
e predictors defined and assessed in the same way
e definitions of predictors and their assessment were similar for all participants

Factors increasing risk of bias (N/PN)

e predictors not defined and assessed in the same way

e predictors involving subjective judgement/assessment or skilled training, relying on
the ability of the assessor

e data from multiple sources likely to have used different definitions

Notes:

Where birth weight is defined without reference to precise equipment, this is not

considered a high risk of bias due to the simplicity of the measurement, provided it was

conducted in hospital

2.2 Were predictor assessments made without knowledge of outcome
data?

Factors decreasing risk of bias (Y/PY)

e outcome information was stated as not used during predictor assessment or was
clearly not (yet) available to those assessing predictors

e blinding of the outcome

Factors increasing risk of bias (N/PN)
e clear that outcome information was used when assessing predictors
e retrospectively recorded predictors

Notes:

Whilst blinding is to be considered, cases that do not specifically report blinding of the
outcome can be considered on a chronological basis (e.g. ultrasonographic fetal
measurements will be made at time of scan, and can be rated as PY, as birth weight
cannot be known at the time)

2.3 Are all predictors available at the time the model is intended to be
used?

Factors decreasing risk of bias (Y/PY)

e for development studies, the model can be used in the real world and predictors are
available in clinical settings

e included predictors would be available at the time the model is intended to be used
for prediction (e.g., if values from umbilical cord blood is used to predict the baby’s
weight, this would not be useful in clinical practice because umbilical cord blood is
only taken after the baby is born)

Factors increasing risk of bias (N/PN)
e for validation studies, predictor data needed for the model is missing from the
validation dataset

Neil Lawrence PhD Thesis; Page 175



e predictors would not be available at the time the model is intended to be used for
prediction

Domain 3: Outcome

3.1 Was the outcome determined appropriately?

Factors decreasing risk of bias (Y/PY)
e method of outcome determination has been used which is considered optimal or
acceptable by guidelines or previous publications on the topic

Factors increasing risk of bias (N/PN)
e aclearly suboptimal method has been used that causes unacceptable errorin
determining outcome status in participants

Notes:

Where birth weight is defined without reference to precise equipment, this is not
considered a high risk of bias due to the simplicity of the measurement, provided it was
conducted in hospital

3.2 Was a prespecified or standard outcome definition used?

Factors decreasing risk of bias (Y/PY)

e pre-specified/standard objective outcome

e substantiated from clinical guidelines/previous studies/available protocol
e prespecified categories are used to group outcomes

Factors increasing risk of bias (N/PN)

e composite outcomes

e uses atypical thresholds, or creates multiple thresholds on continuous outcome
e outcomes created from the same dataset (e.g. via cluster analysis)

3.3 Were predictors excluded from the outcome definition?

Factors decreasing risk of bias (Y/PY)
e outcome determined without any predictor information

Factors increasing risk of bias (Y/PY)
e >1 of the predictors forms part of the outcome definition

Notes:

Using previous height or weight to predict future height or weight is sensible and not
considered as the same predictor information. However, if current height or weight is used
within the creation of another metric (e.g. height or weight trajectory) that is then used as
a predictor, the model is at a high risk of bias
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3.4 Was the outcome defined and determined in a similar way for all
participants?

Factors decreasing risk of bias (Y/PY)
e outcomes were defined and determined in a similar way for all participants

Factors increasing risk of bias (N/PN)
e data collected for non-research purposes e.g., routinely collected data from registries

Notes:

Where birth weight is defined without reference to precise equipment, this is not
considered a high risk of bias due to the simplicity of the measurement, provided it was
conducted in hospital

3.5 Was the outcome determined without knowledge of predictor
information?

Factors decreasing risk of bias (Y/PY)

e predictor information was not known when determining the outcome status

e outcome status determination is clearly reported as determined without knowledge
of predictor information

Factors increasing risk of bias (N/PN)

e predictor information was used when determining the outcome status

e outcomes were clearly defined and determined in a different way for some
participants

e outcomes requiring interpretation

e predictor information would be available at time of outcome determination (consider
the potential consequences)

Notes:

Due to the objective nature of measuring height and weight, it is important to consider the
context of the data collection prior to rating a model at high risk of bias due to a lack of
information or failure to blind those measuring the outcome to predictor information

3.6 Was the time interval between predictor assessment and outcome
determination appropriate?

Factors decreasing risk of bias (Y/PY)
e time interval between predictor assessment and outcome determination was
appropriate to enable suitable assessment of the predictive accuracy

Factors increasing risk of bias (N/PN)
e time between predictor assessment and outcome determination is too long/too short
to enable suitable assessment of the predictive accuracy

Notes:

Metrics reported from models developed or applied to changes in height or weight very
soon after predictor assessment are likely to show inflated accuracy. This must be
considered in the clinical context of when the prediction model is designed to be applied.
For instance, a third trimester ultrasound to predict birthweight may be conducted late in
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pregnancy close to when birthweight is attained. However, if the model is designed to be
employed to inform about the decision to proceed to caesarean section, then this has valid
clinical utility to be applied at that point in pregnancy, and is therefore not necessarily at
risk of bias.

Domain 4: Analysis

4.1 Were there a reasonable number of participants with the outcome?

Factors decreasing risk of bias (Y/PY)

e for model development studies, if the outcome is categorical within the model, the
number of participants with the outcome relative to the number of candidate
predictor parameters is 220 (events per variable >20)*. If the outcome is continuous,
consider a number of participants >100 as a minimum

e for model validation studies, if the number of participants with the outcome is 2100,
or participants>100 for continuous outcomes

Factors increasing risk of bias (N/PN)

e for model development studies, if the number of participants with the outcome
relative to the number of candidate predictor parameters is <10)* , or number of
participants <100 for a continuous outcome

e for model validation studies, if the number of participants with the outcome is <100,
or participants<100 for continuous outcomes

Notes:

*For events per variable between 10 and 20, the item should be rated as either probably

yes or probably no, depending on the outcome frequency, overall model performance, and

distribution of the predictors in the model

Consider the number of degrees of freedom used by categorical predictors. For instance, if

a predictor is ethnicity that contains 3 categories of ‘white’, ‘black’ and ‘other’, this will

use 2 degrees of freedom and require the estimation of 2 candidate predictor parameters.

Extra parameters are estimated if there are extra terms added to assess non-linearity (e.g.

quadratic terms used two degrees of freedom to estimate Bx + 6x%).

Consider what parameter the model is estimating prior to considering events per variable.

If the model itself is predicting a continuous outcome, but internal validation assesses

those outcomes against a standardised dichotomous threshold, the model sample size

should be considered against the continuous variable that it is assessing, not the number
of categorical results above the threshold. However, if there are few results over or under

a clinically significant threshold, this must be considered within domain 1 as a potential

risk of bias due to a bias sample.

4.2 Were continuous and categorical handled appropriately?

Factors decreasing risk of bias (Y/PY)

e continuous kept as continuous predictors

e continuous predictors examined for nonlinearity — look for ‘fractional polynomials’ or
‘restricted cubic splines’

Factors increasing risk of bias (N/PN)
e continuous predictors are dichotomised

Neil Lawrence PhD Thesis; Page 178



e continuous predictors are categorised, especially using widely accepted clinical cut-
offs, data driven cut-offs increase the risk of bias
e forvalidation studies, predictors are collected using different formats

4.3 Were enrolled participants included in the analysis?

Factors decreasing risk of bias (Y/PY)
e all participants enrolled in the study are included in the data analysis, or a low number
are excluded

Factors increasing risk of bias (N/PN)
e some or a subgroup of participants are inappropriately excluded from the analysis,
including participants with ‘unclear’ findings, missing data, or outliers

4.4 Were participants with missing data handled appropriately?

Factors decreasing risk of bias (Y/PY)

e no missing values of predictors or outcomes and the study explicitly reports that
participants are not excluded based on missing data

e missing values are handled using multiple imputation

e comparing results with and without missing data

Factors increasing risk of bias (N/PN)

e missing data are omitted from the analysis

e method of handling missing data is clearly flawed, e.g., missing indicator method or
inappropriate use of last value carried forward

e study had no explicit mention of methods to handle missing data

Notes:
If missing data information not reported then assume complete case analysis was
conducted

4.5 Was selection of predictors based on univariable analysis avoided?

Factors decreasing risk of bias (Y/PY)

e predictors are not selected based on univariable analysis prior to multivariable
modelling

e predictors selected on existing knowledge, they are reliable, consistent, applicable,
available, and credible

e credible/a-priori predictors are forced into the model

Factors increasing risk of bias (N/PN)
e predictors are selected based on univariable analysis prior to multivariable modelling

Notes:
This question applies for development studies only
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4.6 Were complexities in the data (e.g., censoring, competing risks,
sampling of control participants) accounted appropriately?

Factors decreasing risk of bias (Y/PY)

e complexities in the data are accounted for appropriately

e clear that any potential data complexities have been identified appropriately as
unimportant

e multilevel or random effects models for multiple outcome measures

Factors increasing risk of bias (N/PN)
e complexities in the data that could affect model performance are ignored

Notes:

For a complexity in the data to apply, the criticism must not have already been considered
in any of the other screening questions. If a dataset has no complexities that aren’t
considered elsewhere, then this should be marked as ‘Y’ rather than ‘NI’

4.7 Were relevant model performance measures evaluated appropriately?

Factors decreasing risk of bias (Y/PY)
e both calibration and discrimination™ are evaluated appropriately (including relevant
measures tailored for models predicting survival outcomes).

Factors increasing risk of bias (N/PN)

e both calibration and discrimination are not evaluated

e only goodness-of-fit tests, such as the Hosmer—Lemeshow test, are used to evaluate
calibration

o if classification measures (like sensitivity, specificity, or predictive values) were
presented using predicted probability thresholds derived from the data set at
hand/non-clinical cut-offs

Notes:

If model is predicting a continuous outcome without a clinically significant threshold
associated with it, it may be appropriate to only have assessed calibration. However, if
predicting a continuous outcome in relation to a threshold that would change a clinical
decision, discrimination around that threshold should be assessed

4.8 Was model overfitting, underfitting, and optimism in model
performance accounted for?

Factors decreasing risk of bias (Y/PY)

e internal validation techniques, such as bootstrapping and cross-validation including all
model development procedures, have been used to account for any optimism in
model fitting, and subsequent adjustment of the model performance estimates have
been applied

Factors increasing risk of bias (N/PN)

e no internal validation has been performed, or if internal validation consists only of a
single random split-sample of participant data

e bootstrapping or cross-validation did not include all model development procedures
including any variable selection
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Notes:
This question applies for development studies only

4.9 Do predictors and their assigned weights in the final model correspond
to the results from the reported multivariable analysis?

Factors decreasing risk of bias (Y/PY)
e predictors and regression coefficients in the final model correspond to reported
results from multivariable analysis

Factors increasing risk of bias (N/PN)
e predictors and regression coefficients in the final model do not correspond to
reported results from multivariable analysis

Notes:

If final model is not presented, or model code is not available via supplementary material,
then rate as NI. If model is presented once, then one can assume there is no conflicting
model parameters. High risk of bias is considered when there is conflicting model
information presented in different places within the paper or supplementary material.

Link to data collection proforma:

https://tinyurl.com/3aazxyen
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Table S2.4 — List of all included studies

Study code to correlate to Figure S2.4, model types rated, and total number of models assessed within each study

placental volume: prospective cohort study
(235)

Stud No. of
Title of study y Type of Study models
code
rated
Development and validation of a nomogram to
predict _poor short term response to A0O3 Development )
recombinant human growth hormone treatment
in children with growth disorders (221)
Interpretable machine learning to identify
important predictors of birth weight: A A004 Development 8
prospective cohort study (222)
Curve matching to predict growth in patients
receiving growth hormone therapy: An A005 Development 1
interpretable & explainable method (223)
Machine learning algorithms for predicting low
birth weight in Ethiopia (224) A006 Development 8
Study of Multidimensional and High-Precision Development and external
Height Model of Youth Based on Multilayer A007 . 1
validation of the same model
Perceptron (225)
Risk scores for predicting small for gestational
age infants in Japan: The TMM BirThree cohort A008 Development 3
study (226)
Prediction of late-onset fetal growth restriction
using a combined first- and second-trimester A010 Development 3
screening model (227)
Height Gain After Spinal Fusion for Idiopathic -
Scoﬁosis: Which McE)deI Fits Best? (228)p AD12 Validation >
A Predictive Model for Large-for-Gestational-
Age Infants among Korean Women with Development of a model with
Gestational Diabetes Mellitus Using Maternal A013 validation of two already 3
Characteristics and Fetal Biometric Parameters existing models
(229)
A predictive model of macrosomic birth based
upon real world clinical data from pregnant A014 Development 1
women (230)
A Machine Learning Based Intrauterine Growth
Restriction (IUGR) Prediction Model for A015 Development 10
Newborns (231)
Long-term effectiveness of growth hormone
therapy in children born small for gestational AOl6 Development 1
age: An analysis of LG growth study data (232)
The Effect of Risk Accumulation on Childhood
Stunting: A Matched Case-Control Study in A020 Development 1
China (233)
Establishment of a New Equation for D.evelf)pment and external
Ultrasonographic Estimated Foetal Weight in A022 vallc.iatlon.of t.he same model 4
Chongging: A Prospective Study (234) with validation of 3 other
already existing models
First-trimester screening model for small-for-
gestational-age using maternal clinical
characteristics, serum screening markers, and A023 Development 1

Neil Lawrence PhD Thesis; Page 182




No. of

helpful? (252)

Title Type of Study models
rated

Derivation and assessment of a sex-specific fetal
growth standard (236) AD25 Development !
Development and validation of nomogram for
prediction of low birth weight: a large-scale A026 Development 1
cross-sectional study in northwest China (237)
Antenatal prediction of fetal macrosomia in
pregnancies affected by maternal pre- A027 Development 1
gestational diabetes (238)
Prenatal prediction of very late onset small-for-
gestational age newborns in low-risk A028 Development 3
pregnancies (239)
Sonographic growth curves versus neonatal
birthweight growth curves for the identification A029 Validation 1
of fetal growth restriction (240)
Frequency of Correct Fetal Weight Estimation by
Clinical and Ultrasound Methods in Pregnant A031 Validation 2
Women (241)
Predicting risks of low birth weight in
Bangladesh with machine learning (242) A032 Development 2
Analytical Comparison of Risk Prediction Models
for the Onset of Macrosomia Based on Three A035 Development 3
Statistical Methods (243)
Prediction of small-for-gestational-age neonates
at 33-39 weeks' gestation in China: logistic Development of 4 models with
regression modeling of the contributions of A036 validation of 2 already existing 6
second- and third-trimester ultrasound data and models
maternal factors (244)
Johnsons Technique versus Hadlock - A
Comparative Study to Estimate Foetus Weight A037 Validation 2
(245)
Estimated fetal weight accuracy in pregnancies
with preterm prelabor rupture of membranes by A038 Validation 1
the Hadlock method (246)
Personalized Model to Predict Small for
G.estatlo.nal Age at Delivery Uszg .Fetal Development of a model with
Biometrics, Maternal Characteristics, and . .

. : A039 validation of an already existing 2
Pregnancy Biomarkers: A Retrospective Cohort model
Study of Births Assisted at a Spanish Hospital
(247)
Investigation and Application of Risk Factors of
Macrosomia Based on 10,396 Chinese Pregnant A040 Development 3
Women (248)
Nomogram-based risk prediction of
macrosomia: a case-control study (249) AD4L Development !
A Novel Method for Adult Height Prediction in Development of 10 models with
Children With Idiopathic Short Stature Derived A043 validation of 3 already existing 13
From a German-Dutch Cohort (250) models
Adult Height in Girls With Idiopathic Premature
Adrenarche: A Cohort Study and Design of a A045 Development 2
Predictive Model (251)
Birth weight prediction by Lee formula based on
fractional thigh volume in term pregnancies: is it A046 Validation 1
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No. of

Title Type of Study models
rated

Dynamic prediction model of fetal growth
restriction based on support vector machine and A049 Development 8
logistic regression algorithm (253)
Performance of Machine Learning Classifiers in
Classifying Stunting among Under-Five Children A050 Development 5
in Zambia (254)
A multivariate analysis to propose linear models
for the stature estimation in the Sabahan young A051 Development 1
adult population (255)
Prediction of Neonatal Growth Restriction in
Fe'tuses with Gastroschisis by I'E?r'ly Third A052 Validation 7
Trimester Ultrasonography Utilizing
Contemporary Birth Weight Percentiles (256)
The Percentage of Mature Height as a
Morphometrllc Index of Somatlc G.rowth: A . AOS3 Validation 1
Formal Scrutiny of Conventional Simple Ratio
Scaling Assumptions (257)
Accuracy of the sonographic determination of —
estimated fetal weight in anhydramnios (258) A0S4 Validation 1
Analysis of risk factors and construction of a
prediction model for short stature in children A058 Development 1
(259)
Estimation and feasibility of correction
mo-delllng for mothgr-reported child height a.nd AOS9 Development 6
weight at 2 years using data from the Australian
CHAT trial (260)
Prediction of Iarge-for-gestatlonaltage infant k?y Development of 3 models with
fetal growth charts and hemoglobin Alc level in s .

. . A063 validation of 1 already existing 4
pregnancy complicated by pregestational
diabetes (261) model
Weight Status of Children Participating in the
National Spina Bifida Patient Registry (262) A064 Development 1
Correlation between estimated fetal weight and
weight at birth in infants with gastroschisis and A070 Validation 3
omphalocele (263)
Role of umbilicocerebral and cerebroplacental Development of 2 models with
ratios in prediction of perinatal outcome in FGR A078 validation of 2 already existing 4
pregnancies (264) models
Are body roundness index and a body shape
index in the first trimester related to foetal A081 Validation 3
macrosomia? (265)
The value of fetal growth biometry velocities to Development of 4 models with
predict large for gestational age (LGA) infants A082 validation of 1 already existing 5
(266) model
A prenatal standard for fetal weight improves
the prenatall diagnosis o'f smaI.I for gestat.lonal A0S6 Validation 3
age fetuses in pregnancies at increased risk
(267)
The birth weight of macrosomia influence the
accuracy of ultrasound estimation of fetal A091 Validation 1
weight at term (268)
Predicting height from ulna length for the Development of 1 model with
determination of weight status in New Zealand A099 validation of 2 already existing 3

adolescents: A cross-sectional study (269)

models
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No. of

Predictive Model at Birth (284)

Title Type of Study models
rated
Maternal Body Mass Index, Early-Pregnancy
Metabolite Profile, and Birthweight (270) AL08 Development 3
Identifying factors associated with central
obesity in school students using artificial A109 Development 11
intelligence techniques (271)
Predicting South Korean adolescents vulnerable
to obesity after the COVID-19 pandemic using
categorical boosting and shapley additive Al117 Development 1
explanation values: A population-based cross-
sectional survey (272)
Validity of Scottish predictors of child obesity
(age 12) for risk screening in mid-childhood: a
second.ary anal.y.5|§ of prospective cohprt study A118 Development )
data-with sensitivity analyses for settings
without various routinely collected predictor
variables (273)
Predicting risk of overweight or obesity in
Chinese preschool-aged children using artificial A120 Development 11
intelligence techniques (274)
Predicting the earliest deviation in weight gain 2 models with development and
in the course towards manifest overweight in external validation of the same
. S Al121 . 3

offspring exposed to obesity in pregnancy: a models, alongside 1 other
longitudinal cohort study (275) model developed
Development (?f a nu.trltlonal r.|sk scree.nlng tool 3 models with development and
for preterm children in outpatient settings s

. . . . Al133 external validation of the same 3
during a complementary feeding period: a pilot
study (276) models
Prediction of pre-eclampsia complicated by fetal
growth restrlctl'op .and its perinatal outcome A134 Development 1
based on an artificial neural network model
(277)
Integrating longitudinal clinical and microbiome
data to predict growth faltering in preterm A135 Development 6
infants (278)
Comparing fetal biometric growth velocity Development of 1 model with
versus estimated fetal weight for prediction of Al136 validation of 3 already existing 4
neonatal small for gestational age (279) models
Application of Machine Learning Approaches to
Predict Postnatal Growth Failure in Very Low Al137 Development 25
Birth Weight Infants (280)
Comparing Attained Weight and Weight Velocity
during the First 6 Months in Predicting Child Al139 Validation 3
Undernutrition and Mortality (281)
Prediction of Low Birth Weight by Quadruple
Parameters in High-Risk Pregnancies (282) Alad Development 1
Vitamin D Deficiency, Excessive Gestational
Weight Gain, and Oxidative Stress Predict Small
for Gestational Age Newborns Using an Artificial AL45 Development 1
Neural Network Model (283)
High-risk Growth Trajectory Related to
Childhood Overweight/Obesity and Its Al46 Development 5
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3831 Table S2.5 — Countries from which the participants used in articles were

3832 assessed

Country

Australia

Bangladesh

Brazil / Italy / Oman / UK / USA
China

Ethiopia

L L]

N
o

Germany

India

Ireland

Israel

Italy

Japan

Malaysia

Mexico

Netherlands

New Zealand

Pakistan
Poland
Qatar
Scotland

South Korea

Spain

Tanzania

Turkey
USA
USA & UK

Zambia

T S e T N N O U G e e e I I e I NS R e e O = SN S N VI I N 'Y

3833

Neil Lawrence PhD Thesis; Page 186



3834  Figure S2.1 — Map of countries from which participant data was used in studies

3835
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3836 Figure S2.2 — Methods applied within prediction models assessed

Voting ensemble for regression 4
Support vector machine 1

Soft classifier

Random forest

Opaque combinaticn of velocity metrics
Not reported 1

Naive bayes §

Multiple regression 4

Multinomial naive 1

Multilayer perceptron 4

Mixed effects regression model 1
Logistic regression 4

Linear regression 4

Light gradient boosting 1
K-nearest neighbour

Hard classifier 1

Gradient boosting machine 1
Gradient boosting 1

Generalised estimating equation 1
Extreme gradient boosting {
Decision tree 4

Curve matching 1

Convolutional neural network 4

Classification and regression tree 4 ]
Bernoulli naive bayes [ ]
Artificial neural network [
Adaboost 1 (]
0 20 40
3837 Number of Models Developed With Each Method
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3838 Table S2.6 — Categories of methods employed for all models developed

Model Method n, %
Regression Based Method (n=97)
Logistic regression 63, 35.0%
Multiple linear regression 23,12.8%
Linear regression 5,2.7%
Opaque combination of velocity metrics (likely regression) 4,2.2%
Mixed effects regression model 1, 0.6%
Generalised estimating equation 1,0.6%
Flexible Machine Learning Method (n=45)
Support vector machine 16, 8.9%
Naive bayes 6,3.3%
Decision tree 6,3.3%
Convolutional neural network 5,2.7%
Multilayer perceptron 3,1.6%
K-nearest neighbour 3,1.6%
Artificial neural network 2,1.1%
Multinomial naive 1,0.6%
Curve matching 1,0.6%
Classification and regression tree 1,0.6%
Bernoulli naive bayes 1,0.6%
Ensemble Machine Learning Method (n=35)
Random forest 16, 8.9%
Extreme gradient boosting 9,5.0%
Gradient boosting 4,2.2%
Light gradient boosting 2,1.1%
Voting ensemble for regression 1,0.6%
Soft classifier 1,0.6%
Hard classifier 1,0.6%
Adaboost 1,0.6%
Model development method not reported
Not reported ‘ 3,1.6%
3839
3840
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3841  Figure S2.3 — Method of analysis of accuracy of predictions from models

3842 reviewed

Both | ]
Calibration T |
Discrimination |
Neither I}
0 50 100
Number of Models Reporting Each Aspect of Model
3843 Development or Validation |:| D I:l \Y
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Table S2.7 — Individual question ratings for all developed and validated models

Developed models (n=180)

Validated models (n=61)

determination appropriate?
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n, % n, %
Question Y PY PN N NI Y PY PN N NI
Were appropriate data sources
1 1used, e.g., cohort, randomized n=78, | n=5 | n=65 | n=14, | n=18, @ n=40,| n=3, | n=3, [ n=15 |n=0,
"“|controlled trial, or nested case 43% 3% 36% 8% 10% 66% 5% 5% 24% | 0%
control study data?
1 2Were all inclusions and exclusions | n=30, | n=32, | n=28, | n=63, | n=27, § n=21, | n=10, | n=0, | n=27, |n=3,
“lof participants appropriate? 17% 18% 15% 35% 15% 35% 16% 0% 44% 5%
= _______________
Were predictors defined and
2.1)assessed in a similar way for all =391 n=13, | n=55 1 n=55n=18 gn=26n=11,} n=1, | n=20,1n=3
: > S Y 21% 7% 31% 31% 10% 42% 18% 2% 33% | 5%
participants?
Were predictor assessments made
2.2|without knowledge of outcome n=91,\n=321n=29 | n=13 | n=15 gn=52, | n=0, | n=0,| n=2 In=7,
: ata? g 51% 18% 16% 7% 8% 85% 0% 0% 3% | 12%
ata®
Are all predictors available at the 168 o o 10 " o1 0 o o 0
. .. n= , n=40, n=0, n= , n=~2, n= y n=0, n=0, n=0, n=0,
2.3 tlmtcej:he model is intended to be 93% 0% 0% 6% 1% 100% 0% 0% 0% 0%
used?
(—

3 1Was the outcome determined n=35 | n=57,{n=27|n=50, | n=11, @ n=24, | n=30, | n=3, | n=3, |n=1,
““lappropriately? 19% 32% 15% 28% 6% 39% 49% 5% 5% 2%
3 2Was a prespecified or standard n=157, n=12, | n=0, | n=11, | n=0,  n=54, | n=3, | n=0, | n=3, |n=1,
““loutcome definition used? 87% 7% 0% 6% 0% 88% 5% 0% 5% 2%
3 3Were predictors excluded from the|n=168| n=0, | n=0, | n=12, | n=0, ff n=55, | n=3, =0, | n=3, |n=0,
“loutcome definition? 93% 0% 0% 7% 0% 90% 5% 0% 5% 0%

\Was the outcome defined and
3.4|determined in a similar way for all n=19,)n=92,1n=21,1n=29 1 n=15 §gn=15 1 n=34 | n=1, | n=7,In=0,
: o , y 10% 52% 12% 16% 10% 31% 56% 2% 11% | 0%
participants?
Was the outcome determined
3.5|without knowledge of predictor n=0, | n=76n=17,1n=311n=56 § n=0,}n=38 1 n=2 | n=2 |n=15,
I nol georp 0% | 42% | 10% | 17% | 31% 0% | 63% | 3% | 3% |31%
information
Was the time interval between
3.6[predictor assessment and outcome n=88, | n=3 | n=19, 1 n=52|n=18 gn=43, ) n=6 | n=3 | n=71n=2
o 49% 2% 10% 29% 10% 71% 10% 5% 11% | 3%
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Developed Models

