[bookmark: _Hlk131888223]
Word count, excluding title page, abstract, references, figures, and tables: 4,720 /3,500

Title: Incidence, prevalence, and mortality of idiopathic pulmonary fibrosis in England from 2008 to 2018: a cohort study

Author list:  Rikisha Shah Gupta1,3,4 Dr. Ann Morgan2,3 Dr. Peter M George1,5* Prof. Jennifer K Quint1,2,3*

*Senior Authors

1 National Heart and Lung Institute, Imperial College London, UK
2 School of Public Health, Imperial College London, UK
3 NIHR Imperial Biomedical Research Centre
4 Real-World Evidence, Gilead Sciences, USA
5Interstitial lung disease unit, Royal Brompton and Harefield NHS Foundation Trust, London, UK

Corresponding author: Jennifer K. Quint (j.quint@imperial.ac.uk) Level 9, Sir Michael Uren Hub, Imperial College London, White City Campus, 86 Wood Lane, London W12 0BZ



Abstract [245/250]

Background
Owing to discrepancies in methodologies and how idiopathic pulmonary fibrosis (IPF) is diagnosed it is challenging to establish a consistent understanding of disease burden   In the UK, over 10 years ago, the incidence and prevalence of IPF were reported as 2.8-8.7 per 100,000 person-years (from 2000-2012) and 39 per 100,000 persons (in 2012), respectively. Here, we estimated the incidence and prevalence of IPF in England from 2008 to 2018 and investigated IPF mortality.  

Methods	
Using Clinical Practice Research Datalink Aurum and Hospital Episode Statistics linked datasets, we estimated incidence and prevalence using four validated diagnostic-code-based algorithms. Using the registered number of deaths (from ONS) with the underlying cause being recorded as IPF, we estimated IPF mortality for same period. 

Results
Using Aurum-based definitions, incidence increased over time by 100% for Aurum narrow (3 to 6.1 per 100,000 person-years) and by 25% for Aurum broad (22.4 to 28.6 per 100,000 person-years).. However, using HES-based definitions showed a decrease in incidence over same period and lay between the two extremes derived for Aurum-based definition. IPF mortality in 2018 was 7.9 per 100,000 person-years and increased by 53% between 2008 and 2018.


Interpretation
When using best case definitions, incidence rose throughout the study period. Scaling this to England’s population (2018), our best estimate would be in the range of 8,000-9,000 new cases per year which is higher than previously reported estimates (5,000-6,000). This increased burden in the new cases of IPF each year impacts future health service planning, and resource allocation.
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Key message 

· What is already known on this topic 

Globally, numerous studies with diverse methodologies and outcomes have posed challenges in establishing a consistent understanding of IPF disease burden. 

· What this study adds 

· Update on the incidence, prevalence, and mortality of IPF in England. 

· Demonstrate the IPF incidence and prevalence trends across England and over a decade. 

· Highlight epidemiological patterns from diverse sources, shaping future research and advocating standardized IPF definitions.

· Emphasize the vital role of using an appropriate data source to precisely estimate IPF epidemiology in England.