Validated Models

Question Y PY PN N NI Y PY PN N NI
4 1Were there a reasonable number [ n=29, | n=58, | n=13, | n=49, | n=31, f n=21, | n=21, | n=3, | n=16, |n=0,
"“lof participants with the outcome? | 16% | 32% 8% 27% | 17% 34% | 34% 5% 27% | 0%
4 2Were continuous and categorical n=24, |n=14, | n=1, [n=121,| n=20,  n=53,| n=0, | n=0, | n=7, |n=1,
““loredictors handled appropriately? | 13% 8% 1% 67% 11% 87% 0% 0% 1% | 2%
4 3Were all enrolled participants n=0, | n=0, | n=1, [n=143, n=36, | n=7, | n=0, | n=0, | n=37, [n=17,
“lincluded in the analysis? 0% 0% 1% 79% 20% 11% 0% 0% 61% 28%
a4 Were participants with missing n=11, | n=2, | n=19, |n=114,| n=34,  n=0, | n=2, | n=0, [ n=38, |[n=21,
““ldata handled appropriately? 6% 1% 11% 63% 19% 0% 3% 0% 62% 35%
45 \Was selection of predictors based | n=88, | n=3, | n=12, | n=50, | n=27,
““lon univariable analysis avoided? 49% 2% 6% 28% 15%
Were complexities in the data (e.g.
4 6censoring, competing risks, n=38, | n=0, | n=2, [n=115,|{ n=25 @ n=8, | n=0, | n=2, | n=45, | n=6,
’ sampling of control participants) 21% 0% 1% 64% 14% 13% 0% 3% 74% 10%
accounted for appropriately?
4 7Were relevant model performance | n=8, | n=13, | n=3, |n=156,| n=0, n=4, | n=0, | n=3, [ n=54, [n=0,
" |[measures evaluated appropriately?| 4% 7% 2% 87% 0% 6% 0% 5% 89% | 0%
\Were model overfitting and
4.8loptimism in model performance n=16, ) n=11, | n=11,n=103, n =39,
-°|op tors P 9% 6% | 6% | 57% | 22%
accounted for?
Do predictors and their assigned
4 9weights in the final model n=29,| n=2, | n=3, | n=14, |[n=132,
“|correspond to the results from the | 16% 1% 2% 8% 73%
reported multivariable analysis?
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Figure S2.4 — Heat map of individual screening question ratings

Each model on separate row. All data collected about each study and model is available via the following link (tinyurl.com/442f4bdz).
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Table S2.8 — Individual question risk of bias ratings by type of methodology used

Grouped as positive, negative or no information and reported for developed models by type of methodology used

Title of domain /
Screening Question

Regression methods (n=97)

Flexible machine learning
methods (n=45)

Ensemble machine learning
methods (n=35)

LOW HIGH UNCLEAR LOW HIGH UNCLEAR LOW HIGH UNCLEAR
Overall risk of bias n=0, n=97, n=0, n=0, n =45, n=0, n=0, n =35, n=0,
0% 100% 0% 0% 100% 0% 0% 100% 0%
LOow HIGH UNCLEAR LOw HIGH UNCLEAR Low HIGH UNCLEAR
Domain 1Participants h=31, n =49, n=17, n=7, n=10, n=7, n=20, n=8,
32% 51% 17% 16% 22% 20% 57% 23%
Screening questions: Y or PY N or PN NI NI Y or PY N or PN NI
11 [andomeed omtolled il o nested eecomtolstudy | M=% | n=33 | n=s n=10, | n=23, | n=2,
B ' v 60% 34% 6% 28% 66% 6%
12 Were all inclusions and exclusions of participants n=45, n=42, n=10, n=7, n=24, n=4,
' appropriate? 47% 43% 10% 20% 69% 11%
LOW HIGH UNCLEAR UNCLEAR LOW HIGH UNCLEAR
Domain 2 |Predictors n=33, n=49, n=15, n=18, n=7, n=9, n=19,
34% 51% 15% 40% 20% 26% 54%
Screening questions: Y or PY N or PN NI Y or PY N or PN NI
21 Were predictors defined and assessed in a similar way for all n =36, n =55, n=6, n=7, n=26, n=2,
' participants? 37% 57% 6% 20% 74% 6%
29 Were predictor assessments made without knowledge of n =383, n=9, n=>5, n=17, n=15, n=3,
' outcome data? 86% 9% 5% 48% 43% 9%
23 Are all predictors available at the time the model is n=94, n=2, n=1, n=33, n=2, n=0,
' intended to be used? 97% 2% 1% 94% 6% 0%

Neil Lawrence PhD Thesis; Page 195




Neil Lawrence PhD Thesis; Page 196

Title of domain / . Flexible machine learning Ensemble machine learning
. . Regression methods (n=97) thods (n=45) thods (n=35)
Screening Question methods (n= methods (n=
LOW HIGH UNCLEAR UNCLEAR LOW HIGH UNCLEAR
Domain 3 [Outcome

n=45, n =48, n=4, n=1, n=11, n=24, n=0,

46% 50% 4% 31% 69% 0%

Screening questions: Y or PY N or PN NI Y or PY N or PN NI
. . n =064, n =30, n=3, n=11, n=22, n=2,

3.1 Was the outcome determined appropriately? 66% 31% 3% 31% 63% 6%

n =288 n=9 n=0 n=35 n=0 n=0
5 W ifi finiti 2 : E A , ) 2

3 as a prespecified or standard outcome definition used 91% 9% 0% 100% 0% 0%

n =286 n=11 n=0 n =35 n=0 n=0

3.3 Were predictors excluded from the outcome definition? 39% 11% 0% 100% 0% 0%

Screening questions: Y or PY N or PN NI Y or PY N or PN NI
34 Was the outcome defined and determined in a similar way n =65, n=25, n=7, n=24, n=9, n=2,

' for all participants? 67% 26% 7% 68% 26% 6%
35 Was the outcome determined without knowledge of n =40, n =20, n=37, n=19, n=13, n=3,

' predictor information? 41% 21% 38% 54% 37% 9%
16 Was the time interval between predictor assessment and n=59, n =34, n=4, n=11, n=17, n=7,

' outcome determination appropriate? 61% 35% 4% 31% 49% 20%
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Title of domain / Regression methods (n=97) Flexible machine learning Ensemble machine learning
Screening Question methods (n=45) methods (n=35)
Low HIGH UNCLEAR Low HIGH UNCLEAR Low HIGH UNCLEAR
Domain 4 AnaIYSIS n=0, n=97, n=0, n=0, n =45, n=0, n=0, n =235, n=0,
0% 100% 0% 0% 100% 0% 0% 100% 0%
Screening questions: Y or PY N or PN NI Y or PY N or PN NI Y or PY N or PN NI
a1 Were there a reasonable number of participants with the n =50, n=39, n=_§, n=18, n=17, n=10, n=16, n==6, n=13,
' outcome? 52% 40% 8% 40% 38% 22% 46% 17% 37%
42 Were continuous and categorical predictors handled n=21, n=72, n=4, n=7, n=27, n=11, n =10, n=23, n=2,
' appropriately? 22% 74% 4% 16% 60% 24% 28% 66% 6%
n=0 n=2382 n=15 n=0 n=31 n=14 n=0 n=31 n=4
4, W Il Il ici incl inth lysis? 4 ’ ’ ) ’ , 3 , .
3 ere all enrolled participants included in the analysis 0% 85% 15% 0% 69% 319% 0% 89% 11%
n=2 n=75 n =20 n=7 n =26 n=12 n=4 n =29 n=2
4.4 Were participants with missing data handled appropriately? 2% 77% 21% 15% 58% 27% 11% 83% 6%
45 Was selection of predictors based on univariable analysis n =36, n=44, n=17, n=24, n=14, n=7, n =28, n=4, n=3,
' avoided? 37% 45% 18% 53% 31% 16% 80% 11% 9%
47 Were relevant model performance measures evaluated n=21, n=176, n=0, n=0, n =45, n=0, n=0, n =35, n=0,
' appropriately? 22% 78% 0% 0% 100% 0% 0% 100% 0%
48 Were model overfitting and optimism in model n=13, n=63, n=21, n=38, n =26, n=11, n=a6, n=22, n=7,
' performance accounted for? 13% 65% 22% 18% 58% 24% 17% 63% 20%
et I RSN TSN RSN ISR IR IREP ESER
' p P 32% 10% 58% 0% 4% 96% 0% 14% 86%
analysis?
Sensitivity analysis: Low HIGH UNCLEAR Low HIGH UNCLEAR Low HIGH UNCLEAR
. . . . . . . n=13, n =80, n=4, n=2, n=43, n=0, n=4, n=31, n=0,
Risk of bias rating not including analysis domain: 13% 23% 4% 2% 96% 0% 11% 29% 0%

Please note: 3 models assessed did not report method, and are thus not included in this table
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Table S2.9 — Individual screening question ratings for the top ranking

developed and validated model from all articles

This was conducted as a sensitivity analysis to assess whether articles with a large number of developed

models had a disproportionate effect on the results.

Developed models (n=50)

Validated models (n=27)

determination appropriate?
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n, % n, %
Question Y |PY|PN|[ N | N J Y |[PY|PN|N /| NI
\Were appropriate data sources
11 used, e.g., cohort, randomized n=34,| n=1, n=7, n=a6, n=2, n=20,] n=2, n=1, n=4, n=0,
"“lcontrolled trial, or nested case 68% 2% 14% 12% 4% 74% 7% 4% 15% 0%
control study data?
i 2Were all inclusions and exclusions | n=13, | n=7, n=3, | n=20,| n=7, n=7, n=5, n=0, | n=12,| n=3,
““lof participants appropriate? 26% 14% 6% 40% 14% 26% 19% 0% 44% 11%
' - v 28% 16% 18% 34% 4% 52% 22% 4% 18% 4%
participants?
 Suithout knowiedge otoateome | 7= n=3 [ n=5, [ n=5 | n=a, fn=24 | n=0, | n=0, | n=1, | n=2
' 4ata? & 66% 6% 10% 10% 8% 89% 0% 0% 4% 7%
, sime the model s mended ope | "=47| 120 [ n=0, [ n=1 | n=2, fn=27 | n=0, | n=0, | n=0, | n=o,
' used? 94% 0% 0% 2% 4% 100% 0% 0% 0% 0%
3 1Was the outcome determined n=14,|n=20,| n=4, | n=10,| n=2, n=8, | n=15,| n=1, n=2, n=1,
"“lappropriately? 28% 40% 8% 20% 4% 30% 55% 4% 7% 4%
3 2Was a prespecified or standard n=43,| n=2, n=0, n=>5, n=0, n=23,] n=1, n=0, n=2, n=1,
““loutcome definition used? 86% 4% 0% 10% 0% 85% 4% 0% 7% 4%
3 3Were predictors excluded fromthe | n=46, | n=0, n=0, n=4, n=0, n=24,] n=1, n=0, n=2, n=0,
“loutcome definition? 92% 0% 0% 8% 0% 89% 4% 0% 7% 0%
3 4Ziatimiﬂtf:?f.fnigfifaar}ir all | N=7|n=26{n=6 fn=8 | n=3 gn=6 fn=17fn=1 | n=3 | n=0
' L Y 14% 52% 12% 16% 6% 22% 63% 4% 11% 0%
participants?
-l ) & P 0% 38% 14% 16% 32% 0% 59% 4% 4% 33%
information?
oottt EEEH P PR EFDN SN EECECN EXPR PR e
P 66% 2% 6% 14% 12% 70% 7% 4% 15% 4%
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Developed models (n=50)

Validated models (n=27)

reported multivariable analysis?

__lQuestion n, % n, %

Y PY | PN N NI Y PY | PN N NI
a1 Were there a reasonable numberofl n=15, | n=13, | n=6, | n=14,| n=2, n=9, |n=10,| n=1, | n=7, | n=0,
"lparticipants with the outcome? 30% 26% 12% 28% 4% 33% 37% 4% 26% 0%
12 Were continuous and categorical n=10,| n=3, n=1, | n=30,| n=6, n=23,| n=0, n=0, n=3, n=1,
“lpredictors handled appropriately? 20% 6% 2% 60% 12% 85% 0% 0% 11% 4%
43 \Were all enrolled participants n=0, n=0, n=1, | n=38, | n=11, n=1, n=0, n=0, | n=18,| n=8§,
“lincluded in the analysis? 0% 0% 2% 76% 22% 4% 0% 0% 66% 30%
a4 \Were participants with missing data] n=1, n=2, n=2, [ n=32, | n=13, n=0, n=1, n=0, | n=15, | n=11,
““Ihandled appropriately? 2% 4% 4% 64% 26% 0% 4% 0% 55% 41%

as \Was selection of predictors based | n=20, | n=2, n=5 | n=16,| n=7,
“lon univariable analysis avoided? 40% 4% 10% 32% 14%
\Were complexities in the data (e.g.
16 censoring, competing risks, n=11,| n=0, n=2, |n=30,| n=7, n=2, n=0, n=1, | n=19,| n=5,
"lsampling of control participants) 22% 0% 4% 60% 14% 7% 0% 4% 70% 19%
accounted for appropriately?
07 \Were relevant model performance | n=5, n=2, n=2, | n=41,| n=0, n=3, n=0, n=1, | n=23,| n=0,
" Imeasures evaluated appropriately? | 10% 1% 4% 82% 0% 11% 0% 4% 85% 0%
safoptimiom in mocel periormance | M=6 | n=1 [ n=4, =26, | n=13,
<P P 12% | 2% 8% | 52% | 26%
accounted for?
Do predictors and their assigned
49 \weights in the final model n=12,| n=2, n=1, n=5, | n=30,
“lcorrespond to the results from the 24% 4% 2% 10% 60%
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Table S2.10 — Individual screening questions for top ranked models in articles

Grouped ratings for the top ranking developed and validated model from all articles, conducted as a sensitivity

analysis to assess whether articles with a large number of developed models had a disproportionate effect on

the results.

Title of domain /

Developed models (n=50)

Validated models (n=27)

used?

screening question n, % n, %
LOow HIGH UNCLEAR LOw HIGH UNCLEAR

Overall risk of bias n=0, n =50, n=0, n=0, n=27, n=0,

0% 100% 0% 0% 100% 0%
I R —————————_—_—_—mi—§—§——_—S_m—___—_—_—_—_§__—__“§n—_—_—_u_u_uu__§_uuu_aaaa
Low HIGH UNCLEAR Low HIGH UNCLEAR
1 | Participants n=17, n=28, n=>5, n =10, n=15, n=2,
34% 56% 10% 37% 56% 7%
Screening questions: Yes/ No/ No Yes/ No/ No
' probably yes probably no information probably yes | probably no information
Were appropriate data sources

1.1 used, e.g., cohort, randomized n =35, n=13, n=2, n=22, n=5, n=0,

" Icontrolled trial, or nested case- 70% 26% 4% 81% 19% 0%
control study data?
Were all inclusions and n=20 =23 ne7 n=12 n=12 n=3

12 :’;‘s;‘;:)orir:t:; participants 40% 46% 14% 44% 44% 12%

LOwW HIGH UNCLEAR LOwW HIGH UNCLEAR
Domain .
2 |Predictors n =20, n=22, n=8, n=21, n=5, n=1,
40% 44% 16% 78% 18% 4%
Screening questions: Yes/ No/ No Yes / No/ No
i probably yes | probably no information probably yes | probably no information
Were predictors defined and _ _ _ _ _ _

2.1 [assessed in a similar way for all n=22, n =26, n=2, n =20, n=6 n=1,
participants? 44% 52% 4% 74% 22% 4%
Were predictor assessments _ _ _ B B B

2.2 |[made without knowledge of n= 36’ n= 010’ n _04’ n= 34’ n _01' n _02'
outcome data? 72% 20% 8% 89% 4% 7%

Are all predictors available at the B _ _ _ _ _

2.3 [time the model is intended to be n =47, n=1 n=2 n=27, n=0o, n=0o,

94% 2% 4% 100% 0% 0%

LOW HIGH UNCLEAR LOW HIGH UNCLEAR
3 |Outcome n=27, n =20, n=3, n=19, n=5, n=3,
54% 40% 6% 70% 19% 11%
Screening questions: Yes/ No/ No Yes/ No / No
eqd ' probably yes probably no information probably yes | probably no information
31 Was the outcome determined n =34, n=14, n=2, n=23, n=3, n=1,
" lappropriately? 68% 28% 4% 85% 11% 4%
3.2 Was a prespecified or standard n =45, n=5, n=0, n=24, n=2, n=1,
" loutcome definition used? 90% 10% 0% 89% 7% 4%
33 Were predictors excluded from n =46, n=4, n=0, n=25, n=2, n=0,
"~ Ithe outcome definition? 92% 8% 0% 93% 7% 0%
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Title of domain /

Developed models (n=50)

Validated models (n=27)

appropriate?

screening question n, % n, %
Pomain Yes / No / No Yes / No / No
3 |Outcome probably yes | probably no information probably yes | probably no information
Was th t defined and
3.4 deiirm(ienc::i ic:?sim?lz;:i/aar:‘or n=33, n= 14, n=3 n=23, n=4, n=0,
’ . v 66% 28% 6% 85% 15% 0%
all participants?
2.5 without knowiedge ot pedictor || "1 | n=is | n=ie =16, n=2, n=S,
) . georp 38% 30% 32% 59% 8% 33%
information?
Was the time interval between
36 predictor assessment and n=34, n =10, n=6, n=21, n=5, n=1,
" loutcome determination 68% 20% 12% 78% 18% 4%

the reported multivariable

Low HIGH UNCLEAR Low HIGH UNCLEAR
[Domain|
4 | Analysis n=0, n =50, n=0, n=0, n=27, n=0,
0% 100% 0% 0% 100% 0%
Screening questions: Yes/ No/ No Yes/ No/ No
: probably yes | probably no information probably yes | probably no information
Were there a reasonable
4.1 |number of participants with the n= 38’ n= 30’ n _02’ n= 019’ n _08' n _00'
outcome? 56% 40% 4% 70% 30% 0%
Were continuous and categorical n=13 n=31 n=g n=23 ne3 ne1
4.2 . h | - ’ - ’ - ’ - ’ - ’ - 7
S;Orh;;cr)i;ste;:d ed 26% 62% 12% 85% 11% 4%
43 Were all enrolled participants n=0, n=39, n=11, n=1, n=18, n=_§,
“lincluded in the analysis? 0% 78% 22% 4% 67% 29%
4.4 Were participants with missing n=3, n =34, n=13, n=1, n=15, n=11,
""|data handled appropriately? 6% 68% 26% 4% 55% 41%
Was selection of predictors _ _ _
4.5 |based on univariable analysis n= 32’ n= 31’ n _07'
voided? 44% 42% 14%
Were complexities in the data
e.g. censoring, competing risks, n=11, n=32, n=7, n=2, n =20, n=5,
4.6 i i isk 11 32 7 2 20 5
"~ |lsampling of control participants) 22% 64% 14% 7% 74% 19%
accounted for appropriately?
Were relevant model ne7 n=43 n=0 n=3 n=24 n=0
Were model overfitting and _ _ _
4.8 |optimism in model performance n _07' n= 30’ n= 013’
accounted for? 14% 60% 26%
Do predictors and their assigned
weights in the final model n=14 n=6 n=30
4.9 |correspond to the results from 28% 12% 60%

analysis?
Sensitivity analysis: LOW HIGH UNCLEAR I LOW HIGH UNCLEAR

Risk of bias rating not including
analysis domain:

n=3,
16%

n =40,
80%

n=2,
4%

n=38,
29%

n=1,
4%

n=18,
67%
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3863  Supplementary Checklists 2.1
3864  Checklist 1: TRIPOD-SRMA checklist for reporting systematic reviews of prediction model
3865  studies
Section and ltem Page of Thesis
. Checklist item &
topic No
Title
Identify the report as a systematic review or meta- Page 24
analysis (or both) of diagnostic or prognostic
Title 1  model studies. Specify the target population and
outcome(s) predicted as relevant to the review
question.
Abstract
Abstract 2 See the TRIPOD-SRMA checklist for abstracts ( Page 2>
checklist below)
Introduction
. Describe the rationale for the review in the context Page 27
Rationale 3 L
of existing knowledge.
Provide an explicit statement of the objective(s) Page 27
being addressed with reference to: target
. opulation, index and comparator models (as
Objectives 4 Pop ) P . (
relevant), outcome(s), time (prediction horizon
and intended moment of using the model), and
setting.
Methods
stud Specify study characteristics used as eligibility Page 28
. y . criteria, including any prediction models of specific
eligibility 5 S
N interest, and whether development or validation
criteria . ..
studies (or both) were eligible.
Specify all databases, registers, websites, Page 28
. organisations, reference lists, and other sources
Information . . . .
6 searched or consulted to identify studies. Specify
sources
the date when each source was last searched or
consulted.
search Present the full search strategies for all databases, Page28/TableS2.1
7  registers, and websites, including any filters and
strategy e
limits used.
stud Specify the methods used to decide whether a Page 28
y' study met the inclusion criteria of the review,
selection 8 . .
including how many reviewers screened each
process

record and each report retrieved, whether they
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Section and
topic

Data
collection
process

Data Items

Risk of bias
and

applicability
assessment

Synthesis
methods

Certainty
assessment

Item
No

10a

10b

10c

11

12a

12b

12c

13

Checklist item Page of Thesis

worked independently, and if applicable, details of
automation tools used in the process.

Specify the methods used to collect data from Page 29

study reports, including how many reviewers
collected data from each report, whether they
worked independently, any processes for obtaining
or confirming data from study investigators, and if
applicable, details of automation tools used in the

process.
List and define all items for which data were Page 29b/|Tf=‘ble $2.2/
sought from each study. Table 52.3
State the model performance measures that were Page 28
sought (eg, measures of calibration, discrimination,

overall model fit, clinical utility).

Describe how any desired but unreported data Page 28

items (items 10a, 10b) were handled (eg,
contacted authors, calculated from other reported
information).

Specify the methods used to assess risk of bias in Page 27 to 28

the included studies and their applicability to the
review question. This should be done separately
for each model development and validation.
Include details of any tool(s) used, how many
reviewers assessed each study and whether they
worked independently.

Describe any methods for synthesising estimates Page 28

of performance measures for each model. If meta-
analysis was carried out, describe the methods
used, including any transformations of data before
pooling, how any heterogeneity in model
performance was quantified and handled, and
software package(s) used.

Describe any methods used to explore possible Page 27

causes of heterogeneity in model performance (eg,
subgroup analysis, meta-regression), including
whether or not they were planned.

Describe any sensitivity analyses conducted to Page 31

assess robustness of the synthesised results.

Describe any methods used to assess certainty (or Page 27

confidence) in the body of evidence for a
prediction model.
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Section and
topic

Results

Study
selection

Study and
model
characteristics

Risk of bias
and
applicability

Results of
model
performance
in individual
studies

Results of
syntheses

Certainty of
evidence

Discussion

Summary of
evidence

Limitations

Item
No

14

15

16

17

18a

18b

18c

19

20

21

Checklist item Page of Thesis

Describe the results of the search and selection Page 29b/IFigure 2.1/

process, from the number of records identified in Table 52.4

the search to the number of studies and models

included in the review, ideally using a flow

diagram.

Present study characteristics and model details Eage 22{

extracted (as per item 10a), and cite the study lgure &

reports.

Present results of risk of bias and applicability T/fw‘b'ebIZ-ZSé ';ig/urebZI-Z
: Table S2.6 / Table

assessment. This should be done separately for 52.7 / Figure 2.4/

each model development and validation in each Table S2.8 / Table

included study. $2.9/ Table S2.10

Present performance estimates and confidence Figure S2.4

intervals for each model and all evaluations,
including whether they relate to the internal or
external validation performance. If internal, give
details of the method.

Present the results of any synthesis of model Table 52.7
performance, together with details of which study

estimates contributed. If meta-analysis was carried

out, then for each model and performance

measure, present summary results,

confidence/credible intervals, and measures of

heterogeneity. Forest plots may be useful.

For each model, present results of all Table 52.7
investigations of possible causes of heterogeneity
in model performance.

Present results of all sensitivity analyses conducted Page31/Table 2.2
to assess the robustness of the synthesised results.

Present any assessments of certainty (or Page 30
confidence) in the body of evidence for each
prediction model of interest.

Summarise the main findings including the Page 32 / Page 33
strengths and limitations of the evidence.

Discuss the strengths and limitations of the review Page 33
process.
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3866

Section and ltem
topic No
Implications 22

Other information

23a
Registration 23b
and protocol

23c
Support 24
Fompetmg 25
interests
Availability of
data, code,
and other 26
materials

Checklist item Page of Thesis

Discuss implications of the results in the context of Page 32/ Page 33
other evidence and for practice, policy, and future
research.
Provide registration information for the review, Page 28
including register name and registration number,
or state that the review was not registered.
Indicate where the review protocol can be Page 28
accessed, or state that a protocol was not
prepared.
Describe and explain any amendments to N/A
. . . . . . Reference 24 —
information provided at registration or in the
protocol not

protocol. changed
Describe sources of financial or non-financial Page 24
support for the review, and the role of the funders
or sponsors in the review.

. . . Page 24
Declare any competing interests of review authors.
Report which of the following are publicly available Page 37

and where they can be found: template data
collection forms; data extracted from included
studies; data used for all analyses; analytic code;
any other materials used in the review.
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3867 Checklist 2: TRIPOD-SRMA checklist for abstracts

Section and
topic

Item No

Abstract Title

Title 1

Abstract Background

Objectives 2

Abstract Methods

Study eligibility

3
criteria
Information

4
sources
Risk of bias and

5
applicability
Synthesis

6
methods

Checklist item

Identify the report as a systematic review or meta-analysis (or
both) of diagnostic or prognostic model studies. Specify the
target population and outcome(s) predicted as relevant to the

review question.

Provide an explicit statement of the main objective(s) being
addressed with reference to: target population, index and
comparator models (as relevant), outcome(s), time (prediction
horizon and intended moment of using the model), and

setting.

Specify study characteristics used as eligibility criteria,
including any prediction models of specific interest, and
whether development or validation studies (or both) were

eligible.

Specify the information sources (eg, databases, registers) used

to identify studies and the date when each was last searched.

Specify the methods used to assess risk of bias and

applicability in the included studies.

Specify the methods used to synthesise performance measures

for each model of interest.
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Present in

Section and ..
. Item No Checklist item Chapter 2
topic
abstract
Abstract Results
Included Give the total number of included studies and models, and 4
7
studies summarise relevant study characteristics and model details.
Present results for each of the main models of interest. If v

meta-analysis was used to synthesise study estimates of model
Results of
8 performance, report the summary result and
syntheses
confidence/credible interval for each performance measure,

together with the number of study estimates contributing.

Abstract Discussion

Limitations of Provide a brief summary of the limitations of the evidence v
9
evidence included in the review.
Provide a general interpretation of the results and important v
Interpretation 10

implications for research and practice.

3868
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3869 A3 Supplementary material for Chapter 3

3870  Figure S3.1 — Satisfaction with services and frequency of hospital assessments, alongside clinician access to

3871 multidisciplinary resources
Overall satisfaction of services:

Patients: N N N
Carers
Ciinicians: [
Key: M Completely dissatisfied ¥ Somewhat dissatisfied 1 Neutral I Somewhat satisfied [ Completely satisfied
Opinion on the frequency of hospital appointments:
Patients: [§ B N N N

Carers:
Key: B Wants more apptmts M Would like more apptmts " Unsure [7 Right number of apptmts M Too many apptmts

Are you equipped with enough resources?:
Clinicians: [ S S S ESESSSESESGESES ES ES EEEEE .,
Key: m Other [ Want more tests m Wantmore ancillary g Want more appointments @ Yes
services
How good is your access to specialist nursing?:
Clinicians:
How good is your access to psychological support?:
Clinicians:
How good is your access to dietitian support?;
Clinicians:

How good is your access to physiotherapy?:

Clinicians:
How good is your access to genital surgery?:
Ciniians: |

Key: M Unable to access I Difficult to access I Reasonable to access [ Easy to access

5 25 Percentage of responses (%) i =

3872
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3873 Figure S3.2 — Report of attendance at formal education, and desire to access a formal education course about CAH

3874
Patients/Carers: Have you attended formal training for CAH? Clinicians: Do you provide formal training about CAH?
paiens: [ NN N NN NANN NN NN NN NN NN NNNNNNNN i ———
Would you attend formal training if it were available?
Gl UNONONIREN . NN ONONANNANNN
carers: VDA A4
g 45 Percentage of responses (%) 7 100
3875 Key: M No I Unsure M Yes
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3876  Table S3.1 — All statistical software packages used within R: A language and environment for statistical computing.

3877 Our thanks to all authors, who without these packages this work would have not been possible.

Name of software package | Citation

Base R https://www.R-project.org/

dplyr https://github.com/tidyverse/dplyr

ggplot2 https://ggplot2.tidyverse.org

ggpattern https://coolbutuseless.github.io/package/ggpattern/
DescTools https://cran.r-project.org/package=DescTools
summarytools https://github.com/dcomtois/summarytools

3878
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3879

3880
3881

3882

3883

3884

3885

3886

3887

3888

3889

3890

3891

3892

3893

3894

3895

3896

Supplementary weighting methods 3.1:

To account for the distribution of the number of responses per centre being unequal, a sensitivity analysis was conducted to weight responses in relation to the number of
responses that would be expected for each hospital as a proportion of its catchment population. The trust catchment population was taken from the UK Office for Health

Improvement & Disparities (https://tinyurl.com/ar7saj5e), and from the Scottish Health and Social Care Open Data website

(https://www.opendata.nhs.scot/dataset/population-estimates). The underlying assumption was that data missing from hospitals that did not take part in the service

evaluation, or did not receive any responses, was that this data was missing completely at random. The target of weighting was to prevent any hospitals with a

disproportionately large number of responses from having an undue influence on any particular category of response.

Patient and carer response weighting

The weighting for each question response was calculated for each question, to account for a variable number of missing responses across different questions. The total
catchment population surveyed was calculated as the sum of the catchment areas of all hospitals that featured in response to the question. The proportion of the
catchment population of that hospital was multiplied by the inverse proportion of the responses from that hospital to create an individual weighting for responses
pertaining to that hospital. Responses for the small number of patients or carers that did not enter a centre (1 and 2 respectively) were not included in weighted response
percentages.

Example: If a hospital served 5% of the catchment population of all of the hospitals that had an answer to that particular question, and the total number of answers
received pertaining to that hospital was 5% of the total number of answers, the weight for each of those answers would be (5/100 x 100/5) = 1, so all answers for that

hospital would be multiplied by 1 because the proportion of answers was appropriate.
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3897

3898

3899

3900

3901

3902

3903

3904

3905

3906

If instead the total number of answers pertaining to a hospital was 20% of the total number of answers, but the hospital only served 5% of the catchment population
pertaining to the answers to that question, the weight for each answer would be (5/100 x 100/20) = 0.25. All answers from that hospital would be multiple by 0.25,

because they effectively have four times as many answers as they would do if the proportion of answers matched the appropriate proportion of catchment population.

Clinician weighting

Clinician responses were weighted to equilibrate responses to the equivalent of 1 clinician per centre.

Example: If 3 clinicians from a centre submitted responses to the survey, their responses multiplied by 1/3.

After responses to each question were weighted, percentage of weighted responses was calculated and is reported in supplementary table 2 below, alongside the raw

percentage and raw proportion of responses for each question for comparison.
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3907 Table S3.2 — Responses to all questions across questionnaires, alongside response percentages adjusted for weighting.

3908
3909

Patients

Percent of all responses (n)

[weighted percentage of responses]

Parents

Percent of all responses (n)

[weighted percentage of responses]

Clinicians
Percent of all responses (n)

[weighted percentage of responses]

Demographics

Number of respondents

43

152

34

Number of centres

27
(1 unknown)

34
(2 unknown)

18
(0 unknown)

<12 months: 0%  (0/43) [0%] <12 months: 9.2% (14/152)  [8.5%)
How old is the patient who attended | 1-5years: 0%  (0/43) [0%] 1-5 years: 29.6% (45/152)  [29.5%]
the most recent appointment for 6-9 years: 27.9% (12/43) [26.7%] 6-9 years: 25.6% (39/152) [21.5%]
CAH? 10-14 years: 39.5% (17/43) [38.7%] 10-14 years: 26.3% (40/152)  [23.0%)
15-19 years: 32.6% (14/43) [34.5%) 15-19 years: 9.2% (14/152)  [17.5%)
<20 years: 0.7% (1/151) — [0.5%] Consultant Endocrinologist:  70.6% (24/34)  [74.1%]
5 20-29 years: 10.6% (16/151)  [7.2%]
How old are you? Consultant SPIN: 11.8% (4/34) [13.0%]
L . . 30-39 years: 39.1% (59/151) [33.0%) N N o
(Clinicians: What is your job role?) . o o Registrar: 5.9% (2/34) [6.5%]
40-49 years: 39.7% (60/151)  [50.4%)] Nurse: 118% (4/38)  [6.5%)
>50 years: 9.9% (15/151)  [8.9%] ’ o0 =7
How would you describe the sex of Male: 44.2% (19/43) [41.3%] Male: 46.7% (71/152)  [42.0%)
the patient? Female: 55.8% (24/43) [58.7%] Female: 52.6% (80/152) [57.8%)]
Prefer not to say 0.0% (0/43) [0.0%] Prefer not to say 0.7% (1/152) [0.2%]
Asian: 25.8% (8/31) [29.3%] Asian: 13.2% (20/152)  [11.7%)
) ) Black: 32%  (1/31)  [5.9%) Black: 13% (2/152)  [0.9%]
EO"I"( W°”"zy‘}” Sescr'!{’e tge ethnic Mixed: 9.7% (3/31) [12.3%) Mixed: 53% (8/152)  [5.4%]
ackground of the patient: Other: 32% (1/31) [1.6%] Other: 2.0%  (3/152)  [4.7%]
White: 58.1% (18/31) [51.0%] White: 78.3% (119/152) [77.2%]
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Time treated / practicing

1 visit: 32% (1/31) [3.6%) 1 visit: 2.0% (3/152)  [2.7%]
How long have you been treated at <12 months: 0.0% (0/31) [0.0%] <12 months: 11.2% (17/152)  [12.3%] 1-2 years: 59% (2/34)  [3.7%]
this hospital for CAH? 1-2 years: 6.5% (2/31) [7.4%] 1-2 years: 15.1% (23/152)  [12.5%] 3-5 years: 14.7% (5/34)  [11.1%)
(Clinicians: How long have you 3-5 years: 12.9% (4/31) [14.8%) 3-5 years: 24.3% (37/152) [22.3%] 6-10 years: 23.5% (8/34) [14.8%)
treating children with CAH?) 6-10 years: 12.9% (4/31) [15.0%] 6-10 years: 27.0% (41/152) [23.9%] >10 years: 55.9% (19/34) [70.4%]
>10 years: 64.5% (20/31) [59.2%) >10 years: 20.4% (31/152)  [26.2%)
. 0, 0,
In the last 12 months, how many 1: 16.1% (5/31) [15.6%] 1: 12.6% (19/152)  [15.0%] ;;5_ ifgf,/ (‘(5%333) [E;/T]
appointments have you had at this 2: 38.7% (12/31) [33.7%] 2: 27.8% (42/152)  [31.5%] 6-16- 29 "Wo (10/33) [31'5;]
hospital for CAH? (Clinicians: How 3: 25.8% (8/31) [32.0%] 3: 24.5% (37/152) [22.8%] ) i 27
; : : N . : . . 11-20: 26.5% (9/33)  [24.1%]
many patients with CAH have you 4: 6.5% (2/31) [7.8%] 4: 18.5% (28/152)  [14.6%] 1.50: 118% (4/33)  [15.7%)
. . 0, 10, . 0 0, N N .
treated in the last 12 months?) >4: 12.9% (4/31) [10.9%] >4: 16.6% (25/152) [16.0%] 550 11.8% (4/33) [14.8%)
Satisfaction with services
Overall, are you satisfied with the Completely dissatisfied: 2.4%  (1/42)  [1.2%] Completely dissatisfied:  0.7%  (1/151)  [0.0%] Completely dissatisfied: 0.0% (0/34) [0.0%]
service provided to care for your child | somewhat dissatisfied: ~ 0.0%  (0/42)  [0.0%] Somewhat dissatisfied: ~ 1.3% (2/151)  [0.8%] Somewhat dissatisfied: 0.0% (0/34) [0.0%]
with CAH? Neutral: 24% (1/42)  [2.3%] Neutral: 2.6% (4/151)  [4.6%) Neutral: 11.8% (4/34)  [22.2%)
(Clinicians: Are you satisfied with the Somewhat satisfied: 19.0% (8/42)  [19.1%) Somewhat satisfied: 27.8% (42/151)  [35.4%] Somewhat satisfied: 76.5% (26/34) [69.4%]
service you provide?) Completely satisfied: 76.2% (32/42) [77.4%) Completely satisfied: 67.5% (102/151) [59.3%] Completely satisfied: 11.8% (4/34) [8.3%)
Discussions in clinic
At these appointments in the last 12 months, have you had the opportunity to discuss: (Clinicians: How often do you discuss the following topics:)
Not sure: 3.2%  (1/31) [4.7%] Not sure: 4.1%  (6/147) [2.0%] . o o
No, I didn’t want to: 0.0% (0/31)  [0.0%] No, I didn’t want to: 20%  (3/147)  [0.7%] ':;‘T’::t'imes‘ 22’20/; (7(/11/81)8) ( 120';;]’]
Ideas and goals about management No, I would have liked to: 9.7%  (3/31)  [12.3%)] No, | would have liked to: 3.4%  (5/147) [1.2%] Often: ’ 4'1 22/ (14/18) [41'1 4;]
Yes, but not enough: 65% (2/31) [3.1%) Yes, but not enough: 19.0% (28/147)  [26.3%) Awave: 35'3; 1218) | 40'7;]
Yes, thoroughly: 80.6% (25/31) [79.8%] Yes, thoroughly: 71.4% (105/147) [69.8%) vs: =R R
Not sure: 12.5% (3/24) [6.4%) Not sure: 0.7%  (1/147) [0.6%]
. . Never: 0.0% (0/18)  [0.0%]
. . No, | didn’t want to: 8.3% (2/24) [12.3%] No, | didn’t want to: 4.1%  (6/147) [5.5%] X
H ner r hen : 0% 0%
ow tlf' crease steroid doses whe No, | would have liked to: 0.0%  (0/24)  [0.0%] No, | would have liked to:  0.7%  (1/147)  [0.3%] oometimes oo, :gﬁg; {‘1’101@]
unwe Yes, but not enough: 42% (1/24)  [4.2%) Yes, but not enough: 6.8% (10/147)  [7.3%] Alwave: 88'2; (30/18) | . 9;]
Yes, thoroughly: 75.0% (18/24) [77.0%) Yes, thoroughly: 87.8% (129/147) [86.3%) vs: en i
Not sure: 16.7% (2/12)  [19.5%) Not sure: 5.5% (8/146) [2.8%] . o o
No, I didn’t want to: 83% (1/12) [8.4%] No, I didn’t want to: 15.8% (23/146)  [16.5%] ':;‘T’]Zrt'imes‘ %92; ” gf}f&) {3'19 ;;]
Psychological effects No, | would have liked to: 16.7% (2/12)  [16.1%) No, | would have liked to:  27.4% (40/146) [29.1%) Often: ' 25.5;7 (9/34) [27.8;]
Yes, but not enough: 41.7% (5/12) [38.5%] Yes, but not enough: 20.5% (30/146) [30.4%] Alwa 'S' 0 67 ? (0/34) [0 (.:W]o
Yes, thoroughly: 16.7% (2/12)  [17.6%) Yes, thoroughly: 30.8% (45/146)  [21.2%) vs: i ot
Not sure: 8.3% (1/12) [11.1%] Not sure: 6.1%  (9/147) [7.0%) . o o
No, | didn’t want to: 83% (1/12) [8.4%] No, | didn’t want to: 102% (15/147)  [11.4%) 2‘:r‘gt'imes_ 2'49;; 9 ((222//11)) [g’f)f;]]
Levels of physical activity No, | would have liked to: 0.0%  (0/12)  [0.0%] No, | would have liked to:  20.4% (30/147) [19.6%] Often: ’ 17.6‘; (6/34) [13'9;]
Yes, but not enough: 16.7% (2/12)  [8.4%] Yes, but not enough: 16.3% (24/147) [17.0%) Alwa 'S_ 11.8‘; (4/34) [17'6;]
Yes, thoroughly: 66.7% (8/12) [72.2%] Yes, thoroughly: 46.9% (69/147) [45.0%] Vs: o it
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General wellbeing
(Clinicians: Mental health)

Fertility

Heart disease

Genital surgery

Genital surgery — carers of girls

Genital surgery — carers of girls <5
(29)

Not sure: 8.3% (1/12) [11.1%] Not sure: 0.0%  (0/150) [0.0%] .
No, | didn’t want to: 00% (0/12) [0.0%] No, | didn’t want to: 13%  (2/150)  [0.5%] g:;’:l; 43'?02 ( 1(52//3333)) : 4[22‘1%]
No, | would have liked to: 0.0%  (0/12)  [0.0%) No, | would have liked to: 7.3%  (11/150) [4.3%] Somet.imeS' 4i 4% (14/33) [4'9 59%]
Yes, but not enough: 16.7% (2/12)  [8.4%] Yes, but not enough: 8.7%  (13/150) [14.0%) Always: ’ 3 6% (1/33) [5.6%]
Yes, thoroughly: 75.0% (9/12) [80.5%] Yes, thoroughly: 82.7% (124/150) [81.2%) ) ) i
Not sure: 2.8%  (4/145) [2.7%] .
No, Idid notwantto:  37.2% (54/145)  [48.2%] g:;’:l; 2‘;";22 (;%“g) [g‘;‘g’;]]
No, | would have liked to:  21.4% (31/145) [19.7%] X : .
Sometimes: 66.7% (22/33) [70.1%]
Yes, but not enough: 14.5% (21/145) [11.0%) Always: 6.1% (2/33)  [8.4%]
Yes, thoroughly: 24.1% (35/145) [18.4%] ) ) :
Not sure: 11.0% (16/145)  [17.0%] Never: 3.0% (1/33)  [0.9%]
No, I did not want to: 37.9% (55/145) [38.6%] Rarely.' 45' 5% (15/33) [41'1%]
No, | would have liked to:  33.8% (49/145) [32.2%] X . .
Sometimes: 42.4% (14/33) [49.5%]
Yes, but not enough: 6.2%  (9/145) [4.0%] Always: 91% (3/33)  [8.4%)
Yes, thoroughly: 11.0% (16/145) [8.2%] ) ) i
Not sure: 6.4%  (9/140) [11.6%]
No, | didn’t want to: 45.0% (63/140) [42.4%)
No, | would have liked to:  15.7% (22/140) [15.1%]
Yes, but not enough: 13.6% (19/140) [13.1%]
Yes, thoroughly: 19.3% (27/140) [17.8%]
Not sure: 1.3% (1/76) [11.1%)]
No, I didn't want to: 32.9% (25/76) [25.7%])
No, I would have liked to: 19.7% (15/76) [19.5%]
Yes, but not enough: 18.4% (14/76) [18.3%]
Yes thoroughly: 27.6% (21/76) [25.5%]
Not sure: 0.0%  (0/30) [0.0%]
No, I didn't want to: 13.3% (4/30) [18.4%]
No, I would have liked to:  20.0% (6/30) [13.4%]
Yes, but not enough: 33.3% (10/30) [31.2%]

Yes thoroughly:

Reduced adult height

Bone disease

Mental health

Tumours

During your last appointment for your
child’s CAH, did you discuss and agree
on a plan of how to manage the CAH
until your next appointment?

Not sure: 9.7%  (3/31) [10.9%] Not sure:
No: 0.0% (0/31) [0.0%] No:
Yes: 90.3% (28/31) [89.1%] Yes:

33.3% (10/30)

0.7%  (1/150)
3.3%  (5/150)

96.0% (144/150)

[36.9%]

[8.2%)
[4.0%]
[87.8%]

Never:
Rarely:

Sometimes:

Always:

0.0% (0/33) [0.0%]
6.1% (2/33) [1.9%]
63.6% (21/33) [72.9%]
30.3% (10/33) [25.2%]

Never:
Rarely:

Sometimes:

Always:

91% (3/33) [4.7%]
48.5% (16/33) [57.9%)
39.4% (13/33) [31.8%]
3.0% (1/33)  [5.6%]

Never:
Rarely:

Sometimes:

Always:

6.1% (2/33) [2.8%]
48.5% (16/33) [42.1%]
42.4% (14/33)  [49.5%]
3.0% (1/33)  [5.6%]
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Never:
Rarely:

Sometimes:

Always:

6.1% (2/33) [1.9%]
51.5% (17/33) [61.7%]
39.4% (13/33) [33.6%]
3.0% (1/33) [2.8%]




During your last appointment for your
child’s CAH, were you offered a Clinic Letter only: 26.3% (5/19)  [30.7%] Clinic letter only: 42.8% (65/152)  [45.0%] Clinic Letter only: 32.4% (11/34) [25.0%]
printed or electronic copy of you care Not sure: 0.0%  (0/19)  [0.0%] Not sure: 2.6%  (4/152) 16.1%] Sometimes: 5.9% (2/34) [2.8%]
No, | would have liked one:36.8% (7/19)  [34.2%] No, | would have liked one: 22.4% (34/152) [15.6%] i ! ) ’

plan? No, I didn't want one:  15.8% (3/19)  [13.7%] No, I didn’t want one: 6.6% (10/152) [5.1%) Often: 20.6% (7/34)  [16.7%)
(Clinician: Do you provide a care Yes: 21.1% (4/19)  [21.3%] Yes: 25.7% (39/152)  [28.2%] Always: 41.2% (14/34) - [55.6%]
plan?)

Advice, education, and confidence
Do you feel confident managing your | No: 0.0% (0/31) [0.0%] No: 0.0% (0/151)  [0.0%]
child’s CAH Day to day? Somewhat confident: 29.0% (9/31) [30.9%] Somewhat confident: 14.6% (22/151) [17.4%)
Day to day Very confident: 71.0% (22/31) [69.1%] Very confident: 85.4% (129/151) [82.6%]

Do you feel confident managing your
child’s CAH when they have another
illness?

No: 1.5% (2/135)  [4.3%]
Somewhat confident: 42.2% (57/135)  [39.9%]
Very confident: 56.3% (76/135) [55.7%]

Do you feel confident managing your
child’s CAH in an emergency?

No:
Somewhat confident:
Very confident:

10.1% (14/135)
49.6% (69/135)
40.3% (56/135)

[12.8%]
[47.6%)
[39.6%]

. . - No: 0.0%  (0/34) [0.0%]
bo ::,‘;u think patie "t‘Z::I(_: families are To some extent: 88.2% (30/34) [95.4%]
confident managing CAH: Yes, definitely: 11.8% (4/34) [4.6%)
In some diseases like diabetes,
patients can attend a formal
education course to help them No: 80.6% (25/31) [78.2%] No: 82.8% (125/151) [90.1%] No: 0.0% (0/34) [0.0%]
manage the disease. Have you Unsure: 9.7% (3/31) [9.3%] Unsure: 3.3%  (5/151) [1.8%] Not sure: 5.9% (2/34) [4.6%)
attended anything like this for CAH? Yes: 9.7% (3/31) [12.5%] Yes: 13.9% (21/151) [8.1%] Yes: 94.1% (32/34) [95.4%]
(Clinicians: Do you provide formal
education?)
If a formal educational course Yes: 54.8% (17/31) [59.8%) Yes: 85.5% (130/152) [80.4%)
teaching about CAH was available, No: 19.4% (6/31) [13.7%] No: 1.3% (2/152)  [1.5%]
would you attend? 25.8% (8/31) [26.5%] 13.2% (20/152) [18.1%]

Clinicians: What professionals provide
the education:
(Note: multiple selections allowed)

Doctor:

71.9% (23/32) [64.1%)

Clinicians: How long does formal
education take:

1-4 hours:

Nurse: 100.0% (32/32) [100.0%)
Youth worker: 3.1%  (1/32) [2.9%]
Pharmacist: 3.1% (1/32) [5.8%)
Psychologist: 15.6% (5/32) [14.6%]
Dietitian: 31%  (1/32) [5.8%]
<1 hour: 32.3% (10/31) [40.2%)

67.7% (21/31) [59.8%]
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Clinicians: written guidance at
education

Clinicians: do you liaise with school?

How easy to contact endocrine in
working hours

How easy outside of working hours:

How easy in an emergency:

In the last 12 months have you

No:
Not sure:
Yes:

0.0% (0/30) [0.0%]
10.0% (3/30) [13.8%)
90.0% (27/30) [86.2%)

No:

Not sure:
Sometimes:
Often:

Yes:

5.9% (2/18) [2.8%]
8.8% (3/18) [4.6%]
35.3% (12/18) [31.5%]
2.9% (1/18) [0.9%]
47.1% (16/18) [60.2%]

No:
Not sure:
Yes:

3.0%  (1/33)  [0.9%]
30.3% (10/33) [26.2%)
66.7% (22/33) [72.9%)

Unable:

Not easily:

Not sure:
Reasonably easy:
Very easy:

15.2% (5/33)  [23.4%]
30.3% (10/33) [17.8%]
12.1% (4/33)  [13.1%]
33.3% (11/33) [38.3%]
9.1% (3/33) [7.5%]

Unable:

Not easily:

Not sure:
Reasonably easy:
Very easy:

9.1% (3/33) [16.8%]
21.2% (7/33)  [15.0%]
9.1% (3/33) [7.5%]
455% (15/33) [45.8%)
15.2% (5/33)  [15.0%]

experienced conflicting advice from Yes, often: 24%  (1/41)  [1.2%] Yes, often: 7.3% (11/151) [8.0%) Never: 0.0% (0/18)  [0.0%]
different health professionals in Yes, sometimes: 22.0% (9/41) [20.7%] Yes, sometimes: 19.9% (30/151) [26.8%] Sometimes: 41.2% (14/18) [35.2%]
relation to CAH? No: 68.3% (28/41) [73.4%] No: 72.8% (110/151) [65.2%] Often: 52.9% (18/18) [58.3%]
(Clinicians: Do families get conflicting | Unsure: 7.3% (3/41) [4.8%] Unsure: 0.0% (0/151)  [0.0%] Always: 5.9% (2/18) [6.5%]
advice within the NHS?)
Have people you have spoken to from
other families ever made you think
. 0, . 0,

that the advice get is different from Not spoken to an\./one else: 75.6% (31/41) [74.9%) Not spoken to anYone else: 54.3% (82/151) [47.8%] Unlikely: 30.3% (10/33) [26.7%)
the advice they have received? No, the same advice: 22.0% (9/41) [23.3%] No, the same advice: 11.9% (18/151) [11.1%] Possible: 66.7% (22/33) [67.6%]

: Yes, somewhat different: ~ 0.0% 0/41 0.0% Yes, somewhat different: ~ 29.8% (45/151) [35.9% L e .
(Clinicians: Would patients be 6 (0/41)  10.0%] 6 (a5/151) | ! Very likely: 3.0% (1/33) [5.7%]

managed differently at a different
hospital?)