· How this study might affect research, practice or policy 

[bookmark: _Hlk157184147]We estimate that between 8,000 and 9,000 new IPF cases are diagnosed annually, surpassing the previously reported estimate of 5,000 to 6,000. Choosing an appropriate data source is crucial for estimating best case IPF epidemiology in England that allows for effective health service planning and availability of holistic care for these patients.
Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic condition with a historic median survival of 3–5 years from diagnosis.[1,2] The disease is characterized by worsening respiratory symptoms, progressive loss of lung function, impaired quality of life and high mortality. The burden of this clinically complex disease has been difficult to quantify, with reported estimates of incidence and prevalence from different countries typically varying by an order of magnitude. One recent systematic review, which synthesised data published between 2015 and 2021, concluded that incidence of IPF most likely lies between 5  and 50 per 100,000 persons and prevalence between 7 to 42 and 100,000 persons[3].  The heterogeneity in published estimates can be attributed to several factors, including differences in study methodologies, study populations and IPF case definition, as well as varying levels of disease awareness and rates of diagnosis across countries.[3-5] Over the past decade, the publication of multi-societal and national guidelines on IPF diagnosis and management[6-8]  – in part driven by a need to improve recruitment and reliability of clinical trials[9-14] – has increased disease awareness and standardization in diagnostic criteria which over time should translate into improved estimates of IPF disease burden globally. 
[bookmark: _Hlk157184062]	Several previous studies have employed routinely-collected healthcare data to describe UK trends in IPF incidence, prevalence[15,16] and mortality.[15-17] These earlier studies relied solely on primary care records and covered the period 2000–2012, predating the introduction of antifibrotic therapy and the adoption of the above-mentioned 2011 diagnostic guidelines.[6] In common with the approach adopted in several other countries, the authors of these earlier UK studies, most notably Strongman et al., [15]  explored the impact of using different sets of clinical Read codes (termed “narrow” and “broad”) for IPF case finding in primary care records. The resulting IPF incidence and prevalence estimates exhibited considerable sensitivity to code choice, with incidence estimates varying three-fold (2.8–8.7 per 100,000 person-years) and trends over time in opposite directions. Given the current interest in IPF and in the absence of more recent data on the UK burden of IPF to support health service planning, the primary aim of this study was to update and extend that of previous work, by providing estimates of IPF incidence, prevalence and mortality in England over the period 2008–2018, both overall and year-on-year, using routinely-collected healthcare data. This study offers the additional advantage of being able to draw on diagnostic algorithms for IPF case finding that we validated as part of our earlier work.[18] 
Methods 
Data sources 
This study used Clinical Practice Research Datalink (CPRD) Aurum, a database of de-identified longitudinal primary care records for approximately 40 million patients or 19% of the UK population (as of November 2020)[19]. The population of individuals within Aurum has been shown to be representative of the UK population with respect to sex, age, ethnicity and geographical distribution[20]. CPRD Aurum captures data from participating general practitioner (GP) practices on patient demographics, clinical diagnoses and symptoms, laboratory tests, specialist referrals and prescriptions issued. Information is recorded using EMIS patient management software using a combination of SNOMED CT (UK edition), Read (version 2), and local EMIS Web codes. 

Aurum data are routinely linked to other patient-level datasets, including Hospital Episode Statistics (HES) and Office of National Statistics (ONS) mortality data utilizing a deterministic methodology.[21] Data linkages are available only for patients registered at GP practices in England which have consented to participate in this scheme (70% of English practices).[20] HES Admitted patient care (APC) data provide information on all hospital admissions to National Health Services (NHS) hospitals in England (acute, mental, and primary care trusts, including private and charitable hospitals)[22]. ONS mortality data includes information on the date, place, and causes of death for all deaths registered in England[23]. ONS cause-of-death data are coded using the International Classification of Disease, 10th revision (ICD-10 codes), and contain information on both the underlying cause of death and other causative reasons for death. 


Study population
Cohort definition 

[bookmark: _Hlk137304272]We used previously validated diagnostic-code-based algorithms to define four separate study cohorts; the derivation and validation of these case definitions has previously been reported.[18] For the purposes of this study, we selected the four algorithms which we considered spanned the extremes of IPF case finding in UK health databases, i.e. two that achieved the highest positive predictive values (PPV) in our previous validation study and two which had lower PPVs but higher sensitivities (Table 1). In brief, our “Aurum (narrow)” definition uses a set of SNOMED CT codes which we considered are strongly indicative of IPF; our “Aurum (broad)” definition was based on a larger set of more generic, less specific SNOMED CT codes denoting a probable diagnosis of pulmonary fibrosis. These code sets are listed in Table S1. Our third case finding algorithm was based on hospitalization for IPF; according to this algorithm, any individual who had been admitted to hospital and who had a J84.1, J84.8 or J84.9 ICD-10 code listed as either a primary or secondary diagnosis was considered to be a case of IPF and was included in the “HES only” cohort. The fourth algorithm combined evidence from both primary and secondary care, requiring cases to have both at least one “broad” IPF code in their primary care record and evidence of having been hospitalized for IPF. These four algorithms thus ranged from tightly specified case definitions (which were most likely to result in more conservative estimates of incidence and prevalence) through to looser case definitions (which run the risk of including cases of non-IPF pulmonary fibrosis and overestimating IPF incidence and prevalence).