Yes, very different advice: 2.4%  (1/41) [1.8%]

Yes, very different advice: 4.0%  (6/151) [5.2%]

Do you think you know enough about
the medications that your child is
prescribed to manage their CAH?

| don’t take medication: 0.0% (0/42) [0.0%]
No, | want to know more:  7.1%  (3/42) [6.2%]

Unsure: 11.9% (5/42) [9.5%)
Yes, but want to know more:23.8% (10/42) [20.7%)
Yes: 57.1% (24/42) [63.5%]

Doesn't take medication: ~ 0.7%  (1/152)  [0.6%]
No, | want to know more:  4.6%  (7/152) [3.4%]

Unsure: 0.0% (0/152) [0.0%]
Yes, but want to know more:42.8% (65/152) [47.2%)
Yes: 52.0% (79/152) [48.8%]
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Do you think that a doctor at a
different hospital might treat your

S ) No: 22.4% (34/152) [15.2%) Unlikely: 30.3% (10/33) [26.7%]
?
cg[ld. s CAH \?V'ﬁelfntly,' b Unsure: 53.9% (82/152) [60.4%] Possible: 66.7% (22/33) [67.6%]
(Clinicians: Would patients be Yes: 23.7% (36/152) [24.4%) Very likely: 3.0% (1/33) [5.7%]
managed differently at a different
hospital?)
Metrics assessed in clinic
Has your child had the following things checked in the last 12 months in relation to their CAH:
(Clinicians: How frequently do you check the following?)
Never: 0.0% (0/34) [0.0%]
Yes: 97.4% (147/151) [96.8%] Less than once a year: 0.0% (0/34) [0.0%]
Weight No: 2.0% (3/151) [2.9%] At least once a year: 0.0% (0/34) [0.0%]
Unsure: 0.7% (1/151) [0.3%] Frequently: 0.0% (0/34) [0.0%]
Every visit: 100.0% (34/34) [100%]
Never: 0.0% (0/34) [0.0%]
Yes: 97.4% (147/151) [96.8%] Less than once a year: 0.0% (0/34) [0.0%)]
Height No: 2.0% (3/151) [2.9%] At least once a year: 0.0% (0/34) [0.0%]
Unsure: 0.7% (1/151) [0.3%] Frequently: 0.0% (0/34) [0.0%]
Every visit: 100.0% (34/34) [100%]
Never: 0.0% (0/34) [0.0%]
Yes: 88.6% (132/149) [87.7%] Less than once a year: 2.9% (1/34) [0.9%]
Blood pressure No: 8.7% (13/149) [9.3%] At least once a year: 8.8%  (3/34) [2.8%]
Unsure: 2.7% (4/149) [2.9%] Frequently: 17.6% (6/34) [17.6%]
Every visit: 70.6%  (24/34) [78.7%]
Never: 0.0% (0/34) [0.0%]
. . Yes: 64.6% (95/147) [57.5%] Less than once a year: 5.9% (2/34) [11.1%)
Eé?ml.netf WI?OUtl(:IOth,eS No: 32.7% (48/147) [41.1%) At least once a year: 17.6%  (6/34) [14.8%)
(Clinician: pubertal staging) Unsure: 27% (4/147) [1.4%) Frequently: 55.9%  (19/34) [51.9%]
Every visit: 20.6% (7/34) [22.2%]
Never: 0.0% (0/33) [0.0%)
Yes: 55.6% (84/151) [47.5%] Less than once a year: 42.4% (14/33) [53.3%]
X-ray to assess bone age No: 41.7% (63/151)  [50.2%] At least once a year: 54.5% (18/33) [45.7%]
Unsure: 2.6% (4/151) [2.3%] Frequently: 3.0% (1/33) [1.0%]
Every visit: 0.0% (0/33) [0.0%]
Never: 6.1%  (2/33) [2.0%)]
Yes: 79.9% (119/149) [80.1%] Less than once a year: 9.1%  (3/33) [2.9%]
Lab 170HP No: 8.7% (13/149) [10.8%] At least once a year: 48.5%  (16/33) [65.7%]
Unsure: 11.4% (17/149) [9.1%) Frequently: 15.2%  (5/33) [16.7%]
Every visit: 21.2% (7/33) [12.7%]
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Never: 5.9% (2/34) [1.9%]
Yes: 72.8% (110/151) [69.8%] Less than once a year: 8.8%  (3/34) [2.8%]
Lab Androstenedione hormone No: 6.6% (10/151) [9.2%] At least once a year: 52.9% (18/34) [68.5%]
Unsure: 20.5% (31/151) [21.0%] Frequently: 11.8%  (4/34) [14.8%)
Every visit: 20.6% (7/34) [12.0%]
Never: 0.0% (0/34) [0.0%]
Yes: 78.4% (116/148) [74.8%] Less than once a year: 2.9% (1/34) [0.9%]
Lab Renin No: 8.8% (13/148) [10.0%] At least once a year: 61.8% (21/34) [66.7%]
Unsure: 12.8% (19/148) [15.2%) Frequently: 17.6% (6/34) [21.3%]
Every visit: 17.6% (6/34) [11.1%)
Never: 33.3%  (11/33) [40.2%)
Yes: 49.3% (73/148) [45.3%) Less than once a year: 0.0% (0/33) [0.0%]
Dried blood spot 170HP No: 45.9% (68/148)  [49.9%)] At least once a year: 15.2% (5/33) [17.6%]
Unsure: 4.7% (7/148) [4.8%] Frequently: 21.2% (7/33) [12.7%]
Every visit: 30.3% (10/33) [29.4%]
Never: 41.2%  (14/34) [48.1%)
Yes: 8.8% (13/148) [7.4%] Less than once a year: 47.1%  (16/34) [40.7%)
A urine test to check for hormones No: 79.7% (118/148) [86.7%] At least once a year: 11.8% (4/34) [11.1%]
Unsure: 11.5% (17/148) [5.8%) Frequently: 0.0% (0/34) [0.0%]
Every visit: 0.0% (0/34) [0.0%]
Frequency of assessments and access to services
What do you think about how closely Too many appointments:  0.0% Too many appointments:  0.7% (1/152) [1.3%] Want more appointments: 14.7% (5/34)  [13.9%)
your CAH is monitored? Right no. of appointments: 92.7% (38/41) [90.8%] Right no. of appointments: 77.6% (118/152) [77.6%] Want more ancillary services: 20.6% (7/34) [26.9%]
(Clinicians: Are you equipped with Want more appointments:  7.3% Want more appointments:  17.7% (27/152) [18.4%] Want to be able to do more tests: 11.8% (4/34)  [10.2%]
enough resources to manage CAH?) Unsure: 0.0% Unsure: 3.9% (6/152)  [2.6%] Yes: 52.9% (18/34) [49.1%]
Unable: 0.0% (0/34) [0.0%]
Clinicians: How good is your access to Difficult: 0.0% (0/34) [0.0%]
specialist nursing? Reasonable: 14.7% (5/34) [17.6%)
Easy: 85.3% (29/34) [82.4%]
Unable: 2.9%  (1/34) [2.8%]
Clinicians: How good is your access to Difficult: 41.2% (14/34) [51.9%]
psychological support? Reasonable: 41.2% (14/34) [31.5%]
Easy: 14.7% (5/34)  [13.9%)
Unable: 17.6% (6/34)  [15.7%]
Clinicians: How good is your access to Difficult: 52.9% (18/34) [45.4%]
dietitian support? Reasonable: 26.5% (9/34) [33.3%]
Easy: 2.9% (1/34) [5.6%]
Unable: 20.6% (7/34) [18.5%]
Clinicians: How good is your access to Difficult: 47.1% (16/34) [51.9%]
physiotherapy support? Reasonable: 29.4% (10/34) [24.1%]
Easy: 2.9% (1/34) [5.6%]
Unable: 8.8% (3/34) [8.3%]
Clinicians: How good is your access to Difficult: 1.8% (4/34) [10.2%]
genital surgery? Reasonable: 35.3% (12/34) [38.9%]
Easy: 44.1% (15/34) [42.6%]
Number of free text comments 5/43 56/152 25/34
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3910 Table S3.3 — Sensitivity analysis to assess timing of responses

3911
3912 Method:

3913
3914 The questionnnaire remained open to responses for a period of 18 months. To assess whether the time period in which results were obtained had an effect on results, a

3915 sensitivity analysis was performed by dividing the responses into three time periods and comparing the percentage of responses to each question.

3916  Results:

3917
3918 Responses were divided into questionnaires completed within each of 6 month periods:

Time Period Dates of questionnaire completion Number of responses
Period 1 10/12/2021 to 30/06/2022 Patients=9, carers=34, clinicians=0
Period 2 01/07/2022 to 31/12/2022 Patients=9, carers=54, clinicians=0
Period 3 01/01/2023 to 30/06/2023 Patients=25, carers=64, clinicians=34

3919 These three time periods are best compared by visual assessment of the responses to questions, that is contained within the attached slideshow found here:

3920 (https://github.com/neilxlawrence/CAH_service_evaluation).

3921 Comparison graphs are also produced below. Please note — clinician responses reproduced in each graph as all clinicians responded within period 3.
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3922

Clinicians:

Clinicians:

Clinicians:

Clinicians:

Clinicians:

Clinicians:

Service Satisfaction

Key: M Completely dissatisfied
Opinion on the frequency of hospital appointments:
\ N B\ NS

B Somewhat dissatisfied W Neutral [ Somewhat satisfied W Completely satisfied

73

M Right number of apptmts M Too many apptmts

Key: M Wants more appimts W Would like more apptmts ™ Unsure

Are you equipped with enough resources?:
Key: W Other 0 Want more tests m Wantmore andillary - gy Want more appointments  m Yes
services

How good is your access to specialist nursing?:
How good is your access to psychological support?:
How good is your access lo dietitian suppert?:

How good is your access to physiotherapy?:

How good is your access to genital surgery?:

Key: M Unable to access

M Difficult to access B Reasonable to access B Easy o access

Service Satisfaction - Results from responses in the second six months
Overall samsnn of services:

Key: M Completely dissatisfied M Somewhat dissatisfied I Neutral Il Somewhat satisfied I Completely satisfied
Opinion on the frequency of hospital appointments:
i 7 e 7 7 7

Key: M Wants more apptmts W Would like more apptmts 1 Unsure ¥ Right number of apptmts M Too many apptmis

Are gn ﬁuiﬁ with emuih resources?:
Clinicians:

Key: W Other m Wantmore ancilary g want more appointments i Yes

services.

I Want more tests

How good is your access to ialist nursing?:
oo ENE——C e O

Ciinicians:|

Ciinicians:|

Ciinicians:

Clinicians:|

How good is your access to ps; ical support?:
How good is your access to dietitian support?:
How good is your access to physiotherapy?:

How good is your access to genital surgery?:

Key: M Unable to access M Difficult to access W Reasonable to access I Easy lo access

25 Percentage of responses (%) 75 100

Neil Lawrence PhD Thesis; Page 221

Similar responses to the total frequencies in each of the six month windows

Service Satisfaction - Results from responses in the first six months
Overall satisfaction of services:

Key: M Completely dissatisfied B Somewhat dissatisfied
Opinion on the frequency of ital intments:

I Neutral [l Somewhat satisfied B Completely satisfied

Key: M Wants more apptmts

W Would like more apptmts I Unsure

Are you equij with enough resources?:
Clinicians
Key: W Other B Weant more tests m Wantmore ancilary gy Want more appointments i Yes
services
How good is your access to specialist nursing?:
Clinicians:
How good is your access to psychological support?:
Clinicians
How good is your access to dietitian support?:
Clinicians
How good is your access lo physiotherapy?:
Clinicians
How good is your access to genital surgery?:
Clinicians

Key: M Unable to access W Difficult to access I Reasonable to access I Easy to access

Service Satisfaction - Results from responses in the third six months

Qverall saisfaction of services:
~ T i

W Somewhat dissatisfied
iency of hospital appointments:

Key: M Completely dissatisfied

W Neutral W Somewhat satisfied W Completely satisfied

Opinion on the

7

P v / / . Vi
W Right number of apptmts M Too many apptmts

Key: M Wants more apptmis

7 7 /
W Would like more appimts ¥ Unsure
Are you equipped with enough resources?:

Clinicians:
Key: | Other W Want more tests m Wantmore ancillary g want more appointments [ Yes
services
How good is your access to specialist nursing?:
Clinicians|
How goed is your access to psychalogical support?:
Clinicians|
How goed is your access to diefitian support?:
Clinicians:|
How goed is your access to physiotherapy?:
Clinicians:|
How goed is your access to genital surgery?:
Clnicians |
Key: M Unable to access M Difficult to access W Reasonable to access 1 Easy lo access
o 25 Percentage of responses (%) 75 100



Metrics Assessed in Clinic
Carers: At your last appointment, did you have the following measured...  Clinicians: How often do you measure...

o ESSESSSS———S . ess————————————— ]

Androstanedione:
Co A e e S S e S S S |
e ___________________]
Renin:

Cores. I Y S S SN | A A A
ey — — ]

Yo Srids
Corers |
Cinian: | 1 — ]
0 % Percentage of responses (%) e 100
Key: Carer Responses: Clinician Responses:
Bd No % unsure [ Yes W Never [ less thanonce a year [71 Atleastonce ayear WM Frequenty [ Always

Metrics Assessed in Clinic - Results from responses in the second six months
Carers: At your last appointment, did you have the following measured... Clinicians: How often do you measure...

H‘ ht
Carers:}
P ——————————— ]
e I S A — A " S A
————
e I e — —
g — ————————————
s i i ey s S— —
Phot———— —
e Ty ikl e co— c— — —_——
oy ———————————————— ]
R e I S —— — ——
Carers:!
B e —— <
" spot 17-OH Progesierone;
%

Drie

Similar responses to the total frequencies in each of

Metrics Assessed in Clinic - Results from responses in the first six months
Carers: At your last appointment, did you have the following measured... Clinicians: How often do you measure...

i

[

Carers:

Dried biood spot 17-OH

H

Urinary Steroids:

bbbt

°
»
&

Percentage of responses (%) 75 100
Key: Carer Responses: Clinician Responses:

4 Unayre (o Ne less than once 3
the six month windows o

Metrics Assessed in Clinic - Results from responses in the third six months
sarers: At your last appointment, did you have the following measured...  Clinicians: How often do you measure...

IHHI

B

Dried blood spot 17-OH

f7 fg ds fo dx Be fs b1 61 0f

_-———— . Eaaaassame]
17-

Carers i P / 7 7 b
T —— —m
ovcors E— . e "

Rot

Caers A A AR AR | e e e e e =y aa—

T iiiiiiEISSS.
e, Urinary Seroids:
s N
0 25 ercentage of responses 75 100 ] 2% Percentage of responses (%) 75 100
= . 5 B 3 e %) Key: Carer Responses: Clinician Responses:
Key: Carer Responses: Clinician Responses:
B4 No I Unsure 1l Yes I Never [l less than once ayear M Atleastonce ayear [l Frequenty I Aways T NO % Unsure [ Yes M Never Mlless than once ayear I AL ayeer MFrquenty’ W Ay
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Topics Discussed in Clinic
Carers: At your last appointment, did you discuss... Clinicians: How often do you discuss...

Goals of management:
Carers: 7z / ;
Ciinicians: I ——
Sick day rules:
Carers: m
Clinicians: BRI
Psychological effects:
Carers:
Clinicians: I —
Physical activity:
Carers: IR A A A A A
Clinicians: [
Feﬂil'ﬁ:
Carers:
Clinicians; IR
Heart disease:
Carers:
Clinicians: N
0 * Percentage of responses (%) % 100
Key: Carer Responses; Clinician Responses:

W No, | would have fiked to [ Yes, butnotenough % Unsure MNever M Often [ Sometimes

Similar responses to the total frequencies in each of the six month windows of responses

Topics Discussed in Clinic - Results from responses in the second six months
Carers: At your last appointment, did you discuss... Clinicians: How often do you discuss...

Goals of management:
Carers:
Clinicians: B

Sick day rules:

Carers:

Ciinicians: IE—

Psychological effects:
Carers:
Clinicians: I —
Physical activity:
Carers:

Ciinicians: I ———

ertility:

Carers:
climians: IS
Heart disease:
Carers: M A A S SR A AT O
Clinicians: .

L 2 Percentage of responses (%) 75 i
Key: Carer Responses: Clinician Responses:
W4 No, | would have liked to [ Yes, but not enough 1 Unsure MNever M Ofen [ Sometimes

H No, | didn'twantt T Yes, thoroughly W Rarely [ Aways
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Topics Discussed in Clinic - Results from responses in the first six months
Carers: At your last appointment, did you discuss... Clinicians: How often do you discuss...

Goals of manﬁement:

Percentage of responses (%) L 9%,
Clinician Responses:
I Never

Key: Carer Responses:

WA No, | would have fiked to [ Yes, but notenough %4 Unsure W oOften I Sometimes

Topics Discussed in Clinic - Results from responses in the third six months
Carers: At your last appointment, did you discuss... Clinicians: How often do you discuss...

Goals of management:

Heart disease:
carers: A A A A AT
Clinicians: .
J 25 Percentage of responses (%) - 100
Clinician Responses:
MNever M Often
WRarely W Aways

Key: Carer Responses:
W No, | would have liked to [ Yes, butnotenough I Unsure
H No, | didn't want t F Yes, thoroughly

I Sometimes



3925

3926

3927
3928

Patient Education in CAH

Patients/Carers: Have you attended formal training for CAH? Clinicians: Do you provide formal training about CAH?

Patient Education in CAH - Results from responses in the first six months

Patients/Carers: Have you attended formal training for CAH? Cllmmans Do you prvvude formal training about CAH?

Would you anenﬂ formal iralmng if it were available?

Percentage of responses (%) 78 100 0 25

Percentage of responses (%) £ K
Key: H No I Unsure B Yes

Key: W No 1 Unsure W Yes

Similar responses to the total frequencies in each of the six month windows of responses

Patient Education in CAH - Results from responses in the second six months Patient Education in CAH - Results from responses in the third six months

Patients/Carers: Have you attended formal training for CAH? Cllmcnans Do you provide formal training about CAH? Patients/Carers: Have you attended formal training for CAH? cumuans noywp,gwdefoma training about CAH”
. ‘ ‘, T N , T ._ ; \‘ N pasents: NN NN N NN == = NN

Would you attend formal fraining if it were ava\lahls”

[} 25

Percentage of responses (%) s 100 G

25 Percentage of responses (%) 75 100
Key: o No = Unsure W Yes

Key: M No W Unsure M Yes

Conclusion to temporal sensitivity analysis

These comparison graphs show remarkable similarity in proportions of answers between the three time periods, and show that there was no significant difference in the

responses obtained from patients and carers at different times throughout the response window.
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Table S3.4 — Thematic analysis of free text comments

Theme of
comments

Number of
comments within
theme

Quote from comment

Comments from pati

ents under 20 years of

age

Transition 1/5 as a child they give you a 'doom and gloom' outlook on life
Standard of care 2/5 The management of my condition transformed from terrible to very good as soon as | got moved
Standard of care 2/5 Both doctors made considerable effort to ensure both parent and child have a full understanding of CAH
Surgery 1/5 Why can't we still get our surgery when we were born
Education 1/5 | would like more information

Comments from carers of patients under 20

Medication 2/56 | wish that a slow release hydrocortisone was available
Medication 2/56 I do worry with the links of mental health/depression
Peer support 2/56 would be nice to be put in touch with other families of children with CAH
Peer support 2/56 would like to meet some families who [have the] same problem
Support 6/56 Would like to be able to get in touch with the CAH more easily
Support 6/56 to discuss our management and psychologically
Support 6/56 | find the staff nurses to be very helpful and informative
Support 6/56 Feel supported enough
Support 6/56 We would like ... to speak to a psychologist
Support 6/56 Parents should be offered more support
E?nl;g?:;::iz:d 11/56 no-one has to the time to discuss it the long term implications of cah
E?n:jcgz:::;:iz:d 11/56 There should be more programs to discuss this condition
E;jnl]igar:;:iz:d 11/56 Training of injectable steroids [is needed for] teachers in school
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Education and

11/56

What discussions do we need to have about heart disease?

information
E.ducatlon.and 11/56 better explanations to children [about] CAH
information
E i 11
f:lucatlon.and /56 The main difficulty has been trying to connect medication to his nursery
information
Educati d 11/56
. uea |on.an / I would be thankful for some information ... on DSD as we approach puberty
information
Education and 11/56 . . .
information Would like to understand why things change during puberty.
Efjucatlon.and 11/56 I would like to know a bit more about what different of stages may be like
information
E.ducatlon.and 11/56 I would like to see focused mental health care and age appropriate education
information
E i 11
f:lucatlon.and /56 We worry about what to do when our children become sick
information
Transition 4/56 transition is being taken seriously
Transition 4/56 no transition to adult services available
Transition 4/56 it has now started to impact her adult life
Transition 4/56 management is completely different [in adult services]
Standard of care 28/56 standard of care is shocking
Standard of care 28/56 We are so lucky
Standard of care 28/56 [outreach clinics] appear to result in less monitoring
Standard of care 28/56 I am so grateful for all the medical advice and support
Standard of care 28/56 we have to wait 8 weeks for results
Standard of care 28/56 the NHS is over run
Standard of care 28/56 care is amazing
Standard of care 28/56 | am very happy with how they manage her condition
Standard of care 28/56 | am very happy with the care we receive
Standard of care 28/56 having been under three different hospitals, the difference in approach is marked
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Standard of care

28/56

prefer to have access to 24hr profiles

Standard of care 28/56 Switching to local hospital from tertiary centre ... was big improvement
Standard of care 28/56 I would like to have androstenedione and renin checked
Standard of care 28/56 24 hour profiles should be routinely offered to ensure correct dosing
Standard of care 28/56 The Endocrine team at ... have been fantastic
Standard of care 28/56 He was actually missed
Standard of care 28/56 We feel that results of blood tests are not always discussed openly
Standard of care 28/56 I'm very happy with the care
Standard of care 28/56 We have been unable to get blood tests for a few years as my child has got issues with needles
Standard of care 28/56 24 hour blood profile is not offered
Standard of care 28/56 | feel that overall my daughter has been treated very well
Standard of care 28/56 Always satisfied
Standard of care 28/56 Our team ... do a wonderful job
Standard of care 28/56 there have been no problems whatsoever
Standard of care 28/56 they have been amazing
Standard of care 28/56 A 24 [hour] stay appointment needs to have its place
Standard of care 28/56 levels of care have dropped off since the pandemic
Standard of care 28/56 Can we not have a test in place before the child's birth like they have in america
Advice 2/56 The advice differs so much from one doctor to another
Advice 2/56 The advice maybe slightly different
Surgery 1/56 I think parents should be given the option to [pursue] early surgery
Comments from clinicians caring for those with CAH
Standard of care 19/25 would like to get more psycholohgy support
Standard of care 19/25 Ideally we would hold a dedicated clinic just for young people with CAH
19/25

Standard of care

We use saliva samples
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Standard of care 19/25 We use saliva samples
Standard of care 19/25 We use saliva samples
Standard of care 19/25 we have aspirations for care [that we cannot fulfill]
Standard of care 19/25 involvement with counsellors is vital
Standard of care 19/25 no specialised CAH clinics
Standard of care 19/25 We have a 24/7 consultant led on-call service
Standard of care 19/25 Dietician and psychology support can be improved.
Standard of care 19/25 can always be better
Standard of care 19/25 I would like to see a full time [clinical nurse specialist]
Standard of care 19/25 Variable... dosing of hydrocortisone and transition
Standard of care 19/25 linking with ... primary and secondary care challenging
Standard of care 19/25 Services are variable
Standard of care 19/25 [Large] Variation in practice
Standard of care 19/25 all children with CAH [should be seen] in tertiary care
Standard of care 19/25 shared care with a DGH tend to have less good care
Standard of care 19/25 psychology ... is not adequate anywhere
Surgery 3/25 We have access to surgery but don't do it
Surgery 3/25 We are pro the child deciding for themselves when they are 18 years old
Surgery 3/25 Controversy about virilised girls and surgical option is difficult
Education and
information 1/25 a remote course that can be attended by parents and children may be quite useful
Research 2/25 Has improved since CHASE [research]
Research 2/25 | think the [special interest group] should have more clinical nurse specialists
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A4 Supplementary material for Chapter 4

Table S4.1 — Statistical packages employed within R for data analysis

Name of

software Citation

package

Base R https://www.R-project.org/

dplyr https://github.com/tidyverse/dplyr

piecewiseSEM

http://dx.doi.org/10.1111/2041-210X.12512

missForest https://cran.r-project.org/web/packages/missForest/

ggplot2 https://ggplot2.tidyverse.org

Ggally https://github.com/ggobi/ggally

gridExtra https://cran.r-project.org/web/packages/gridExtra/

DescTools https://cran.r-project.org/package=DescTools

stats https://www.rdocumentation.org/packages/stats/versions/3.6.2/topics/smooth.spline
mcp https://cran.r-project.org/web/packages/mcp/index.html

Neil Lawrence PhD Thesis; Page 229




3934

3935
3936
3937
3938
3939
3940
3941
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3944
3945
3946
3947
3948
3949

Supplementary Analysis 4.1 — Cosinor modelling of biomarkers

Method

Multilevel cosinor modelling was undertaken to assess average peak of biomarker levels within profiles over
24 hours. To assess consistent rhythmicity within the profiles, a straight line model was fit across the whole
data set assessing each biomarker as the dependent variable, and time in radians as the independent variable
with a random intercept and random slope added for each individual visit. This was used as the null model. A
similar model adding a sine term for time, then a cosine term for time and finally both a sine and cosine term
for time was then fit. Each model was then compared to the null model using a likelihood ratio test, and the
process repeated for each serum 17-hydroxyprogesterone (170HP) and serum androstenedione profile within
patients taking Chronocort, patients taking standard glucocorticoid replacement therapy and healthy
participants. Bootstrapping of the modelling using replicated datasets of the same size as the parent dataset
created by sampling with replacement was employed to develop 95% confidence intervals for each estimate.
Results

Models containing both sine and cosinor terms were superior to the null linear model (likelihood ratio test

p<0.05). Supplementary table 2 shows the regression model fits and corresponding time at peak for each

group.
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Table S4.2 — Parameters of cosinor models of biomarkers

Independent variable = In 170HP (In(nmol=day/I)

CAH Patients taking
standard

CAH Patients taking

Healthy participants

.. Chronocort
glucocorticoid therapy
Null Cosinor Null Cosinor Cosinor
Model parameters: model model model model Null model model
Intercept (SEM) 1.813 2.187 1.550 1.412 0.729 0.998
P (0.096) (0.095) (0.116) (0.116) (0.202) (0.167)
Time coefficient 0.105 . -0.045 . .
(SEM) (0.008) Not in model (0.009) Not in model 0.067 (0.028) Not in model

Sin(Time) coefficient , -0.636 , 0.157 . 0.008
(SEM) Not in model (0.021) Not in model (0.022) Not in model (0.027)
Cos(Time) coefficient . 0.147 , 0.119 . 0.153
(SEM) Not in model (0.018) Not in model (0.018) Not in model (0.018)
Conditional R? 0.757 0.806 0.860 0.866 0.725 0.739
Time of peak N/A (Linear 0754hrs N/A (Linear 1830hrs N/A (Linear 0712hrs
model) model) model)

Amplitude of In model . 7.73 . 0.83 . 0.44
on absolute scale N/:gg:;ar (95% Cl: N/;\];fjlgle)zar (95% Cl: N/,igt/lg;w (95% Cl:
(nmol/1)* 7.67 to 7.79) 0.77 to 0.90) 0.33 to 0.54)
Independent variable = In androstenedione (In(nmol=day/I)

Null Cosinor Null Cosinor Cosinor
Model parameters: model model model model Null model model
Intercept 0.428 0.531 0.182 0.152 1.119 0.982
(SEM) (0.079) (0.079) (0.094) (0.094) (0.112) (0.114)
Time coefficient 0.034 . -0.010 . 0.012 .
(SEM) (0.004) Not in model (0.005) Not in model (0.011) Not in model
Sin(Time) coefficient . -0.221 . 0.018 . 0.121
(SEM) Not in model (0.010) Not in model (0.010) Not in model (0.017)
Cos(Time) coefficient , 0.026 , 0.006 . 0.226
(SEM) Not in model (0.010) Not in model (0.010) Not in model (0.012)
Conditional R? 0.901 0.908 0.936 0.931 0.684 0.777
Time of peak N/A (Linear 0724hrs N/A (Linear 1718hrs N/A (Linear 0854hrs

model) model) model)

Amplitude of In model . 0.50 . 0.03 . 0.71
on absolute scale N/ ;‘1 g;’:;"' (95% ClI: N/ :‘1 ;Z’:/j“’ (95% ClI: N/ :gg’g;”r (95% ClI:
(nmol/1)* 0.47 to 0.54) 0.01 to 0.05) 0.64 t0 0.78)

CAH=Congenital adrenal hyperplasia, SEM=Standard error of the mean; Cl=Confidence Interval

Neil Lawrence PhD Thesis; Page 231




3952

3953

3954

3955

3956

3957

3958

3959

3960

3961

3962

3963

3964

3965

3966

3967

3968

3969

3970

3971

3972

3973

3974

3975

3976

3977

3978

3979

3980

Supplementary Analysis 4.2 - Change point analysis

Method

Bayesian multiple change point analysis was employed to assess any change in the relationship between
170HP and androstenedione dependent upon the magnitude of androstenedione as the independent variable
(x axis). Assessment was carried out on Ln transformed values due to the positive skew of both biomarkers
across the population. The value of the change point was then converted back to an absolute value by taking

the exponent of the derived estimate.

Bayesian priors were set to assess the possibility of two relationships. Change point model A assessed the
likelihood of a horizontal relationship before a change point that turned to a log linear relationship. Change
point model B assessed a log linear relationship before the change point with an altered log linear relationship
after the change point. Change point model C assessed the same relationship exclusively in male patients,
change point model D exclusively in female patients, change point model E exclusively in patients taking
Chronocort and change point model F exclusively in patients taking hydrocortisone replacement. Change point

model G replicated the most stable model in healthy participants.

Results

The comprehensive results of this modelling are contained in supplementary tables 3 and 4. The most stable
model was that of a slope to slope relationship (model B), which translated to a change point occurring at an
absolute value of 170HP of 4.5nmol/I (95% confidence interval 4.0 to 5.0). The models run exclusively in male
and female patients were less stable (R>1.1), but both estimated a change point that had a confidence interval
overlapping the change point of the overall model. The models run exclusively in those taking Chronocort and
those taking hydrocortisone also showed change points with confidence intervals overlapping that of model B.
There was therefore no indication that there was a difference in this change point between sexes, or between
those taking Chronocort compared to standard glucocorticoid replacement.

Healthy participants also exhibited a clear change point in the relationship that was at a similar level of 170HP
as the CAH patients, but occurring at a higher level of androstenedione. This is consistent with the clustering of

points from healthy participants in the lower right quadrant of Figure 4.4 within the main chapter.
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Table S4.3 — Change point analysis in the main cohort

Independent variable (x axis) = In androstenedione (In(nmol/l))
Dependent variable (y axis) = In 170H-progesterone (In(nmol/l))

Multiple change
point model estimate

CAH Patients

Change point

A: Both sexes
change point
model:

B: Both sexes
change point
model:

C: Male change
point model:
slope to slope

D: Female
change point
model:

flat to slope slope to slope slope to slope
Change point -1.72 0.41 -0.10 -0.32
(In androstenedione (In nmol/1)) (-1.82to -1.62) (0.33 to 0.49) (-0.93 t0 0.35) (-2.18 t0 0.69)
(95% Cl) [R=1.011] [R=1.007] [R=7.459] [R=31.942]
Intercept of first segment -0.70 1.19 0.71 0.53
(In androstenedione (In nmol/l)) (-0.80 to -0.61)) (1.15 to 1.23) (-0.87 to0 1.19) (-1.09 to 1.30)
(95% Cl) [R=1.010] [R=1.003) [R=4.641] [R=17.400]
Slope of first segment 0.73 0.44 0.48
(95‘:/ al & 0 (prior) (0.70 t0 0.77) (0.94t01.03) | (-0.13t00.79)
’ [R=1.004] [R=4.484] [R=15.404]
1.41 1.35
Slope of second segment -0.70 1.49
(1.34to 1.47) (1.01to 1.57)
0 -~ = a a
(95% Cl) (-0.80 t0 -0.61) (1.44 to 1.55) (A=3.254] [(A=11.219]
Calculated value of absolute
170HP at change point 0.50 4.46 1.94 1.46
(95% Cl) (0.45 to 0.54) (4.00 to 4.99) (1.01to 4.72 (0.45 to 6.34)
(nmol/L)
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3984 Table S4.4 - Change point analysis by preparation and in healthy participants

Independent variable (x axis) = In androstenedione (In(nmol/I))
Dependent variable (y axis) = In 170H-progesterone (In(nmol/l))
Multiple change . Health
. P & . CAH Patients .. y
point model estimate Participants
E: Both sexes F: Both sexes G: Both sexes
change point change point change point
. model: model: model:
Change point
Slope to slope Slope to slope slope to slope
(Chronocort) (Hydrocortisone
replacement)
Change point 0.70 0.50 1.21
(In androstenedione (In nmol/l)) (0.46 to 0.98) (0.34 to 0.67) (0.92 to 1.54)
(95% Cl) [R=1.029] [R<1.001] [R=1.020]
Intercept of first segment 1.04 1.29 0.28
(In androstenedione (In nmol/1)) (0.96 to 1.13) (1.21to0 1.38) (0.17 to 0.40)
(95% Cl) [R=1.019] [R<1.001) [R<1.001]
Slope of first segment 0.73 0.69 0.50
(955/ a & (0.66 to 0.80) (0.63 t0 0.74) (0.31 t0 0.65)
’ [R=1.017] [R<1.001] [R=1.017]
Slope of second segment 1.74 1.45 1.21
(955/ al & (1.58 to 1.94) (1.39 to 1.52) (0.97 to 1.46)
? [R=1.024] [R=1.001] [R=1.003]
Calculated value of absolute
170HP at change point 4.72 5.14 2.42
(95% Cl) (3.54 t0 6.76) (4.15t0 6.52) (1.57 to 4.09)
(nmol/L)

3985 CAH=Congenital Adrenal Hyperplasia; Cl=Confidence Interval
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3994

3995

3996

3997

3998

3999

Supplementary Analysis 4.3 — Relationship between serum 170HP,

androstenedione and testosterone

Method
To assess the relationship between testosterone and serum 170HP and androstenedione, a simple linear
regression model was applied with testosterone (In(nmol/l)) as the dependent variable and 170HP (nmol/l) or

androstenedione (nmol/l) as the independent variable.

Results

In females, the level of serum testosterone correlated with 170HP in both CAH patients (R%qj = 0.51) and
healthy participants (R%4=0.77), as did androstenedione (R%,4j=0.77 and R%,4=0.56 respectively). In male
patients, there was a very weak negative correlation between 170HP, A4 and testosterone (170HP: R?,4=0.02,
androstenedione: R%,4=0.04), whereas a positive correlation existed within healthy participants (170HP: R%,q;

=0.37, androstenedione: R%,4=0.31) (supplementary table 5).
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Table S4.5 — Regression results of testosterone on 170HP and

androstenedione

Independent variable In transformed testosterone

CAH patients:
Male Female
Dependent
variable: Intercept Slope Intercept Slope
2.86 (0.098) -0.04 (0.025) -1.91 (0.088) 0.42 (0.028)
In 170HP
(In nmol/I)
adj 0 016 adJ 0 505
In 2.86 (0.075) -0.10 (0.039) -1.23 (0.043) 0.76 (0.028)
androstenedione
(In nmol/I) R%qj = 0.043 R%q = 0.773
Healthy participants:
Dependent
Sl
variable: Intercept Slope Intercept ope
2.44 (0.019) 0.29 (0.013) -0.42 (0.028) 0.34 (0.024)
In 170HP
In nmol/I
( /) R4 = 0.367 R%q = 0.274
In 2.25 (0.030) 0.44 (0.024) -0.88 (0.033) 0.70 (0.028)
androstenedione
(In nmol/I) R%qj = 0.309 R%q = 0.558
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4003  Figure S4.1 — Regression of testosterone on serum 170HP and

4004 androstenedione

4005 170HP=170H-Progesterone
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4008

4009
4010
4011

Table S4.6

Regression of salivary steroids on serum steroids

Correlation of salivary markers with serum steroids, all measurements natural log transformed. Numbers show
mean of estimate (standard error of estimate). Correlation between serum steroids reported to facilitate

comparison

Independent variable: serum 170HP (In (nmol/l))

All CAH patients
(n=9, 14 profiles)

Male CAH patients
(n=3, 4 profiles)

Female CAH patients
(n=6, 10 profiles)

Dependent variable: Intercept Slope Intercept Slope Intercept Slope
Salivary 2.48 (0.225) 0.98 (0.062) 2.89 (0.303) 0.41 (0.107) 2.78(0.215) 0.97 (0.056)
11KT (In (pmol/1)) R%q = 0.76 R%q = 0.48 R%q = 0.82

3.37(0.193) | 0.80 (0.057)

3.70 (0.486) ‘ 0.50 (0.190)

3.52 (0.205) ‘ 0.81 (0.056)

Salivary

110HA4 (In (pmol/1)) R%q = 0.65 R%q; = 0.15 R%q = 0.75

Salivary 3.12 (0.134) | 0.87 (0.040) 3.30 (0.291) ‘ 0.77 (0.113) 3.12 (0.163) ‘ 0.88 (0.044)
170HP (In (pmol/1)) R = 0.82 R%q = 0.57 R = 0.85

salivary 399(0.124) | 054(0037) | 442(0345) | 027(0.135) | 4.03(0121) | 056(0.033)
androstenedione

(In (pmol/1)) R%.qj = 0.67 R%q = 0.08 R%q = 0.80

Salivary 3.43(0.329) | 0.369 (0.098) 5.41 (0.669) ‘ 0.32 (0.263) 2.02 (0.230) ‘ 0.53 (0.063)
testosterone

(In (pmol/1)) R%q = 0.11 R%q = 0.01 R%qj = 0.49

Serum -0.77 (0.015) | 0.62 (0.006) -0.45 (0.021) ‘ 0.59 (0.006) -0.85 (0.018) ‘ 0.59 (0.008)
androstenedione

(In (nmol/l)) R%qj = 0.67 R%qj = 0.79 R%q; = 0.57

Serum -1.02 (0.126) | 0.51(0.037) 2.87 (0.072) ‘ -0.04(0.018) | -1.91(0.072) ‘ 0.42 (0.024)
testosterone

(In (nmol/1)) RZ%q = 0.28 R%q = 0.02 RZ%q = 0.49
Independent variable: serum androstenedione (In (nmol/l))

Dependent variable: Intercept Slope Intercept Slope Intercept Slope
salivary 3.33(0.125) 1.48 (0.063) 3.71(0.198) 0.57 (0.296) 3.33(0.157) 1.49 (0.071)
11KT (In (pmol/1)) R%q = 0.87 R%q; = 0.15 R%q = 0.87

Salivary 4.32 (0.150) | 1.10 (0.085) 4.77 (0.260) ‘ 0.34 (0.446) 4.03 (0.187) ‘ 1.22 (0.088)
110HA4 (In (pmol/1)) R = 0.61 RZq; = -0.01 R%q = 0.73

Salivary 430(0.144) | 106(0082) | 474(0185) | 118(0319) | 3.78(0203) | 1.24(0.096)
170HP (In (pmol/1)) R%q = 0.61 R%q = 0.27 R%q = 0.70

Salivary 4.51 (0.070) | 0.84 (0.040) 4.70 (0.137) ‘ 1.13 (0.235) 4.26 (0.065) ‘ 0.91 (0.031)
androstenedione

(In (pmol/1)) R%q = 0.81 R%q = 0.40 R%q¢ =0.93

Salivary 4.07 (0.326) | 0.326 (0.143) 5.56 (0.273) ‘ 1.93 (0.474) 2.14 (0.168 ‘ 0.91 (0.080)
testosterone

(In (pmol/1)) R%q; = 0.04 R%q = 0.31 R%q = 0.65

Serum 145(0.014) | 108(0010) | 117(0024) | 134(0.015) | 144(0018 | 097(0.013)
170HP (In (nmol/1)) R%q = 0.67 R%q = 0.79 R%q = 0.57

serum -0.35 (0.079) | 0.93 (0.048) 2.84(0.055) ‘ -0.07 (0.028) -1.26 (0.035 ‘ 0.78 (0.024)
testosterone

(In (nmol/l)) R%q = 0.44 R%q = 0.03 R%q = 0.78

Neil Lawrence PhD Thesis; Page 238




4012

4013

4014

4015

4016

4017

Serum Androstenedions

= Serum 17-OH Progesterone
= Salivary marker

| usy, | ojpwag

=
5
s

5
=
2

F
Z
2

o

=
5
3

w
2
2

Salivary marker concentration (pmol/l)

Serum markers scaled for comparison of shape (10x nmol/l for 170OHP, 100xnmol/l for Androstenedione)

=]
g

=

Z ajpwing

LS

2 U51A, g 9fFma

Figure S4.2 — Salivary biomarker spline plots

(black). CAH=congenital adrenal hyperplasia; 1770HP=170H-Progesterone
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4020
4021
4022
4023
4024
4025
4026
4027
4028
4029
4030
4031
4032
4033
4034
4035
4036

Supplementary Analysis 4.4 - Assessing biomarkers of disease control with

dose

Method

To assess the consistency of disease control within patients maintained on the same dose, visits within
patients where dose or preparation was not changed were paired. The AUC of 170HP and androstenedione
was regressed between each paired visit to assess consistency between visits with a calibration plot.

To assess a consistent change in disease control with total daily dose across all patients, a simple linear
regression model was applied with In area under the curve of 170HP (In(nmol=day/l)) as the dependent
variable and total daily hydrocortisone equivalent (mg) as the independent variable. Conversion factors for

hydrocortisone equivalent applied were 5x for prednis(ol)one and 80x for dexamethasone.

Results

Across all visits there were 93 paired visits within 39 men maintained on the same dose and preparation, and
218 paired visits within 71 women maintained on the same dose and preparation. Within patient comparisons
were more consistent within men (170HP R%,4=0.79, androstenedione R2,4; =0.90) than within women (170HP

R%,4 =0.44, androstenedione R%,q; =0.55) (Appendix Table S4.6, Appendix Figure S4.3). There was no

relationship between In AUC 170HP and total daily hydrocortisone equivalent at visit (p=0.34, R%,4; =0.002)
(Appendix Table S4.7, Appendix Figure S4.4).
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4037 Table S4.6 — AUC of biomarkers within patients regressed between visits

4038  maintained on the same dose and preparation

4039 Numbers show mean of estimate (standard error of estimate)

Independent variable: In AUC 170HP at latter visit in same patient maintained on
same preparation and same dose (In(nmol=day/l))

Male CAH patients Female CAH patients
Dependent
variable: Intercept Slope Intercept Slope
Ln AUC170HP at 0.25 (0.287) 0.96 (0.052) 1.30 (0.261) 0.70 (0.054)
former visit
within patient RZag = 0.79 R4 = 0.44
(In(nmol=day/I))
Ln AUC -0.12 (0.139) 1.02 (0.036) 0.60 (0.158) 0.79 (0.049)
androstenedione
at former visit
within patient R%aj = 0.90 R = 0.55
(In(nmol=day/l))

4040

4041 Table S4.7 — Change in disease control with total daily dose across the sample

4042  population

4043 Numbers show mean of estimate (standard error of estimate)

Independent variable: In Area under curve 170HP at visit
(In(nmol=day/I))

Dependent variable: Intercept Slope

5.60 (0.24) -0.007 (0.007)

Total daily Hydrocortisone
equivalent (mg)

R?=0.002

4044
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4045  Figure S4.3 — Variability in biomarkers of disease control within patients

4046  between visits maintained on the same dose and preparation
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4048  Figure S4.4 — Ln AUC 170HP and androstenedione on daily hydrocortisone

4049  equivalent dose

4050 No relationship between dose and overall control. AUC=area under the curve; 1770HP=170H-Progesterone
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4052  Supplementary Analysis Code 4.1

4053  The code used to model data within R to carry out this research can be found:

4054 https://github.com/neilxlawrence/chronocort modelling
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https://github.com/neilxlawrence/chronocort_modelling
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4077
4078
4079
4080
4081
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4083
4084
4085
4086
4087
4088

A5 Supplementary Material for Chapter 5

Supplementary methods 5.1 — Full details of data preparation

Data was prepared for analysis by removal of duplicated entries, and manual assessment of outlying
values using data visualisation, followed by contact with individual centres for clarification about possible
data entry errors and units of measurement.

Interpolation of missing height and weight data

Due to varying number of visits within patients, a hierarchical approach was employed to interpolation of
missing height and weight. In patients with 11 or more visits in which height and weight were available, a
generalised additive model was estimated for height on age with weight as a covariate. Pearson scaled
residuals were calculated for each data point within this fit to assess for outliers. Individual model fits
were examined visually and an absolute Pearson scaled residual of 3 or more was selected to declare a
datapoint as an implausible outlier allowing deletion of that point and imputation. If a datapoint was
declared an outlier, the modelling was reiterated without the outlying point before establishing the final
GAM model fit that was then used to interpolate missing or outlying data points. In patients with 11 or
more visits in which height was available but the covariate weight was not available, the process was
repeated to fit a GAM model without the covariate of weight.

In patients with between 4 and 10 known data points for height, a cubic spline with 4 degrees of freedom
was fit through the data, without covariate adjustment. Residuals were calculated manually from the
spline fit by calculating the difference between the model fit and each data point, and then standardising
by dividing them by the standard deviation of the height measurements within that patient. A threshold
of greater than 0.5 was used for this standardised residual to declare a data point as an outlier following
visual inspection of the model fits. In patients with between 2 and 4 available data points for height, a
linear interpolation method was employed. Points were not extrapolated beyond known data points.

A similar process was applied for measurements of weight, with different outlier threshold parameters
due to the greater variability in this metric with true values able to decrease as well as increase. The
residual threshold for GAM models was thus set at a pearson residual of 4, and for spline models a

standardised residual threshold of 1.2.

Imputation of missing dose data

Missing data patterns were reviewed and correlated with other data fields of relevance. The field ‘has
dose changed from previous visit’, evidenced that doses patients were prescribed at that visit going
forward were entered into the registry, with a preference for dose changes to be entered into the

registry: Patients who were maintained on the same dose were more likely to have their precise dose
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4114

details missing, with dose changes more likely to include precise dosing details. A pragmatic approach of
data imputation using last observation carried forward was therefore employed, with limits on how far
data could be carried according to age, restricted to carrying for 6 months under age 1, 12 months under
age 3, 24 months under age 5 and 36 months over age 5. If data was not available to carry forward, then
next observation carried backward was employed with the same age limits. The dose a patient was on
prior to clinic (as defined by the previous visit) was therefore used for modelling to assess the effect of
that dose on the patient parameters measured in clinic. Hydrocortisone equivalent dosing was converted
using the conversion factors in table S2.

Joint modelling multiple imputation of BP and biomarkers

The remaining variables of interest exhibited more random variation within patients, and were thus more
suited to multiple imputation, as carrying values or interpolating values would result in less plausible
random variation around the trend. These metrics were imputed using a joint modelling multiple
imputation model with complete age, sex, interpolated height and interpolated weight used as
covariates. Biomarkers were converted to consistent units (table S3) and natural log transformed prior to
imputation to achieve a closer to normal shaped distribution. Imputation was carried out 10 times to
create 10 different imputed datasets. Following imputation, the standardised lower and upper limits of
detection (table S3) were applied to maintain consistency across the datasets and prevent the imputation
of excessively large or small values that would have undue leverage on multivariable modelling.
Biomarkers were censored to consistent lower and upper levels of detection to prevent undue leverage
of high outlying values or extreme values created by log transforming values equal to or close to zero
using the values in table S3.

This hybrid approach to missing data imputation was complicated, and tested by visualising the data and

by rerunning multivariable models on complete case data without data imputation. Appendix Figure S5.2

shows a similar trend with age across all the variables, and the sensitivity analyses rerunning models on
complete cases showed no change in the direction, and very little change in the magnitude of any of the

estimates of interest (Table S8).
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Table S5.1 — R software packages employed during analysis

Name of software
package

Citation

Base R https://www.R-project.org/

tibble https://tibble.tidyverse.org/

rlang https://cran.r-project.org/web/packages/rlang/index.html
dplyr https://github.com/tidyverse/dplyr

doRNG https://cran.r-project.org/web/packages/doRNG/index.html

piecewiseSEM

http://dx.doi.org/10.1111/2041-210X.12512

Ime4 https://cran.r-project.org/web/packages/Ime4/index.html

mice https://cran.r-project.org/web/packages/mice/index.html
miceRanger https://cran.r-project.org/web/packages/miceRanger/index.html
mgcv https://cran.r-project.org/web/packages/mgcv/index.html
sjstats https://cran.r-project.org/web/packages/sjstats/index.html

rlist https://renkun-ken.github.io/rlist/

pedsbp https://cran.r-project.org/web/packages/pedbp/readme/README.html
geplot2 https://ggplot2.tidyverse.org

ggpubr https://rpkgs.datanovia.com/ggpubr/

gridExtra https://cran.r-project.org/web/packages/gridExtra/

DescTools https://cran.r-project.org/package=DescTools

summarytools

https://cran.r-project.org/web/packages/summarytools/vignettes/introduction.html

Hmisc https://cran.r-project.org/web/packages/Hmisc/index.html
rms https://cran.r-project.org/web/packages/rms/index.html
mfp https://cran.r-project.org/package=mfp

glmnet https://cran.r-project.org/web/packages/glmnet/index.html
brms https://cran.r-project.org/web/packages/brms/index.html
Shiny http://www.rstudio.com/shiny/
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Table S5.2 — Conversion factors for glucocorticoid equivalents

Conversion factors to create hydrocortisone equivalent doses

Preparation of glucocorticoid

Multiplication factor to create hydrocortisone

equivalent
Hydrocortisone 1
Prednisolone 4
Dexamethasone 80
Cortisone acetate 0.8
Methylprednisolone 5
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Table S5.3 — Conversion factors for biomarkers

Standardised

Standardised

Marker Original unit Unit to Multiplication lower limit of upper limit of
convert to factor . .
detection detection
170HP ng/ml nmol/I 0.030261 0.05nmol/I 1000nmol/I
Androstenedione ng/dl nmol/I 0.034916 0.05nmol/I 100nmol/I
Plasma Renin Converted to Converted to
Activity (PRA) ng/mi/hr nmol/l/hr 0.77154 renin first renin first
. Converted to Converted to
PRA to renin nmol/l/hr uiu/ml 0.158 renin first renin first
Renin ng/ piu/ml 1.67 0.05uIU/ml 1000pIU/ml
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Table S5.4 — Summary statistics with imputed values

Median (Q1 to Q3)

(0.04 to 0.99)

(0.04 to 3.03)

(0.03 to 0.26)

. . Not Total
Sex assigned at birth: Male Female .
assigned sample
Number of countries 17 17 4 18
Number of centres 31 31 4 35
Number of patients 257 291 6 554
Number of visits 3018 3361 57 6436
Number of visits per patient 9 9 8 9
Median (Q1 to Q3) (7 to 16) (5 to 16) (2t011) (6 to 16)
Number of years visits spanned within
tients 3.2 3.2 2.1 3.2
patien (2.7106.9) (2.1t0 8.0) (02t03.1) (25t07.3)
Median (Q1 to Q3)
Age of patients at youngest visit (years) 0.13 0.21 0.08 0.16

(0.04 to 2.17)

Age of patients at oldest visit (years) 5.70 6.01 2.25 5.81
Median (Q1 to Q3) (3.09 to 11.47) (3.07 to 14.35) (0.46 t0 3.17) (3.07 t0 12.87)
107 (n=1556) 105 (n=1652) 99 (n=21) 106 (n=3229)
Systolic BP at visit (mmHg) [97 to 118] [96 to 116] [85 to 107] [97 to 117]
Median, (n) [Q1 to Q3]+ 105 (n=2936) 104 (n=3257) 96 (n=53) 105 (n=6246)
[96 to 116] [95 to 114] [85 to 105] [95 to 115]
1.5 (n=1492) 1.1 (n=1564) 1.3 (n=3056)
Systolic BP SDS at visitf [0.5t0 2.4] [0.3t02.1] [0.4102.2]
Median (n) [Q1 to Q3] 1.5 (n=2792) 1.2 (n=3080) 1.4 (n=5872)
[0.5 to 2.5] [0.3 to 2.2] [0.4 to 2.3]
64 (n=1542) 64 (n=1645) 60 (n=20) 64 (n=3207)
Diastolic BP at visit (mmHg) [57 to 71] [57 to 70] [50 to 71.25] [57 to 70]
Median, (n) [Q1 to Q3]* 64 (n=2936) 64 (n=3256) 59 (n=53) 63.97 (n=6245)
[57to 71] [57 to 71] [50 to 69] [57 to 71]
1.1 (n=1478) 0.9 (n=1559) 1.0 (n=3037)
Diastolic BP SDS at visit¥ [0.4t02] [0.3t0 1.6] [03t01.8]
Median (n) [Q1 to Q3] 1.3 (n=2792) 1.1 (n=3080) 1.2 (n=5872)
[0.5t02.2] [0.3t0 1.9] [0.4t02.1]

Visits prescribed hydrocortisone*

2200 (72.9%)
[610, 20.2%)

2214 (65.9%)
[648, 19.3%]

35 (61.4%)
[22, 38.6%)