[bookmark: _Hlk137305433]In addition to meeting criteria to be a case, according to our four definitions, people had to be aged at least 18 years at the date of their diagnosis of IPF and registered at a GP practice in Aurum that was eligible for linkage with HES and ONS data. The GP practice had to have passed certain data quality checks by CPRD, the patient had to have non-missing sex information, and at least 1 day of follow-up after they met all other study inclusion criteria. Patient follow-up commenced on the latest of: 1st January 2008, the patient’s eighteenth birthday, the date on which the patient joined the practice or the date of first diagnosis with IPF. Follow-up ended on the earliest of: 31st December 2018, the date they left the practice or died, or the last date that the practice contributed data to Aurum. Patients were included in the incidence analysis if the date of their first recorded IPF code occurred during the study period (1 January 2008 to 31 December 2018). To ensure capture of incident cases, we additionally applied the criteria that patients had to have had at least one year of registration with their current GP prior to a diagnosis of IPF. For the prevalence analysis, we also included anyone who had a diagnosis of IPF before 2008 and was alive and registered with a linked Aurum GP practice on 1st January 2008.

Table 1: Description of four code-based diagnostic algorithms for IPF case finding 
	Case-finding algorithm 
	Description 
	Positive predictive value (PPV)
(95% CI)

	Aurum (narrow) 
	Any one of the 7 “narrow” IPF codes in CPRD Aurum
	74.9% (72.8–76.9)

	Aurum (broad)
	Any one of the 27 “broad” IPF codes in CPRD Aurum
	64.3% (63.3–65.3)

	HES only
	ICD-10 codes J84.1, J84.8 or J84.9 listed as the primary or secondary discharge diagnosis in any inpatient “episode” of patient care during a hospital admission
	62.0% (61.1–63.0)

	Aurum (broad) plus HES 
	Any one of the 27 “broad” IPF codes in CPRD Aurum 
and
[bookmark: _Hlk137304411]ICD-10 codes J84.1, J84.8 or J84.9 listed as the primary or secondary discharge diagnosis in any inpatient “episode” of patient care during a hospital admission
	78.4% (77.3–79.5)


CI, confidence interval; CPRD, Clinical Practice Research Datalink; HES, Hospital Episode Statistics; ICD-10, International Classification of Diseases, 10th revision; IPF, Idiopathic pulmonary fibrosis
“Aurum (narrow)” definition is based on a set of SNOMED CT codes which we considered are strongly indicative of IPF while the “Aurum (broad)” definition is based on larger set of more generic, less specific SNOMED CT codes denoting a probable diagnosis of pulmonary fibrosis; the “HES  only”  definition relies on evidence of hospitalisation for IPF using ICD-10 codes; and the “Aurum (broad) plus HES” definition requires evidence of a IPF diagnosis in both primary care (a “broad” code in Aurum) and evidence of hospitalisation for IPF in HES. A full list of SNOMED CT and Read codes is provided in Table S1. 

Data analysis
Incidence and prevalence 
Incidence and prevalence were estimated for each of the four IPF case definitions described above. Crude annual incidence rates were calculated for each calendar year of our study period, 2008 to 2018, by dividing the total number of newly-diagnosed IPF cases in a given year (according to each of the four case definitions) by the total number of person-years at risk in that same year. For example, for 2008, the numerator comprised eligible patients newly-diagnosed with IPF in 2008; the corresponding denominator was obtained by totalling the total time at risk contributed by all eligible patients during 2008. Patient-time was censored on 31st December 2018, date of death, last day of data collection at the practice, or the patient’s transfer out date, whichever came first. We did not include lung transplantation as a censoring event because although IPF is a leading cause of lung transplantation, the number of people who undergo this procedure in the UK is extremely low. Crude annual incidence rates were reported as cases per 100,000 person-years and stratified by sex and age group (< 70 years and ≥70 years). To assess change over time, we employed a Poisson regression model to estimate annual incidence rate ratios (IRRs), relative to 2008 (baseline) and controlling for age group and sex. Multiplicative interaction terms were added to the Poisson model to test for effect modification by sex and age group (<70 years and ≥70 years). The decision to use two age groups was informed by the age structure of our study cohorts (median age at IPF diagnosis ranged from 76–77 years).

Likewise, period prevalence was estimated for each case definition (Table 1), both for the study period overall and for each year from 2008 to 2018, and further stratified by sex and age group (< 70 years and ≥70 years). Prevalence was calculated by dividing the total number of eligible IPF patients in a given year (newly- or previously-diagnosed) by the total number of eligible patients in that same year. Thus, for the year 2008, the numerator comprised the total number IPF patients diagnosed before 2008 plus those newly-diagnosed in 2008; this number was divided by the total number of eligible patients, i.e. people alive and actively contributing data at the mid-year point (1 July).  Prevalence was expressed as the number of IPF cases per 100,000 persons. To investigate the change in IPF prevalence over the study period, we constructed regression models to estimate odds ratios (ORs) for each year relative to 2008 (baseline), adjusted for age group and sex. 