4449 (69.1%)
[1280, 19.9%]

n (%) [missing n, % missing]t 2670 (88.5%) 2668 (79.4%) 51(89.5%) 5389 (83.7%)
[133 (4.4%)] [134 (4.0%)] [6(10.5%)] (273 (4.2%)]
Total Hydrocortisone equivalent at visit 14.1 (n=2237) 14.5 (n=2438) 18.4 (n=25) 14.3 (n=4700)
) [9.8t0 15.5] [9.9t0 15.7] [13.5 to 20.3] [9.9 t0 15.6]
per BSA (mg/m?)t#
i 13.8 (n=2774) 14.1 (n= 3099) 17.2 (n= 48) 14.0 (n=5921)
Median (n) [Q1 to Q3] (9.7 t0 15.2) (9.8 t0 15.6) (13.5 to 19.9) (9.8 to 15.5)
2577 (85.4%) [180, 2754 (81.9%) [140, 51 (89.5%) 5382 (83.6%) [326,
Visits prescribed fludrocortisone 6.0%] 4.2%] [6, 10.5%] 5.1%]
n (%) [missing n, % missing] 2618 (86.8%) [125, 2804 (83.4%) 55 (96.5%) 5477 (85.1%) [204,
4.1%] (77, 2.3%] [2, 3.5%] 3.29%]
Total Fludrocortisone at visit per body 318 (n=2442) 292 (n=2527) 555 (n=38) 307 (n=5007)
. 5 [103 to 396] [99 to 321] [207 to 484] [102 to 356]
surface area (when prescribed) (ng/m?) ¥
R 322 (n=2536) 296 (n=2693) 561 (n=52) 311 (n=5281)
Median (n) [Q1 to Q3] [105 to 400] [99 to 323] [203 to 505] [103 to 359]

400 (13.3%)

486 (14.5%)

35 (61.4%)

921 (14.3%)

Visits prescribed salt [290, 9.6%] [204, 6.1%] [5, 8.8%] (499, 7.8%]
n (%), [missing n, % missing] £ 400 (13.3%) 486 (14.5%) 35 (61.4%) 921 (14.3%)
[265, 8.8%] [175, 5.2%] [4, 7.0%] [444, 6.9%]
5.0 (n=1059) 4.0 (n=1041) 0.4 (n=16) 4.5 (n=2116)
Renin (nlU/ml) [0.3t069.1] [0.4 to 54.0] [0.1t03.2] [0.4 10 61.8]
Median (n) [Q1 to Q3] # 9.2 (n=2945) 6.8 (n=3261) 2.6 (n=53) 7.7 (n=6259)
[0.9 to 75.2] [0.8 to 56.0] [0.2 to 38.2] [0.8 to 64.4]
18.2 (n=1380) 26.9 (n=1325) 12.1 (n=31) 21.18 (n=2736)
17-OH Progesterone (nmol/ml) [2.0 to 100.0] [3.0 to 140.0] [4.0to 62.8] [2.72 to 115.0]
Median (n) [Q1to Q3] 17.0 (n=2965) 20.93 (n=3279) 15.94 (n=54) 18.87 (n=6298)
[2.8t092.1] [2.96 to 117.61] [3.81 to 65.54] [2.95 to 102.84]
0.1 (n=1285) 1.0 (n=1211) 0.1 (n=29) 0.7 (n=2525)
Androstenedione (nmol/ml) [0.1t03.0] [0.1t0 6.0] [0.1t0 1.0] [0.1t03.5]
Median (n) [Q1 to Q3] 0.5 (n=2960) 1.0 (n=3270) 0.2 (n=53) 0.8 (n=6283)
[0.1t02.6] [0.1t0 5.0] [0.1t01.2] [0.1to0 3.6]

n=Number, BSA=Body surface area; Q1=Quartile 1; Q3=Quartile 3; SDS=Standard deviation score

#Normal font, black text = original data; Italics, grey text = imputed data (mean of median and quartiles calculated on each imputed data set)

*remaining visits patients prescribed either cortisone acetate (n=352), (134), pred:
+Hydrocortisone equivalent calculated by multiplying preparations by the following factors:
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(1), mixed dosing (59) or no glucocorticoid (86) (Table 55)
x4; X80; cortisone acetate x0.8; methylprednisolone x5 (Table S2 for full frequency tables of preparations)
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4129

Table S5.5 — Full frequency table of preparations of glucocorticoid prescribed

at visit
Preparation All Male Female Visits sex not
P visits visits visits assigned
Hvdrocortisone 5389 2670 2668 51
v (83.7%) (88.5%) (79.4%) (89.5%)
Prednisolone 105 12 93 0
(1.6%) (0.4%) (2.8%) (0.0%)
Prednisone 37 12 25 0
(0.6%) (0.4%) (0.7%) (0.0%)
Dexamethasone 134 36 98 0
(2.1%) (1.2%) (2.9%) (0.0%)
. 1 1 0 0
Methylprednisolone (0.1%) (0.1%) (0.0%) (0.0%)
. 352 112 240 0
Cortisone Acetate (5.5%) (3.7%) (7.2%) (0.0%)
. . 59 4 55 0
Mixed dosing (0.9%) (0.1%) (1.6%) (0.0%)
None 86 38 48 0
(1.3%) (1.2%) (1.4%) (0.0%)
Unknown 273 133 134 6
(4.2%) (4.4%) (4.0%) (10.5%)
Total 6436 3018 3361 57
(] (] 0 0
(100%) (100%) (100%) (100%)
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Table S5.6 — Bayesian multiple change point analysis

(95% c1)

(-]

-]

[-]

Male Male Female Female
systolic Diastolic Systolic diastolic
Intercept (mmHg) 21.1 33.4 18.4 25.1
(95% Cl) (18.2 t0 23.9) (31.5 t0 35.4) (17.7 t0 19.1) (22.5t0 27.7)
[R] [1.033] [1.007] [1.023] [1.24]
Slope (mmHg/year) -1.1 -4.4 -0.9 -2.8
(95% Cl) (-1.7 to -0.6) (-5t0-3.8) (-1t0-0.8) (-3.6 to -2.1)
[R] [1.042] [1.006] [1.031] [1.296]
Change point age (years) 11.5 5.9 13.1 7.0
(95% C1) (7.8 to 17.6) (5.5 t0 6.4) (12.2 to 14.1) (5.9t0 8.2)
[R] [1.039] [1.006] [1.021] [1.274]
9.2 7.3 6.4 5.6
Plateau (mmHg) (6.7 t0 10.7) (6.8 10 7.9) (5.8 10 6.9) (4.8106.5)

[-]

R is the Gelman-Rubin convergence statistic assessing the strength of Markov chain Monte Carlo model fits, values closer to 1.0 showing a

stronger model estimate. Plateau is calculated from estimated changepoint, slope and intercept, and therefore does not have a calculated

R.
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4134  Table S5.7 — Comprehensive Bayesian Joint Modelling parameters

4135  Model 1: Estimation of drug dose effects on BP

4136 Number of patients in model: 452 Number of visits in model: 4187

Parameter Estimate Confidence Interval Significance
Outcome: Systolic BP (Absolute values)

Intercept 102.047 96.551 to 107.542 *
Sex (Male) 1.440 -0.124 to 3.005 NS
Sex (Not assigned) -7.643 -16.714 to 1.427 NS
Age (years) 0.084 -0.428 to 0.595 NS
Height (cm) -0.083 -0.156 to -0.009 *
Weight (kg) 0.370 0.220t0 0.521 *
Daily fludrocortisone (ug) 0.012 0.005 to 0.020 *
Daily hydrocortisone 0.052 -0.057 to 0.162 NS
equivalent (mg)

Daily salt (g) -0.686 -2.138t0 0.766 NS

SD of random slope | random intercept :

0.80 | 4.97

R? systolic BP (95% ClI) :
0.27 (0.14 to 0.40)

Outcome: Diastolic BP (Absolute values)

Intercept 64.564 60.633 to 68.495 *
Sex (Male) 0.713 -0.394 t0 1.820 NS
Sex (Not assigned) -3.061 -9.261t03.138 NS
Age (years) 0.069 -0.288 t0 0.425 NS
Height (cm) -0.069 -0.118 to -0.019 *
Weight (kg) 0.184 0.107 to 0.262 *
Daily fludrocortisone (pg) 0.008 0.003 to 0.014 *
Daily hydrocortisone 0.031 -0.045 t0 0.107 NS
equivalent (mg)

Daily salt (g) -0.562 -1.540t0 0.416 NS

SD of random slope | random intercept :

0.23 | 2.33

R? diastolic BP (95% Cl) :

0.17 (0.06 to 0.28)

4137 BP = Blood pressure; SD = Standard deviation; Cl = Confidence interval; NS = Not significant; * = Cl does not span zero. Cl calculated by

4138 iterating Bayesian Model using 400 iterations each through 10 bootstrap replications (sampling all data available from one patient with

4139 replacement) for each of the 10 imputed datasets.
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4140  Model 1: Sensitivity analysis A: Complete case analysis: Estimation of drug dose effect on BP

4141 Number of patients in model: 370 Number of visits in model: 2204

Parameter Estimate Confidence Interval Significance

Outcome: Systolic BP (Absolute values)

Intercept 98.682 90.895 to 106.468 *
Sex (Male) 0.998 -0.544 to0 2.541 NS
Sex (Not assigned) -9.694 -13.366 to -6.021 *
Age (years) 0.068 -0.473 to 0.609 NS
Height (cm) -0.080 -0.158 to -0.002 *
Weight (kg) 0.410 0.222 t0 0.599 *
Daily fludrocortisone (ug) 0.022 0.013 t0 0.031 *
Daily hydrocortisone 0.079 -0.056 to 0.215 NS
equivalent (mg)

Daily salt (g) -1.655 -4.258 to 0.949 NS

SD of random slope | random intercept : R? systolic BP (95% Cl) :
1.12 | 7.40 0.27 (0.21 to 0.32)

Outcome: Diastolic BP (Absolute values)

Intercept 62.648 56.310 to 68.985 *
Sex (Male) 0.688 -0.452 t0 1.828 NS
Sex (Not assigned) -2.778 -6.878 t0 1.322 NS
Age (years) 0.069 -0.376 t0 0.514 NS
Height (cm) -0.059 -0.132t0 0.013 NS
Weight (kg) 0.179 0.123t00.234 *
Daily fludrocortisone (ug) 0.014 0.006 to 0.021 *
Daily hydrocortisone 0.061 -0.025to 0.147 NS
equivalent (mg)
Daily salt (g) -1.389 -2.888t0 0.110 NS
SD of random_slope | random_intercept : R? diastolic BP (95% Cl) :
0.35] 3.44 0.17 (0.10 to 0.24)

4142 BP = Blood pressure; SD = Standard deviation; Cl = Confidence interval; NS = Not significant; * = Cl does not span zero. Cl calculated by

4143 iterating Bayesian Model using 400 iterations each through 10 bootstrap replications on complete data.

4144 Conclusion of sensitivity analysis: imputation strategy is robust and leads to estimates of similar direction and magnitude as complete case

4145 analysis.
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4153

4154

Model 1: Sensitivity analysis B: Estimation of drug dose by BSA effect on BP SDS

Number of patients in model: 422 Number of visits in model: 3223

Parameter Estimate

Confidence Interval Significance

Outcome: Systolic BP (SD Score)

Intercept 1.428 1.162 to 1.694 *
Sex (Male) 0.163 -0.007 to 0.334 NS
Age (years) -0.068 -0.093 to -0.044 *
Daily fludrocortisone per BSA 0.001 0.001 to 0.002 *
(ng/m?)
Daily hydrocortisone 0.003 -0.010to 0.016 NS
equivalent per BSA (mg/m?)
Daily salt per BSA -0.021 -0.116 to 0.073 NS
(g/m?)
BMI SD Score 0.081 0.021t0 0.141 *
SD of random slope | random intercept : R? systolic BP (95% ClI) :
0.08 | 0.54 0.31(0.18 to 0.44)

Outcome: Diastolic BP (SD Score)

1.755 1.545 t0 1.965 *
Intercept
Sex (Male) 0.163 0.019 to 0.307 *
Age (years) -0.140 -0.161 to -0.119 *
Daily fludrocortisone per BSA 0.001 0.001 to 0.002 *
(ng/m?)
Daily hydrocortisone 0.005 -0.005 to 0.015 NS
equivalent per BSA (mg/m?)
Daily salt per BSA 0.023 -0.045 to 0.092 NS
(8/m?)
BMI SD Score -0.007 -0.052 to 0.037 NS

SD of random slope | random intercept :
0.08 | 0.38

R? diastolic BP (95% Cl) :

0.42 (0.33 t0 0.51)

BP = Blood pressure; SD = Standard deviation; BSA = Body surface area (calculated by the mosteller formula); BMI = body mass index; Cl =

Confidence interval; NS = Not significant; * = Cl does not span zero. Cl calculated by iterating Bayesian Model using 400 iterations each

through 10 bootstrap replications (sampling all data available from one patient with replacement) for each of the 10 imputed datasets.

*National Heart, Lung and Blood Institute data for calculation of SD scores of BP only available for those over 1 year, and not calculated for

those patients declared sex ‘not assigned’ at birth, thus less data available for modelling.

Conclusion of sensitivity analysis: modelling of drugs by surface area and SD scores instead of absolute values does not make a significant

difference to the direction or magnitude of the effect size of drugs on BP
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4155  Model 1: Sensitivity analysis C: Estimation of drug dose effect on BP restricted to patients

4156  under 5 years of age

4157 Number of patients in model: 381 Number of visits in model: 2895

Parameter Estimate Confidence Interval Significance

Outcome: Systolic BP (Absolute values)

Intercept 85.87 74.96 t0 96.78 *
Sex (Male) 1.80 -0.36t0 3.96 NS
Sex (Not assigned) -7.97 -20.62 to 4.68 NS
Age (years) -1.66 -3.10to0 -0.22 *
Height (cm) 0.25 0.04 to 0.45 *
Weight (kg) -0.27 -0.88t0 0.35 NS
Daily fludrocortisone (ug) 0.01 0.01 to 0.02 *
Daily hydrocortisone 0.02 -0.13t0 0.17 NS
equivalent (mg)

Daily salt (g) -0.71 -2.18t0 0.77 NS

SD of random slope | random intercept : R? systolic BP (95% Cl) :
0.63 | 4.47 0.20 (0.05 to 0.35)

Outcome: Diastolic BP (Absolute values)

Intercept 46.85 38.96 to 54.74 *
Sex (Male) 0.50 -1.05 to 2.05 NS
Sex (Not assigned) -2.79 -13.03to0 7.44 NS
Age (years) -1.90 -3.09t0-0.72 *
Height (cm) 0.29 0.15t0 0.44 *
Weight (kg) -0.46 -0.91 to -0.00 *
Daily fludrocortisone (ug) 0.01 0.00 to 0.02 *
Daily h ti
ally hydrocortisone -0.01 10.13100.12 NS
equivalent (mg)
Daily salt (g) -0.50 -1.45t0 0.45 NS
SD of random_slope | random_intercept : R? diastolic BP (95% Cl) :
0.45 | 2.28 0.14 (0.02 to 0.26)
4158 BP = Blood pressure; SD = Standard deviation; Cl = Confidence interval; NS = Not significant; * = Cl does not span zero. Cl calculated by
4159 iterating Bayesian Model using 400 iterations each through 10 bootstrap replications on complete data.
4160 Conclusion of sensitivity analysis: Despite salt treatment being administered to only 15% of the sample and concentrated in those under 5,
4161 there is still no statistically significant effect on blood pressure of salt replacement when restricting analysis to patients under 5 years of

4162 age only.
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Model 2: Extent to which renin predicts BP

Number of patients in model: 544 Number of visits in model: 6130

Parameter Estimate Confidence Significance
Interval

Outcome: Systolic BP (Absolute values)
Intercept 108.85 103.061t0 114.63 *
Sex (Male) 1.88 0.51t03.25 *
Sex (Not assigned) -8.33 -15.64t0-1.01 *
Age (years) 0.33 -0.07t00.73 NS
Height (cm) -0.15 -0.22t0-0.07 *
Weight (kg) 0.43 0.29t0 0.56 *
In renin (In(ulU/ml)) -1.00 -1.47t0-0.53 *

SD of random slope | random intercept :

0.40 | 4.55

R? systolic BP (95% Cl) :

0.32 (0.19 to 0.45)

Outcome: Diastolic BP (Absolute values)

Intercept 68.7 64.20t073.20 *
Sex (Male) 1.07 0.21t01.93 *
Sex (Not assigned) -3.38 -9.30t02.54 NS
Age (years) 0.29 -0.07t0 0.66 NS
Height (cm) -0.10 -0.16t0 -0.05 *
Weight (kg) 0.21 0.15t00.28 *
In renin (In(ulU/ml)) -0.71 -1.13t0-0.29 *

SD of random slope | random intercept :

0.18 | 2.60

R? diastolic BP (95% Cl) :

0.21 (0.09 to 0.32)

BP = Blood pressure; SD = Standard deviation; Cl = Confidence interval; NS = Not significant; * = Cl does not span zero. Cl calculated by

iterating Bayesian Model using 400 iterations each through 10 bootstrap replications (sampling all data available from one patient with

replacement) for each of the 10 imputed datasets.
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Model 2: Sensitivity analysis A: Complete Case Analysis: Extent to which renin predicts BP

Number of patients in model: 256 Number of visits in model: 1027

Parameter Estimate Confidence Significance
Interval
Outcome: Systolic BP (Absolute values)
Intercept 99.74 88.17t0111.30 *
Sex (Male) 1.40 -0.441t03.24 NS
Sex (Not assigned) -7.35 -10.05t0 -4.65 *
Age (years) 0.17 -0.66t01.01 NS
Height (cm) -0.05 -0.20t0 0.09 NS
Weight (kg) 0.35 0.11t00.58 *
In renin (In(niU/ml)) -1.13 -1.71t0-0.54 *
SD of random slope | random intercept : R? systolic BP (95% ClI) :
0.95 | 8.27 0.32 (0.26 t0 0.39)
Outcome: Diastolic BP (Absolute values)
Intercept 61.28 54.331t068.24 *
Sex (Male) 0.63 -1.00t0 2.26 NS
Sex (Not assigned) -2.54 -4.51t0-0.57 *
Age (years) -0.02 -0.661t00.61 NS
Height (cm) -0.02 -0.10t0 0.07 NS
Weight (kg) 0.16 0.05t00.26 *
In renin (In(niU/ml)) -0.80 -1.20t0-0.41 *

SD of random slope | random intercept :

0.54 | 4.73

R? diastolic BP (95% Cl) :
0.24 (0.17 to 0.30)

BP = Blood pressure; SD = Standard deviation; Cl = Confidence interval; NS = Not significant; * = Cl does not span zero. Cl calculated by

iterating Bayesian Model using 400 iterations each through 10 bootstrap replications (sampling all data available from one patient with

replacement) on complete data.

Conclusion of sensitivity analysis: imputation strategy is robust and leads to estimates of similar direction and magnitude as complete case

analysis.
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Model 2: Sensitivity analysis B: Extent to which renin predicts BP SDS

Number of patients: 499 Number of visits: 4564

Parameter Estimate Confidence Interval Significance
Outcome: Systolic BP (SD Score*)

Intercept 1.89 1.751t02.03

Sex (Male) 0.16 -0.01t0 0.32 NS

Age (years) -0.09 -0.11to -0.07

In renin In(piU/ml) -0.08 -0.12 t0 -0.04

BMI SD Score 0.08 0.01to 0.15

SD of random slope | random intercept :

0.08 | 0.50

R? systolic BP (95% Cl) :
0.33 (0.20 to 0.45)

Outcome: Diastolic BP (SD Score*)

Intercept 2.28 2.15t02.42
Sex (Male) 0.18 0.05t00.30
Age (years) -0.17 -0.20t0-0.15
In renin In(ulU/ml) -0.05 -0.08t0-0.01
BMI SD Score -0.02 -0.07t00.02 NS

SD of random slope | random intercept :

0.09 | 0.38

R? diastolic BP (95% Cl) :
0.42 (0.34 to 0.51)

BP = Blood pressure; SD = Standard deviation; BMI = body mass index calculated using world health organisation reference data; Cl =
Confidence interval; NS = Not significant; * = Cl does not span zero. Cl calculated by iterating Bayesian Model using 400 iterations each
through 10 bootstrap replications (sampling all data available from one patient with replacement) for each of the 10 imputed datasets.

*National Heart, Lung and Blood Institute data for calculation of SD scores of BP only available for those over 1 year, and not calculated for

those patients declared sex ‘not assigned’ at birth, thus less data available for modelling.

Conclusion of sensitivity analysis: modelling of SD scores instead of absolute values does not make a significant difference to the direction

or magnitude of the prediction of renin on BP
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4184  Model 3: Extent to which 170H-progesterone predicts BP

4185 Number of patients in model: 544 Number of visits in model: 6130

Parameter Estimate Confidence Significance
Interval

Outcome: Systolic BP (Absolute values)

Intercept 106.64 101.58 to 111.69 *

Sex (Male) 1.47 0.07 to 2.87 *

Sex (Not assigned) -8.12 -15.63 to -0.62 *

Age (years) 0.18 -0.20t0 0.55 NS

Height (cm) -0.12 -0.18 to -0.05 *

Weight (kg) 0.42 0.28 to 0.55 *

In 170HP (In(nmol/l)) -0.64 -1.00 to -0.27 *

SD of random slope | random intercept :

0.41 | 4.35

R? systolic BP (95% Cl) :
0.31(0.17 to 0.45)

Outcome: Diastolic BP (Absolute values)

Intercept 67.37 63.72t0 71.02 *
Sex (Male) 0.76 -0.17t0 1.68 NS
Sex (Not assigned) -3.11 -9.54t03.33 NS
Age (years) 0.18 -0.16 t0 0.51 NS
Height (cm) -0.08 -0.13 to -0.03 *
Weight (kg) 0.21 0.14t00.28 *
In 170HP (In(nmol/l)) -0.50 -0.78 t0 -0.22 *

SD of random slope | random intercept :

0.19 | 2.40

R? diastolic BP (95% Cl) :

0.20 (0.07 to 0.32)

4186 BP = Blood pressure; SD = Standard deviation; 170HP = 170H-progesterone; Cl = Confidence interval; NS = Not significant; * = Cl does not

4187 span zero. Cl calculated by iterating Bayesian Model using 400 iterations each through 10 bootstrap replications (sampling all data

4188 available from one patient with replacement) for each of the 10 imputed datasets.
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4189  Model 3: Sensitivity analysis A: Complete Case Analysis: Extent to which 170H-progesterone
4190  predicts BP

4191 Number of patients in model: 288 Number of visits in model: 1215

Parameter Estimate Confidence Significance
Interval
Outcome: Systolic BP (Absolute values)
Intercept 94.52 84.07 to 104.97 *
Sex (Male) 0.79 -1.65t03.24 NS
Sex (Not assigned) -5.99 -10.13t0 -1.86 *
Age (years) 0.07 -0.63t0 0.77 NS
Height (cm) 0.02 -0.12t0 0.15 NS
Weight (kg) 0.30 0.10to 0.50 *
In 170HP (In(nmol/l)) -0.86 -1.26 to -0.46 *
SD of random slope | random intercept : R? systolic BP (95% CI) :
0.81 ] 6.94 0.30(0.24 t0 0.37)
Outcome: Diastolic BP (Absolute values)
Intercept 60.14 54.60 to 65.69 *
Sex (Male) 0.75 -0.33t01.82 NS
Sex (Not assigned) -1.61 -5.33t02.11 NS
Age (years) 0.14 -0.40to 0.68 NS
Height (cm) -0.01 -0.07 t0 0.06 NS
Weight (kg) 0.15 0.09t0 0.21 *
In 170HP (In(nmol/l)) -0.64 -0.88t0-0.40 *
SD of random slope | random intercept : R? diastolic BP (95% Cl) :
0.62 | 4.47 0.22 (0.17 t0 0.28)
4192 BP = Blood pressure; SD = Standard deviation; Cl = Confidence interval; NS = Not significant; * = Cl does not span zero. Cl calculated by
4193 iterating Bayesian Model using 400 iterations each through 10 bootstrap replications (sampling all data available from one patient with
4194 replacement) on complete data.
4195 Conclusion of sensitivity analysis: imputation strategy is robust and leads to estimates of similar direction and magnitude as complete case

4196 analysis.
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4197  Model 3: Sensitivity analysis B: Extent to which 170H-progesterone predicts BP SDS

4198 Number of patients in model: 499 Number of visits in model: 4564

Parameter Estimate Confidence Interval Significance

Outcome: Systolic BP (SD Score*)

Intercept 1.89 1.75t0 2.03 *
Sex (Male) 0.13 -0.03t0 0.29 NS
Age (years) -0.09 -0.11to -0.07 *
ln 170HP (ln (nmol/l)) -0.05 -0.08 to -0.02 *
BMI SD Score 0.08 0.01t0 0.15 *
SD of random slope | random intercept : R? systolic BP (95% Cl) :
0.07 | 0.49 0.32 (0.19 to 0.45)

Outcome: Diastolic BP (SD Score*)

Intercept 2.3 2.17t02.43 *

Sex (Male) 0.16 0.03 to 0.29 *

Age (years) -0.17 -0.20 to -0.15 *

ln 170HP (ln (nmol/l)) -0.04 -0.07 to -0.01 *

BMI SD Score -0.02 -0.07 to 0.02 NS

SD of random slope | random intercept : R? diastolic BP (95% Cl) :
0.09 | 0.37 0.42 (0.33 t0 0.51)

4199 BP = Blood pressure; SD = Standard deviation; BMI = body mass index calculated using world health organisation reference data; Cl =
4200 Confidence interval; NS = Not significant; * = Cl does not span zero. Cl calculated by iterating Bayesian Model using 400 iterations each
4201 through 10 bootstrap replications (sampling all data available from one patient with replacement) for each of the 10 imputed datasets.
4202 *National Heart, Lung and Blood Institute data for calculation of SD scores of BP only available for those over 1 year, and not calculated for
4203 those patients declared sex ‘not assigned’ at birth, thus less data available for modelling.
4204 Conclusion of sensitivity analysis: modelling of SD scores instead of absolute values does not make a significant difference to the direction

4205 or magnitude of the prediction of 170HP on BP
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4206  Model 4: Extent to which Androstenedione predicts BP

4207 Number of patients in model: 543 Number of visits in model: 6187

Parameter Estimate Confidence Significance
Interval
Outcome: Systolic BP (Absolute values)
Intercept 105.60 101.9210 109.29 *
Sex (Male) 1.30 -0.35t02.95 NS
Sex (Not assigned) -9.42 -19.72t0 0.87 NS
Age (years) 0.30 -0.061t00.67 NS
Height (cm) -0.14 -0.19t0-0.08 *
Weight (kg) 0.44 0.35t00.54 *
In androstenedione «
(In(nmol/1)) -0.73 -1.18t0-0.28

SD of random slope | random intercept:

0.41]4.38

R? systolic BP (95% Cl):
0.31(0.17 t0 0.45)

Outcome: Diastolic BP (Absolute values)

Intercept 66.67 64.00t069.33 *
Sex (Male) 0.76 -0.57102.09 NS
Sex (Not assigned) -4.20 -12.85t04.46 NS
Age (years) 0.29 0.03t0 0.56 *
Height (cm) -0.10 -0.13t0-0.06 *
Weight (kg) 0.22 0.16t00.28 *
:?n?:r‘:‘zjtl;’)"edm"e -0.61 -0.9610-0.25 *

SD of random slope | random intercept:

0.20 | 2.39

R2 diastolic BP (95% CI) :
0.20 (0.08t0 0.32)

4208 BP = Blood pressure; SD = Standard deviation; 170HP = 170H-progesterone; Cl = Confidence interval; NS = Not significant; * = Cl does not

4209 span zero. Cl calculated by iterating Bayesian Model using 400 iterations each through 10 bootstrap replications (sampling all data

4210 available from one patient with replacement) for each of the 10 imputed datasets.
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4211 Model 4: Sensitivity analysis A: Complete Case Analysis: Extent to which androstenedione
4212  predicts BP

4213 Number of patients in model: 282 Number of visits in model: 1229

Parameter Estimate Confidence Significance
Interval
Outcome: Systolic BP (Absolute values)
Intercept 92.95 80.68 to 105.23 *
Sex (Male) 0.87 -0.60to0 2.34 NS
Sex (Not assigned) -10.83 -24.93 to 3.27 NS
Age (years) 0.15 -0.63 t0 0.92 NS
Height (cm) -0.02 -0.18t00.14 NS
Weight (kg) 0.38 0.27 t0 0.48 *
In androstenedione
(In(nmol/1)) -0.86 -1.43t0-0.30 *
SD of random slope | random intercept : R? systolic BP (95% Cl) :
091|773 0.32 (0.26 t0 0.38)
Outcome: Diastolic BP (Absolute values)
Intercept 61.74 55.96t0 67.53 *
Sex (Male) 0.78 -1.00 to 2.56 NS
Sex (Not assigned) -3.42 -9.81t0 2.96 NS
Age (years) 0.12 -0.24 t0 0.47 NS
Height (cm) -0.05 -0.13t0 0.03 NS
Weight (kg) 0.21 0.12t00.30 *
In androstenedione
(In(nmol/1)) -0.72 -0.95 to -0.49 *
SD of random slope | random intercept : R? diastolic BP (95% Cl) :
0.57 | 5.20 0.25 (0.20 to 0.30)
4214 BP = Blood pressure; SD = Standard deviation; Cl = Confidence interval; NS = Not significant; * = Cl does not span zero. Cl calculated by
4215 iterating Bayesian Model using 400 iterations each through 10 bootstrap replications (sampling all data available from one patient with
4216 replacement) on complete data.
4217 Conclusion of sensitivity analysis: imputation strategy is robust and leads to estimates of similar direction and magnitude as complete case

4218 analysis.
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4219  Model 4: Sensitivity analysis B: Extent to which androstenedione predicts BP SDS

4220 Number of patients in model: 499 Number of visits in model: 4564

Parameter Estimate Confidence Interval Significance

Outcome: Systolic BP (SD Score*)

Intercept 1.78 0.73t02.84 *
Sex (Male) 0.12 -0.04100.28 NS
Age (years) -0.10 -0.281t00.08 NS
In androstenedione

(In(nmol/1)) -0.06 -0.25100.13 NS
BMI SD Score 0.08 0.01t00.16 *

SD of random slope | random intercept : R? systolic BP (95% ClI) :
0.07 ] 0.49 0.32(0.18 to0 0.45)

Outcome: Diastolic BP (SD Score*)

Intercept 2.21 1.681t02.74 *

Sex (Male) 0.15 0.02t00.28 *

Age (years) -0.18 -0.27t0-0.08 *

In androstenedione

(In(nmol/1)) -0.04 -0.19t00.10 NS

BMI SD Score -0.02 -0.07100.02 NS

SD of random slope | random intercept : R? diastolic BP (95% Cl) :
0.09 | 0.37 0.42 (0.33t0 0.51)

4221 BP = Blood pressure; SD = Standard deviation; BMI = body mass index calculated using world health organisation reference data; Cl =
4222 Confidence interval; NS = Not significant; * = Cl does not span zero. Cl calculated by iterating Bayesian Model using 400 iterations each
4223 through 10 bootstrap replications (sampling all data available from one patient with replacement) for each of the 10 imputed datasets.
4224 *National Heart, Lung and Blood Institute data for calculation of SD scores of BP only available for those over 1 year, and not calculated for
4225 those patients declared sex ‘not assigned’ at birth, thus less data available for modelling.
4226 Conclusion of sensitivity analysis: modelling of SD scores instead of absolute values does not make a significant difference to the direction
4227 or magnitude of the prediction of androstenedione on BP
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Table S5.8 — Sensitivity analysis results: impact of imputation strategy on

sample size and estimates

Sample size

Sample size

with without Estimate with Estimate Estimate with Estimate
Model number: . . . . . . without . . without
L imputation imputation imputation . imputation .
Target of estimation . R ) imputed data . . imputed data
(Patients| (Patients| (systolic) (systolic (diastolic) (diastolic)
Visits) Visits) v
1: Effect of
. 0.012 0.022 0.008 0.014
g‘;dmmrt'”"e on 452 | 4187 37012204 1 (3005 00.020) | (0.013t00.031) | (0.003t00.014) | (0.006t0 0.021)
2: Degree to which -1.00 -1.13 -0.71 -0.80
renin predicts BP 544 | 6130 256 | 1027 (-1.47 to -0.53) (-1.71 to -0.54) (-1.13 to -0.29) (-1.20 to -0.41)
3: Degree to which -0.64 -0.86 -0.50 -0.64
170HP predicts BP 544 | 6130 288 | 1215 (-1.00 to -0.27) (-1.26 to -0.46) (-0.78 t0 -0.22) (-0.88 to -0.40)
4: degree to which
. -0.73 -0.86 -0.61 -0.72
androstenedione 543 | 6187 282 | 1229 (-1.18t0-0.28) | (-1.43t0-0.30) | (-0.96t0-0.25) | (-0.95to-0.49)

predicts BP

BP=Blood Pressure. The sign and magnitude of all the estimates of interest are similar, and show a robust data imputation strategy and a

high level of confidence in the effect sizes.
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Figure S5.1 — Directed acyclic graph
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Relationship between variables of interest agreed through expert consensus. Arrow depicts direction of effect, but does not define the size
or sign of the effect. Constructed to inform which confounding variables should be controlled for in analysis, whilst avoiding mediating
variables or ancestors of variables that would introduce bias when interpreting regression coefficients. e.g. age is a covariate affecting BP
and the dose of medication a patient is prescribed, and should thus be controlled for when estimating the effect of dose on BP. However,
the effect of salt treatment will be mediated by increasing a patients’ sodium, and thus sodium should not be controlled for when

assessing the effect of salt on BP. Appropriate covariate adjustment set for each target of estimation reported in table 3.
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Figure S5.2 — Histograms and regression of variables within models
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*Registry data contains dose prescribed from that clinic visit. To model the biometrics measured at a clinic visit, the dose the patient was
prescribed at the previous visit is used. Height and weight are interpolated between points, but not extrapolated prior to the first data
point available or beyond the last data point available. Dose data was imputed using last observation carried forward or next observation
carried backward, but restricted to carrying for 6 months under age 1, 12 months under age 3, 24 months under age 5 and 36 months over
age 5. Joint modelling multiple imputation of biomarkers and blood pressure only employed to visits with known or interpolated height
and weight. Imputation therefore increases the amount available for modelling, but does not facilitate modelling across the entire dataset
because of the pragmatic restrictions imposed to ensure the imputation strategy produced plausible data. Right hand column shows 1
imputation set as an example, but please note imputation was carried out 10 times with estimates calculated for each imputation and
then collated using Rubin’s rules.
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Figure S5.3 — Bayesian multiple change point analysis of difference between

CAH patient blood pressure and normative values with age
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Difference between median normative healthy child blood pressure values subtracted from median LMS modelled blood pressure of CAH
(Congenital Adrenal Hyperplasia) patients with age. CAH patients have a larger difference in blood pressure at earlier ages. Lines show
Bayesian multiple change point analysis that estimates the age where this difference stops decreasing to a plateau. Analysis shows the
difference in diastolic blood pressure reduces at a faster rate than the difference in systolic blood pressure for both sexes. indicating ages
at which the difference between CAH patients and normative values stops decreasing. Plateau of each line shows the amount CAH

patients have greater blood pressure than normative values for each reading.
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A6 Supplementary Material for Chapter 6

Supplementary methods 6.01

Data preparation

Data was prepared for analysis by removal of duplicated entries, and manual assessment of outlying values
using data visualisation, followed by contact with individual centres for clarification about possible data entry

errors and units of measurement.

Interpolation of missing height and weight data

Due to varying number of visits within patients, a hierarchical approach was employed to interpolation of
missing height and weight. In patients with 11 or more visits in which height and weight were available, a
generalised additive model was estimated for height on age with weight as a covariate. Pearson scaled
residuals were calculated for each data point within this fit to assess for outliers. Individual model fits were
examined visually and an absolute Pearson scaled residual of 3 or more was selected to declare a datapoint as
an implausible outlier allowing deletion of that point and imputation. If a datapoint was declared an outlier,
the modelling was reiterated without the outlying point before establishing the final GAM model fit that was
then used to interpolate missing or outlying data points. In patients with 11 or more visits in which height was
available but the covariate weight was not available, the process was repeated to fit a GAM model without the

covariate of weight.

In patients with between 4 and 10 known data points for height, a cubic spline with 4 degrees of freedom was
fit through the data, without covariate adjustment. Residuals were calculated manually from the spline fit by
calculating the difference between the model fit and each data point, and then standardising by dividing them
by the standard deviation of the height measurements within that patient. A threshold of greater than 0.5 was
used for this standardised residual to declare a data point as an outlier following visual inspection of the model
fits. In patients with between 2 and 4 available data points for height, a linear interpolation method was

employed. Points were not extrapolated beyond known data points.

A similar process was applied for measurements of weight, with different outlier threshold parameters due to
the greater variability in this metric with true values able to decrease as well as increase. The residual
threshold for GAM models was thus set at a Pearson residual of 4, and for spline models a standardised

residual threshold of 1.2.
Measurements for bone age were interpolated between points without any covariate adjustment, and thus

GAM modelling was not used, but strictly spline interpolation when four or more data points were available,

and linear interpolation when two or three data points were available.
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Carrying of missing dose data

Missing data patterns were reviewed and correlated with other data fields of relevance. The field ‘has dose
changed from previous visit’, evidenced that doses patients were prescribed at that visit going forward were
entered into the registry, with a preference for dose changes to be entered into the registry: Patients who
were maintained on the same dose were more likely to have their precise dose details missing, with dose
changes more likely to include precise dosing details. A pragmatic approach of data imputation using last
observation carried forward was therefore employed, with limits on how far data could be carried according to
age, restricted to carrying for 6 months under age 1, 12 months under age 3, 24 months under age 5 and 36
months over age 5. If data was not available to carry forward, then next observation carried backward was
employed with the same age limits. The dose a patient was on prior to clinic (as defined by the previous visit)
was therefore used for modelling to assess the effect of that dose on the patient parameters measured in

clinic. Hydrocortisone equivalent dosing was converted using the conversion factors in table S1.

Bootstrapping and uncertainty estimation

As regression coefficients are difficult to interpret directly from multivariable spline models, clinically
meaningful values of dose and disease control were inserted into the models defined by expert consensus.
Uncertainty around the estimates provided by these models was defined by using bootstrapping, creating 500
replications of the dataset using sampling with replacement of patient data and calculating the difference
between patients with clinically meaningful values for each replication. The 95% confidence interval of each
estimate was calculated using the 2.5 and 97.5™" centile of estimates across all bootstrapped replications.

Variations on the clinically meaningful parameters are presented in table S7.
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Table S6.01 — Conversion factors

Conversion factors for glucocorticoid equivalent dosing

Preparation of glucocorticoid

Multiplication factor to create hydrocortisone equivalent

Hydrocortisone 1
Prednisolone 4
Dexamethasone 27
Cortisone acetate 0.8
Methylprednisolone 5

Conversion factors for biomarker unit equivalence

Standardised Standardised
Unit to Multiplication
Marker Original unit lower limit of upper limit of
convert to factor
detection detection
170HP ng/ml nmol/I 0.0303 0.05nmol/I 1000nmol/I
Androstenedione ng/dl nmol/I 0.0349 0.05nmol/I 100nmol/I
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Figure S6.01 — Data flow diagram
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Flow diagram indicating proportion of registry data extracted that had sufficient variables for each model

assessment. CAH=Congenital adrenal hyperplasia, SITAR=Superimposition by Translation And Rotation,

170HP=17-hydroxyprogesterone
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Table S6.02 — Full frequency table of preparations of glucocorticoid prescribed

at visit
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All Visits Male visits Female visits
Preparation
n (%) n (%) n (%)
. 9731 4996 4735
Hydrocortisone
(84.9%) (87.7%) (82.1%)
. 50 1 49
Prednisolone
(0.4%) (0.1%) (0.9%)
] 50 9 41
Prednisone
(0.4%) (0.2%) (0.7%)
48 17 31
Dexamethasone
(0.4%) (0.3%) (0.5%)
108 49 59
Cortisone Acetate
(1.0%) (0.9%) (1.0%)
144 62 82
Mixed dosing
(1.3%) (1.1%) (1.4%)
135 81 54
None
(1.2%) (1.4%) (0.9%)
1194 475 719
Unknown
(10.4%) (8.3%) (12.5%)
Total 11460 5690 5770
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Table $6.03 — SITAR model estimates and basis function parameters

Male patients

Female patients

SITAR outcome metric: Height (cm) Weight (kg) BMI (kg/m?) Height (cm) Weight (kg) BMI (kg/m?)
Number of patients used to fit SITAR 266 267 219 307 309 238
Number of data points used to fit SITAR 5196 5224 3030 5065 5101 2871
SITAR degrees of freedom* 5 6 3 5 6 3
-0.735, -0.896, -0.241, -0.761, -0.905, -0.256,
-0.098, -0.284, 0.392 -0.111, -0.313, 0.383
SITAR internal knots (In (years)) 0.342, 0.136, 0.356, 0.143,
0.717 0.472, 0.748 0.477,
0.793 0.817
- - -
SITAR fixed spline coefficient 1 48.921 10.324 16.492 37.613 11.457 -1.651
SITAR fixed spline coefficient 2 70.033 18.284 68.933 53.792 24.025 5.607
SITAR fixed spline coefficient 3 111.617 31.194 14.959 77.711 57.395 1.51
SITAR fixed spline coefficient 4 137.554 51.196 - 95.257 76.904 -
SITAR fixed spline coefficient 5 107.238 69.068 - 73.475 83.846 -
SITAR fixed spline coefficient 6 74.172 - 80.107 -
SITAR fixed spline coefficient a (‘Size’) 52.934 10.091 -14.575 75.979 5.206 15.314
SITAR fixed spline coefficient b (‘Timing’) -0.005 0.342 -0.485 0.289 0.399 -0.030
SITAR fixed spline coefficient c (‘Intensity’) -0.158 0.313 -0.841 0.384 -0.241 -0.161
SITAR random effect a (‘Size’) standard deviation 18.202 4.705 1.486 8.883 4912 1.516
SITAR random effect b (‘Timing’) standard deviation 0.432 0.305 0.396 0.212 0.310 0.275
SITAR random effect c (‘Intensity’) standard deviation 0.263 0.351 0.262 0.113 0.438 0.405

SITAR=Superlmposition by Translation and Rotation. Models are fit on the natural log of age and then results converted back onto the absolute scale for purposes of

plotting. All code available at https://github.com/neilxlawrence/I-CAH_Adiposity_rebound

Neil Lawrence PhD Thesis; Page 276




4334

4335
4336
4337
4338

Table S6.04 — SITAR Model derived metrics of growth interpolated values excluded from modelling

Male patients Female patients
Age at latest peak height velocity (years)
Mean (SD) 8.1(2.8) 9.1 (1.5)
Latest peak height velocity (cm/year)
Mean (SD) 7.8 (1.4) 7.5 (1.4)
Age at adiposity rebound .
Mean (SD) did not converge 4.1(1.3)
BMI at adiposity rebound .
Mean (SD) did not converge 16.0(1.4)
SITAR outcome variable Height (cm) Weight (kg) BMI (kg/m?) Height (cm) Weight (kg) BMI (kg/m?)
. . did not
Number of patients used to fit SITAR model 264 265 303 306 230
converge
. . did not
Number of data points used to fit SITAR model 5006 5082 4859 4956 2720
converge
SITAR predicted value at age 18 166.0 74.0 did not 156.8 69.0 28.0 (4.5)
Mean (SD) (13.6) (13.8) converge (6.7) (9.8) T
WHO z-score of SITAR predicted value at age 18 -1.35 did not -1.0
- - 1.6 (1.0)
Mean (SD)* (1.81) converge (1.0)
SITAR degrees of freedom 5 6 3 5 6 3
Restricted age range of patients to fit SITAR 0.2t020 0.2t020 0.2t07 0.2t020 0.2t020 0.2t07
(years)
did not
Root Mean Square Error 1.79 1.53 1ano 2.66 2.14 0.894
converge
did not
Marginal R? 0.75 0.94 rano 0.91 0.91 0.06
converge
did not
Conditional R? 0.99 0.99 1ano 0.99 0.99 0.80
converge

This table reports the metrics calculated within table 2 of the main manuscript, excluding any interpolated values in modelling. SD=Standard deviation, variability defined by between patient random effects. SITAR:
Superlmposition by Translation And Rotation. Optimum degrees of freedom defined by lowest Bayesian Information Criterion. Patients’ included in models if they had six or more measures of the necessary

biometric.

*WHO do not provide reference standards for weight for age beyond 10 years
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4339 Figure $6.02 — SITAR model results estimated without interpolated values
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4340

4341 All models estimated without the use of any interpolated values. Prefix A = Height; B = Height Velocity; C = Weight; D = BMI. Suffix 1=Male;
4342 2=Female. SITAR: Superimposition by Translation And Rotation. SITAR model of BMI in males did not converge without interpolated

4343 values.

4344

4345
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4346  Figure S6.03 — Residual plots of model derived metrics
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4353

4354 Patients contributed data to the study within the I-CAH Registry at variable points in their childhood. These plots assess the
4355 SITAR model derived metrics related to BMI, height, and weight to ensure no heteroskedasticity dependent upon the age
4356 or amount of data a patient contributes to the model.

4357 Prefix letter refers to metric of data availability for each patient: A=Total number of visits for patient, B=Total number of
4358 years of data for patient from first to last visit, C=Age at earliest visit of patient, D=Age at oldest visit of patient

4359 Suffix number refers to metric derived for each patient: 1=Age at adiposity rebound, 2=BMI at adiposity rebound, 3=Age at

4360 latest peak height velocity, 4=Height at latest peak height velocity, 5=SITAR model predicted height at 18 years of age,

4361 6=SITAR model predicted weight at 18 years of age
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Table S6.05 — Association between metrics of adiposity rebound and latest peak height velocity to predict height and

weight at 18 years

Models predicting SITAR estimated height at 18 years of age (cm)

Male model estimates

Female model estimates

(95% Cl) (95% Cl)
[p-value] [p-value]
Predictor variable: n Intercept Slope R? Mc,))del n Intercept Slope R? Mc;del
170.0 -1.0 154.3 0.7
Age at adiposity rebound (years) 219 (163.7 to 176.2) (-2.5t00.5) 0.01 0.185 238 (150.4 to 158.3) (-0.3to0 1.6) 0.01 0.155
[p<0.001] [p=0.185] [p<0.001] [p=0.156]
128.6 2.3 159.3 -0.1
BMI at adiposity rebound (mg/m?) 219 (107.4 to 150.0) (1.0 to 3.6) 0.05 <0.001 238 (150.0 to 168.6) (-0.7 to 0.4) 0.01 0.641
[p<0.001] [p<0.001] [p<0.001] [p=0.640]
139.7 3.3 130.0 3.0
Age at peak height velocity (years) 258 (136.3 to 143.1) (3.0t03.7) 0.53 <0.001 307 (126.6 to 133.4) (2.7 to 3.4) 0.45 <0.001
[p<0.001] [p<0.001] [p<0.001] [p<0.001]
Models predicting SITAR estimated weight at 18 years of age (kg)
Male model estimates Female model estimates
(95% Cl) (95% Cl)
[p-value] [p-value]
Predictor variable: n Intercept Slope R? Mc;)del n Intercept Slope R? Mc;del
84.7 -2.7 79.2 -2.4
Age at adiposity rebound (years) 219 (79.2 t0 90.1) (-4.0 to -1.4) 0.07 <0.001 238 (73.9 to 84.6) (-3.7to-1.1) 0.05 <0.001
[p<0.001] [p<0.001] [p<0.001] [p<0.001]
14.5 3.7 32.7 2.3
BMI at adiposity rebound (mg/m?) 219 (-3.6t0 32.5) (2.6 t0 4.8) 0.16 <0.001 238 (20.8 to 44.7) (1.6 to 3.0) 0.14 <0.001
[p=0.118] [p<0.001] [p<0.001] [p<0.001]
75.7 -0.04 76.1 -0.8
Age at peak height velocity (years) 258 (69.5 to 81.8) (-0.731t0 0.651) 0.01 0.910 307 (70.0to 82.3) (-1.5t0-0.1) 0.02 0.020
[p<0.001] [p=0.910] [p<0.001] [p=0.020]

Cl=Confidence Interval. Statistically significant slopes highlighted in bold type
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4365  Figure $6.04 — Association between adiposity rebound and timing of pubertal

4366  growth spurt to predict height and weight at 18 years
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4367

4368 Prefix (predictors): A=Age at adiposity rebound as predictor; B=BMI at adiposity rebound; C=Age at peak height
4369 velocity. Suffix (outcome): 1=SITAR model predicted weight at age 18; 2=SITAR model predicted height at age

4370 18. SITAR=Superimposition by Translation And Rotation
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Table S6.06 — Full multivariable model coefficients to predict Height covarying

by weight, dose of medications and disease control

Dependent variable = Height

Male model estimate

Female model estimate

(95% CI) (95% CI)
Number of patients 139 143
Number of visits 982 803
Intercept 44.7 43.7
(40.3 to 48.5) (40.2 to 47.0)
. . 52.7 50.2
In age spline basis 1 (45.5 to 60.8) (39.6 t0 59.7)
. ) 106.9 112.0
In age spline basis 2 (94.3 to 119.8) (107.0 to 132.3)
In age spline basis 3 100.6 105.8
(87.5to 114.2) (90.3 to 121.4)
) 2.0 1.94
Weight (1.4102.7) (1.26 t0 2.63)
A . . -1.3 -0.81
Weight : In age spline basis 1 (-1.8t0-0.7) (-1.54 t0 -0.07)
N . . -2.2 -2.943
Weight : In age spline basis 2 (3.3t0-1.2) (-4.31t0-1.62)
o ) ) -1.5 -1.13
Weight : In age spline basis 3 (-2.0t0 -1.0) (-1.75 t0 -0.54)
0.05 -0.08
In 170hp (-0.26 0 0.42) (-0.39t0 0.19)
. . 0.47 0.51
In 170HP : In age spline basis 1 (0.02 to 0.89) (-0.18 t0 1.09)
: . -0.16 0.42
In 170HP : In age spline basis 2 (-1.28 t0 0.85) (-0.31t0 1.19)
. ) -0.31 0.09
In 170HP : In age spline basis 3 (-1.35 t0 0.68) (-0.49 0 0.62)
hydrocortisone equivalent -0.079 -0.04
(-0.29 to 0.16) (-0.19 to 0.24)
. : . ) . -0.032 -0.33
hydrocortisone equivalent : In age spline basis 1 (-0.37 t0 0.23) (-0.73 0 0.02)
) : ) . 0.45 0.43
hydrocortisone equivalent : In age spline basis 2 (-0.05 t0 0.99) (-0.30 0 0.90)
) . . ) . 0.13 -0.10
hydrocortisone equivalent : In age spline basis 3 (-0.19 t0 0.42) (-0.42 t0 0.24)
. -0.003 -0.009
fludrocortisone (-0.014 to 0.007) (-0.019 to -0.001)
h ) . -0.023 -0.001
fludrocortisone : In age spline basis 1 (:0.049 to 0) (-0.037 t0 0.036)
fludrocortisone : In age spline basis 2 0.001 0.023
(-0.031 to 0.031) (-0.009 to 0.052)
. . . . 0.005 -0.001
fludrocortisone : In age spline basis 3 (-0.021 to 0.033) (-0.024 t0 0.022)
marginal R? 0.982 0.979
(0.977 to 0.987) (0.973 to 0.985)
conditional R? 0.995 0.995
(0.994 to 0.996) (0.994 to 0.996)
SD of random intercept for centre 0.83 0.76
SD of random intercept for id 3.14 3.59

170HP=17-Hydroxyprogesterone. Units employed within models: Height=cm, Weight=kg, 1770HP=nmol/|, hydrocortisone

equivalent=mg, fludrocortisone=micrograms. Age modelled as a spline basis function on the natural log scale with 3

degrees of freedom, interacted with each variable of height, dose of medications and disease control
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Table S6.07 — Full multivariate model coefficients to predict Weight, covarying

by height, dose of medications and disease control

Dependent variable = Weight

Male model estimate

Female model estimate

(95% Cl1) (95% Cl1)
Number of patients 139 143
Number of visits 982 803
4.8 -1.2
-10.2 to 17. -12.6 to 11.
Intercept (-10.2 to 17.4) (-12.6 t0 11.8)
. . -53.9 -20.2
In age spline basis 1 (-77.1t0 -28.8) (-56.3 t0 13.5)
. . -88.4 -33.9
-118.9 to -54. -75.4 t0 8.
In age spline basis 2 (-118.9 to -54.2) (-75.4108.2)
. ) -92.4 -96.7
-143.2 to -33. -142.9 to -46.
In age spline basis 3 (-143.2 t0 -33.1) (-142.9 to -46.4)
. 0.02 0.02
Height (-0.20t0 0.29) (-0.23 10 0.26)
. . . 0.55 0.36
Height : In age spline basis 1 (0.20 10 0.84) (0.05 0 0.71)
. . . 0.97 0.52
Height : In age spline basis 2 (0.60 t0 1.32) (0.09 to 1.01)
. . . 0.76 0.90
Height : In age spline basis 3 (0.33 t0 1.14) (0.52 10 1.27)
-0.46 0.19
-0.83 to -0. -0.22t0 0.
In 170hp (-0.83 to -0.11) (-0.22t0 0.73)
. . -0.12 -0.57
-0.64 t0 0. -1.85t0 0.
In 170HP : In age spline basis 1 (-0.64 t0 0.37) (-1.85 0 0.50)
. . 1.26 0.37
-0.02to0 2.61 -1.50t0 2.17
In 170HP : In age spline basis 2 ( ) ( )
. . 0.93 0.68
In 170HP : In age spline basis 3 (-0.15 t0 2.17) (-1.13 to 2.71)
. . 0.02 0.07
-0.20t0 0. -0.12t0 0.
hydrocortisone equivalent (-0.20 t0 0.26) (:0.12 t0 0.36)
. . . . 0.20 0.50
-0.19t0 0.68 -0.09 to 1.07
hydrocortisone equivalent : In age spline basis 1 ( ) ( )
. . . . -0.10 -0.36
hydrocortisone equivalent : In age spline basis 2 (-1.01 t0 0.68) (-1.26 10 0.58)
. . . . 0.00 0.56
-0.65t0 0. .03to 1.
hydrocortisone equivalent : In age spline basis 3 (-0.65 t0 0.68) (0.03 to 1.16)
. -0.001 0.019
-0.011 to 0.007 0.001 to 0.035
fludrocortisone ( ) ( )
. . . 0.025 0.023
fludrocortisone : In age spline basis 1 (0t0 0.053) (:0.036 to 0.079)
. . . 0.007 -0.039
-0.023to 0. -0.079to 0.
fludrocortisone : In age spline basis 2 (-0.023 to 0.043) (:0.079 to 0.009)
. . . 0.009 -0.02
fludrocortisone : In age spline basis 3 (-0.027 to 0.048) (:0.052 to 0.024)
marginal R2 0.938 0.875
(0.922 to 0.954) (0.834 t0 0.916)
0.973 0.964
. )
conditional R (0.964 to 0.981) (0.951 to 0.979)
SD of random intercept for centre 0.61 0.89
SD of random intercept for id 2.58 4.30

170HP=17-Hydroxyprogesterone. Units employed within models: Height=cm, Weight=kg, 170HP=nmol/I, hydrocortisone

equivalent=mg, fludrocortisone=micrograms. Age modelled as a spline basis function on the natural log scale with 3

degrees of freedom, interacted with each variable of height, dose of medications and disease control
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4381 Figure $6.05 — Histograms and regression of variables within multivariate mode

| Histogram of variables in multivariable models @' ? | | Regression on age of variables in multivariable models @& , |
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4384 170HP=17-Hydroxyprogesterone

Neil Lawrence PhD Thesis; Page 285



4385
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Table S6.08 — Covariate adjusted multivariate model metrics assessing disease associations with growth with alternative

Sex of patients in underlying model

Male

Female

Data points with covariates available to train

982 Visits | 139 patients

803 Visits | 143 patients

BMI at adiposity rebound (95% Cl)

(15.8t0 17.9)

(15.2t0 17.1)

(14.9 to 18.6)

(13.9t0 18.3)

(16.0to0 19.2)

(16.0 to 18.4)

(10.6 to 21.0)

model
Target of estimation Low dose good Low dose poor High dose good High dose poor Low dose good Low dose poor High dose good High dose poor
control control control control control control control control
Metrics inserted to demonstrate covariate model fit
Hydrocortisone equivalent (mg/m?/day) 8 8 25 25 8 8 25 25
Fludrocortisone dose (micrograms/day) 100 100 100 100 100 100 100 100
17-Hydroxyprogesterone (nmol/l) 1 50 1 50 1 50 1 50
Model derived estimates: (* indicates statistically significant difference between those on low dose with good control versus those with high dose and poor control)
) 130.2 1316 133.8 135.2 129.0 129.6 129.7 130.3
(1)
Height at age 8 (95% C1) (127.8t0132.4) | (129.4t0133.4) | (130.9t0136.8) | (131.9to 138.5) (126.9t0131.3) | (127.9t0131.2) | (125.3t0134.0) | (125.4to 134.8)
05 08 12 14 0.4 05 05 06
H 0
Height SDS at age 8 (95% C1) (0.1t0 0.9) (0.4 to0 1.1) (0.7t01.7) (0.8 t0 2.0) (0.1t00.8) (0.2100.8) (-0.2t0 1.3) (-0.2t0 1.4)
314 324 36.4 375 30.7 310 358 359
1 0
Weight at age 8 (95% CI) (28.8 to 33.5) (29.7 to 34.8) (32.0t0 42.2) (32.3 to 43.8) (28.5 to 33.0) (28.7 t0 33.1) (27.7 to 43.5) (27.9 to 43.9)
1.4 16 23 24 12 12 20 2.0
1 0
Weight SDS at age 8 (95% Cl) (0.8 0 1.8) (1.0 t0 2.0) (15 t03.1) (1.6 t0 3.3) (0.8 t0 1.6) (0.8 to 1.6) (0.6 t0 2.9) (0.7 t0 3.0)
185 18.7 203 204 185 18.4 212 212
BMI % Cl
at age 8 (95% Cl) (17.3 to 19.5) (17.6 to 19.8) (18.2 to 23.1) (18.3 t0 23.2) (17.1 to 19.8) (17.3 to 19.6) (17.1to 25.6) (17.5 to 25.1)
15 16 22 23 13 13 22 22
0,
BMI SDS at age 8 (95% Cl) (0.9 to 1.9) (1.1t02.1) (1.4103.1) (1.4t03.1) (0.7 t0 1.8) (0.8t01.7) (0.7 0 3.2) (0.9 t0 3.1)
152.0 152.5 156.9 157.4 147.7 149.0 149.4 150.6
Heigh 12 (95% Cl
eight at age 12 (95% Cl) (148.1t0 155.3) | (149.7t0155.1) | (152.2t0162.0) | (153.0to 162.9) (145.6 t0 150.1) | (147.2t0150.9) | (144.6t0154.1) | (146.4 to 155.2)
) 0.4 05 11 12 05 03 03 0.1
0y
Height SDS at age 12 (95% C1) (-0.1 t0 0.9) (0.1t00.9) (0.4 t0 1.8) (0.6 t0 2.0) (-0.8 t0 -0.2) (-0.6 t0 -0.1) (-1.0t0 0.4) (-0.7 to 0.6)
46.1 47.9 512 53.1 425 445 499 522
H 0y
Weight at age 12 (95% C) (40.5t0 51.7) (42.2t0 53.4) (44.0t0 58.7) (45.5 t0 60.9) (38.4t0 46.6) (41.1t0 48.1) (40.1 10 58.6) (44.5 t0 59.4)
19.9 206 20.9 215 195 20.1 223 229
0,
BMI at age 12 (95% Cl) (17.9 to 21.8) (18.5 10 22.3) (18.310 23.1) (19.0 to 23.5) (17.81021.2) (18.8t0 21.5) (19.0 to 25.2) (20.4 t0 25.2)
1.0 12 13 15 06 0.8 14 16
0,
BMI SDS at age 12 (95% CI) (0.2t0 1.6) (0.4t01.7) (0.4t0 1.9) (0.7 t0 2.0) (-0.1t0 1.1) (0.3t01.2) (0.4t02.1) (0.9 t0 2.0)
37 35 25 26 48 4.7 20 23
o .
Age at adiposity rebound (95% Cl) (2.3t05.6) (2.4 10 4.5) (1.3t03.9) (0.5 to 4.6) (2.1t08.8) (2.6 0 6.6) (1.6 0 8.2) (1.6t03.2)
16.9 16.2 17.0 16.2 17.7 173 14.2 14.4

(11.2 t0 19.5)
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BMI z-score at adiposity rebound (95% Cl)

1.1
(0.1t01.8)

0.6
(-0.3t01.2)

0.9
(-0.7 to 1.94)

0.28
(-1.8to0 1.4)

1.4
(0.4t02.2)

1.2

(0.5t0 1.8)

-1.2
(-4.7t02.7)

-0.9
(-4.1t0 2.5)

Figure S6.06 — Visualisations of covariate adjusted models with alternative example values

Weight (kg)

BMI

Difference between model representations for each metric

BMI difference

Age (years)

Age (yeérs)

Patient data point

— Model representation of low glucocorticoid dose (8mg/m?%day) with good disease control 170HP 1nmol/l
Model representation of high glucocorticoid dose (25mg/m?/day) with poor disease control 170HP 50nmol/l

- - Model representation of low glucacorticoid dose (8mg/m?/day) with poor disease control 170HP 50nmolll
Model representation of high glucocorticoid dose (25mg/m&day) with good disease control 170HP 1nmoll

Ribbon shading shows 95% confidence interval calculated across 500 bootstrapped replications of the dataset

=

. Height difference (cm)

\

A2

control shorter

B2

Weight difference (kg)

High dose poor High dose poor

control taller

High dose poor High dose poor

control heavier control lighter

High dose poor
control greater BMI

o

k¥ 3 4 cEE——) S cEE—)

Prefix figure key: A = Male Height; B = Female Height; C = Male weight; D = Female weight. E = Male BMI; F = Female BMI.
Suffix figure key: Figures ending ‘1’ show trajectories of growth for modelled values contained within Appendix Table S6.7 as an alternative set of example comparisons to those presented in the main manuscript.

Neil Lawrence PhD Thesis; Page 287

High dose poor

Age (years)

control lower BMI

Age (years)




4391

4392

4393
4394

Table S6.09 — Covariate adjusted multivariate model metrics assessing disease associations with growth estimated without

any interpolated or carried

data

Sex of patients in underlying model Male
zaotjer;omts with covariates available to train 745 visits | 130 patients (no interpolations or carried data) 618 visits | 134 patients (no interpolations or carried data)
Target of estimation Low dose good Low dose poor High dose good High dose poor Low dose good Low dose poor High dose good High dose poor
control control control control control control control control

Metrics inserted to demonstrate covariate model fit
Hydrocortisone equivalent (mg/m2/day) 8 8 18 18 8 8 18 18
Fludrocortisone dose (micrograms/day) 100 100 100 100 100 100 100 100
17-Hydroxyprogesterone (nmol/Il) 10 38 10 38 10 38 10 38
Model derived estimates: (* indicates statistically significant difference between those on low dose with good control versus those with high dose and poor control)
TP 1304 1305 1332 1334 1294 1295 129.9 130.0

e 8 ° (127.7 0 133.0) (127.910 133.1) (131.0t0 135.4) (130.9 t0 135.5) (127.1t0 131.5) (127.0t0 131.5) (127.310 133.5) (127.0t0 133.6)

06 06 11 11 05 05 06 06

i 0,

Height SDS at age 8 (95% Cl) (0.1t0 1.0) (0.1t0 1.0) (0.7t0 1.4) (0.7t0 1.5) (0.1t00.9) (0.1t00.9) (0.1t01.2) (0.1t01.2)
. 317 318 34.9 35.0 311 312 342 342
Weight at age 8 (95% Cl) (28.51034.2) (28.410 34.5) (32.1t038.2) (31.9038.2) (28.81033.3) (28.71033.5) (28.910 39.4) (29.0t0 39.4)

) 14 15 2.0 21 13 13 18 18
Weight SDS at age 8 (95% C) (0.8101.9) (0.8102.0) (15102.5) (1.5102.6) (0.8101.6) (0.8101.7) (0.9102.5) (0.9102.5)
186 1856 196 19.7 186 186 202 202
0y
BMI at age 8 (95% Cl) (17.21019.7) (17.11019.7) (18.31021.2) (18.21021.3) (17.31019.8) (17.3t019.7) (17.41022.7) (17.71022.7)
16 16 2.0 2.0 13 14 19 19
0,
BMI SDS at age 8 (95% Cl) (0.902.0) (0.8102.0) (1.4102.6) (1.4102.6) (0.8t01.8) (0.8t01.7) (0.8102.6) (1.0t02.6)
Helght at age 12 (95% 1) 151.8 1517 155.8 155.6 148.3 148.9 1495 150.1
g 8 e (147.7 10 155.3) (148.2t0 154.8) (152.6 0 158.9) (152.8 0 158.7) (146.3 t0 150.4) (146.8t0 151.1) (146.9t0 152.8) (147.6 10 153.0)
04 0.4 1.0 0.9 0.4 0.3 0.3 0.2
1 0,
Height SDS at age 12 (95% Cl) (-0.2100.9) (-0.1100.8) (0510 1.4) (0.5t01.4) (-0.710-0.1) (-0.710-0.0) (-0.6100.2) (-0.5100.3)
475 47.9 298 50.2 434 444 473 484
i 0y
Weight at age 12 (95% CI) (40.81053.8) (41.0t053.8) (46.41053.1) (46.71053.6) (40.31047.1) (40.910 48.8) (43.21052.0) (44.81052.6)
206 208 206 207 19.8 20.1 212 215
0,
BMI at age 12 (35% CI) (18.31022.7) (18.41022.8) (19.41021.7) (19.710 21.8) (18.5t021.2) (18.61021.7) (19.6 10 22.7) (20.210 22.8)
12 13 12 13 0.7 08 11 12
0,
BMI'SDS at age 12 (95% CI) (0.4101.8) (0.4101.8) (0.810 1.5) (0.9101.6) (0.2t01.1) (0.2101.3) (0.610 1.5) (0.8101.5)
37 36 27 28 4.4 42 26 2.7
o .
Age at adiposity rebound (95% C1) (2.5t05.1) (2.6105.0) (0.7t04.7) (040 4.5) (2.9107.4) (2.8106.5) (19t04.4) (2.0t04.1)
o 166 163 16.9 166 17.49 173 166 164
BMI at adiposity rebound (95% Cl) (15.310 17.6) (15.0t0 17.4) (15.610 18.2) (15.210 18.0) (15.810 18.8) (15.510 18.6) (14.610 19.3) (14.3t019.1)
0.9 0.7 0.9 0.7 14 13 08 0.7
ot H 1 0,
BMI z-score at adiposity rebound (35% Cl) (-0.3t0 1.6) (-0.4t01.4) (-0.6t01.9) (-1.0t01.8) (0.3t02.1) (0.1t01.9) (-0.7t02.5) (-1.0t02.3)
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4395  Figure S6.07 — Visualisations of covariate adjusted models estimated without any interpolated or carried data
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4397 Prefix figure key: A = Male Height; B = Female Height; C = Male weight; D = Female weight. E = Male BMI; F = Female BMI.

4398 Suffix figure key: Figures ending ‘1’ show trajectories of growth for modelled values contained within table SEXTRA## as a sensitivity analysis to assess estimates in data without any interpolated or carried forward
4399 points..

4400
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Table S6.10 — Bone age advancement modeling estimates
Male model Female model Male model Female model Male model Female model
Dependent variable: estimate estimate estimate estimate estimate estimate
Bone age advancement (95% Cl) (95% Cl) (95% Cl) (95% Cl) (95% Cl) (95% Cl)
No covariates No covariates Covaried GC dose only Covaried GC dose only All covariates All covariates
) 1.51 -0.19 3.02 -0.29
Number of patients 204 240 (-0.26 t0 3.27) (-2.07 to 1.69) (-0.73 10 6.77) (-4.35 to 3.78)
- -0.64 -0.15 -0.46 -0.38
Number of visits 2116 1687 (-1.35 t0 0.05) (-0.92 10 0.62) (-2.08 to 1.15) (-2.70 to 1.94)
Intercept 0.64 -0.84 0.097 0.057 0.09 0.11
(-0.68 to 1.82) (-1.98 to 0.23) (0.001 t0 0.193) (-0.040 to 0.155) (-0.16 to 0.34) (-0.25 t0 0.48)
Age 0.15 0.46 -0.004 -0.003 -0.006 -0.006
(-0.32 t0 0.68) (-0.03 to 0.96) (-0.008 to 0.000) (-0.007 to 0.001) (-0.018 to 0.007) (-0.023 t0 0.011)
Age? 0.01 -0.03 -0.040 -0.026 -0.477 0.256
(-0.05 to 0.07) (-0.08 to 0.04) (-0.211t0 0.131) (-0.246 to 0.193) (-0.875 to -0.080) (-0.149 t0 0.662)
Age? -0.001 0.000 0.067 0.040 0.191 -0.057
(-0.003 to 0.001) (-0.002 to 0.002) (0.009 t0 0.124) (-0.028 to 0.109) (0.055 to 0.326) (-0.223 t0 0.109)
) . -0.008 -0.006 -0.021 0.003
Hydrocortisone equivalent - - (-0.015 to -0.002) (-0.012 to 0.001) (-0.036 to -0.006) (-0.019 to 0.024)
Hvd N valent : A i i 0.000 0.000 0.001 0.000
ydrocortisone equivalent : Age (0.000 to 0.001) (0.000 to 0.000) (0.000 to 0.001) (-0.001 to 0.001)
0.007 -0.010
H B . 2 - - _ _
Hydrocortisone equivalent : Age (:0.013 to 0.028) (:0.034 to 0.014)
-0.004 0.005
H H . 3 - - _ _
Hydrocortisone equivalent : Age (:0.013 to 0.006) (:0.008 to 0.018)
Fludrocortisone - - - - 0.000 0.000
u (-0.001 to 0.002) (-0.002 to 0.001)
. 0.000 0.000
Fludrocortisone : Age - - ) ) (0.000 to 0.000) (0.000 to 0.000)
0.083 -0.026
; . 2 _ _ _ R
Fludrocortisone : Age (-0.296 to 0.461) (-0.507 to 0.455)
-0.097 -0.028
; . 3 _ _ R R
Fludrocortisone : Age (-0.305 to 0.111) (-0.286 to 0.231)
0.016 0.008
In 170HP ) ) ) ) (-0.018 to 0.049) (-0.033 to 0.048)
-0.001 0.000
In 170HP : Age - - ) ) (-0.002 to 0.001) (-0.002 to 0.001)
0.06 0.07 0.09 0.08

In 170HP : Age?

(0.03t0 0.11)

(0.03 t0 0.12)

(0.04 to 0.26)

(0.04 to 0.16)
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Male model Female model Male model Female model Male model Female model
Dependent variable: estimate estimate estimate estimate estimate estimate
Bone age advancement (95% Cl) (95% Cl) (95% Cl) (95% Cl) (95% Cl) (95% Cl)
No covariates No covariates Covaried GC dose only Covaried GC dose only All covariates All covariates
In 170HP : Age® i i (0.770£40.89) (0.800£40.88) (0.82%320.96) (0.850£20.96)
Marginal R? 0.02 (0.01 to 0.06) 0.03 (0.01 to 0.07) 1.41 0.55 2.26 0.73
Conditional R2 0.81(0.76t0 0.86)  0.85 (0.80 to 0.88) 0.06 0.07 0.05 0.06
SD of random intercept for centre 1.51 -0.19 3.02 -0.29
1.03 0.53 (-0.26 to 3.27) (-2.07 to 1.69) (-0.73 t0 6.77) (-4.35 to0 3.78)
SD of random intercept for id -0.64 -0.15 -0.46 -0.38
0.06 0.07 (-1.35 to 0.05) (-0.92 t0 0.62) (-2.08 to 1.15) (-2.70to 1.94)

Cubic model estimates for models predicting bone age advancement with varying sets of covariates. 170HP=17-Hydroxyprogesterone (nmol/l). Hydrocortisone equivalent (mg), fludrocortisone (mg)
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Figure S6.08 — Bone age advancement covariate modelling sensitivity analysis
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Bone age advancement modelling with varying levels of available covariates.

Prefix letter: A=Male histogram of bone age data available, B=Female histogram of bone age data available, C=Male bone age advancement model, D=Female bone age advancement model,
E=male difference between clinically relevant example patient values dependent upon covariates of relevant model, F=female difference between clinically relevant example patient values
dependent upon covariates of relevant model

Suffix number: 1=No covariates in models, maximum bone age data employed; 2=Dose of hydrocortisone incorporated as a covariate with each age term in model; 3=Dose of hydrocortisone,
dose of fludrocortisone, and the natural log of the level of 17-Hydroxyprogesterone incorporated as covariates with each age term in model.

This figure shows the significant number of visits that are lost when attempting to model the bone age advancement with all three covariates (figures with suffix 3). Figures with suffix 2 are
the more parsimonious model only covarying with dose of glucocorticoid that are presented in the main manuscript.

170HP=17-HydroxyProgesterone. GC=Glucocorticoid (hydrocortisone equivalent); Model coefficients contained within table S8
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Table S6.11 — Bone age advancement modeling estimates restricted only to Greulich & Pyle estimates

Dependent variable:
Bone age advancement

Male model
estimate
(95% Cl)

No covariates

Female model
estimate
(95% Cl)

No covariates

Male model
estimate
(95% Cl)
Covaried GC dose only

Female model
estimate
(95% CI)
Covaried GC dose only

Male model
estimate
(95% Cl1)

All covariates

Female model
estimate
(95% Cl)

All covariates

Number of patients 181 216 168 200 59 62
Number of visits 1726 1356 1623 1246 239 161
Intercent 0.90 -1.08 133 0.22 131 -0.07
P (-0.20 to 1.99) (-2.16 t0 -0.00) (-0.16 t0 2.83) (-1.94 t0 2.37) (-3.66 10 6.29) (-5.35 t0 5.21)
e 0.00 0.59 0.64 025 0.19 051
8 (-0.47 t0 0.48) (0.10 to 1.09) (-1.38 0 0.09) (-1.14 t0 0.65) (-2.41t0 2.02) (-3.44 10 2.43)
. 0.02 -0.04 0.09 0.07 0.09 013
8 (-0.04 t0 0.08) (-0.10t0 0.02) (-0.02 t0 0.20) (-0.05 t0 0.18) (-0.24 10 0.41) (-0.31 t0 0.58)
e -0.001 0.001 20.003 ~0.004 20.006 ~0.008
8 (-0.004 to 0.001) (-0.002 to 0.003) (-0.008 t0 0.002) (-0.008 to0 0.001) (-0.021 t0 0.009) (-0.028 t0 0.013)
Hydrocortisone equivalent ) . 0.006 -0.082 -0.289 0.164
(-0.146 t0 0.157) (-0.340 t0 0.176) (-0.815 t0 0.237) (-0.314 10 0.643)
) ) - - 0.054 0.061 0.140 -0.010
Hydrocortisone equivalent : Age (-0.004 t0 0.112) (-0.022 t0 0.144) (-0.031 t0 0.311) (-0.217 t0 0.197)
Hydrocortisone equivalent : Age? ) . -0.007 -0.008 -0017 -0.003
(-0.014 to 0.000) (-0.017 t0 0.001) (-0.035 t0 0.002) (-0.030 t0 0.024)
- - 0.000 0.000 0.001 0.000
i f . 3
Hydrocortisone equivalent : Age (0.000 to 0.000) (0.000 to 0.001) (0.000 to 0.001) (-0.001 t0 0.001)
Fludrocortisone ) ) . ) 0.009 -0.009
(-0.018 t0 0.035) (-0.038 t0 0.020)
) - - - - 20.003 0.005
Fludrocortisone : Age (-0.017 t0 0.010) (-0.011 t0 0.020)
- - - - 0.000 0.000
3 . 2
Fludrocortisone : Age (-0.002 to 0.002) (0.000 to 0.000)
- - - - 0.000 0.000
H . 3
Fludrocortisone : Age (0.000 to 0.000) (-0.003 to 0.002)
- - - - 0.19 -0.05
In 170HP (-0.30 t0 0.68) (-0.75 t0 0.65)
- - - - 0.16 0.01
In 170HP : Age (-0.43 t0 0.10) (-0.35 t0 0.37)
- - - - 0.021 -0.001
. 2
In 170HP : Age (-0.020 to 0.062) (-0.055 to 0.054)
- - - - 20.001 0.000
. 3
In 170HP : Age (-0.003 t0 0.001) (-0.002 t 0.002)
Moreinal &2 0.02 0.04 0.06 0.07 0.09 0.12
g (0.01 t0 0.05) (0.02 t0 0.08) (0.03 0 0.11) (0.03 t00.13) (0.0410 0.33) (0.05 t0 0.27)
Conditional R? 0.81 0.84 0.83 0.85 0.93 0.89
(0.75 t0 0.87) (0.80 0 0.89) (0.75 t0 0.88) (0.80 0 0.89) (0.80t0 0.97) (0.79 t0 0.96)
SD of random intercept for centre 1.05 0.46 1.31 0.53 2.51 0.70
SD of random intercept for id 0.06 0.08 0.07 0.07 0.05 0.06

Cubic model estimates for models predicting bone age advancement with varying sets of covariates. 170HP=17-Hydroxyprogesterone (nmol/l). Hydrocortisone equivalent (mg), fludrocortisone (mg)
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Figure S6.09 — Bone age advancement covariate modelling restricted to only Greulich & Pyle

‘ All available data on bone age estimated by Greulich & Pyle (G&P) method

‘ Bone age data restricted to visits also recording dose of glucocorticoid with bone age estimated by G&P method | | Bone age (G&F) data restricted to visits also recording dose of glucocerticoid, dose of fludrocartisone and level of 17—OHP|
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Bone age advancement modelling with varying levels of available covariates, all data in these models restricted to that measured by Greulich & Pyle bone age dating methodology.
Prefix letter: A=Male histogram of bone age data available, B=Female histogram of bone age data available, C=Male bone age advancement model, D=Female bone age advancement model,
E=male difference between clinically relevant example patient values dependent upon covariates of relevant model, F=female difference between clinically relevant example patient values

dependent upon covariates of relevant model
Suffix number: 1=No covariates in models, maximum bone age data employed; 2=Dose of hydrocortisone incorporated as a covariate with each age term in model; 3=Dose of hydrocortisone,

dose of fludrocortisone, and the natural log of the level of 17-OH Progesterone incorporated as covariates with each age term in model.
This figure shows the significant number of visits that are lost when attempting to model the bone age advancement with all three covariates (figures with suffix 3). Figures with suffix 2 are
the more parsimonious model only covarying with dose of glucocorticoid that are presented in the main manuscript.
170HP=17-Hydroxyprogesterone. GC=Glucocrticoid (hydrocortisone equivalent); Model coefficients contained within table S8
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