Cause-specific mortality 

[bookmark: _Hlk156319963]We used linked ONS data to identify people who had died because of IPF, i.e. had either J84.1, J84.8 or J84.9 listed as the derived cause of death in their ONS death record. In this analyses, IPF-specific mortality denotes deaths where IPF was the immediate cause of death (irrespective of whether these people were diagnosed with IPF previously). We calculated the total number of deaths with IPF as an underlying or immediate cause on the death record, for each year of our study period, 2008–2018, both overall and stratified by sex. To be included in the totals, patients had to be aged ≥ 18 years at the time of their death. Additionally, the date of death had to be after the date of GP practice registration and prior to the practice last data collection date. We calculated crude annual IPF mortality rates by dividing the number of IPF deaths by the total time at risk contributed by eligible patients.  
We also calculated age- and sex-stratum-mortality rates for each calendar year. We employed direct standardization to calculate age-standardized mortality rates, using the 2018 population of England. Poisson regression modelling was used to estimate annual mortality rate ratios (MRRs), using 2008 as the baseline year, and controlled for sex and age. Multiplicative interaction terms were used to test for effect modification by age and sex.
Results 


[bookmark: _Hlk156326842]Incidence of idiopathic pulmonary fibrosis 
[bookmark: _Hlk141007829]During the study period (2008–2018), IPF incidence estimates ranged from 4.5 to 27.2 per 100,000 person-years depending on which algorithm was used to define a case. The lowest crude incidence rate estimate corresponded to the “Aurum (narrow)” case definition, and the highest the “Aurum (broad)”. The case definitions which relied on evidence of a hospitalisation for IPF produced incidence estimates which lay between these two extremes (Figure 1). 
When we used the Aurum (narrow) case definition, we observed a doubling in the annual incidence rate over the 10-year period of our study, from 3.0 per 100,000 person-years in 2008 to 6.1 per 100,000 person-years in 2018 (Figure 1, Table 2, Table S2).  Crude incidence rates were higher in males (Figure S1) than in females ([Figure S2] 6.1 per 100,000 person-years versus 3 per 100,000 person-years) and in those aged 70 years and over (Table 2, Figure S3, Figure S4).  Males aged 70 years and above had the highest crude incidence rate (9.2 per 100,000 person-years); in this subgroup, we saw a 2-fold increase in incidence over the period of our study, from 5.9 per 100,000 person-years in 2008 to 13.7 per 100,000 person-years in 2018. The age- and sex-adjusted IRR in 2018, relative to the 2008 baseline year, was 2.16 (95% CI, 1.7–2.5) (Table 2). Statistically significant interactions (p < 0.05) were observed, suggesting that the annual increase in incidence differed by age group and sex. 
Similar age and sex patterns, that is higher rates in male (Table 3, Figure S1, Figure S2) and in those aged 70 and over (Figure S3, Figure S4), were evident when we used the Aurum (broad) case definition, but the overall temporal trend was less pronounced; annual incidence increased from 22.4 per 100,000 person-years in 2008 to 28.6 per 100,000 person-years in 2018 (IRR=1.2; 95% CI, 1.1–1.3). With both Aurum-only-based case definitions, there was a notable rise in crude incidence between 2011 and 2012 (Table 3, Figure 1). 
[bookmark: _Hlk141007822][bookmark: _Hlk141007801]For the “HES only” definition, the crude incidence rate averaged 21.9 per 100,000 person-years over the study period, slightly lower than the 27.8 per 100,000 person-years for the Aurum (broad) definition. Use of the former case definition, which relied solely on evidence of a hospitalisation for IPF, suggested that overall IPF incidence had declined, from 21.9 to 17.3 per 100,000 person-years between 2008 and 2018, with the greatest decrease occurring after 2014 (Figure 1, Table S3) Similar time trends emerge when we used our combined “Aurum (broad) plus HES” case finding algorithm (Table S4). During the first half of the study period, the crude annual incidence rate remained more or less constant, peaking in 2012 at 12.5 per 100,000 person-years before falling to just 4.9 per 100,000 person-years in 2018 (Figure. 1, Table S4). Over the course of the entire study period, incidence decreased by nearly 50%. Again, the overall incidence rate for the HES-based definitions was higher in males (Figure S1) than in females (Figure S2) and in those aged ≥ 70 years compared with those aged under 70 (Figure S3, Figure S4). Males aged 70 years and above had a consistently higher crude incidence rate across the study period than the other subgroups defined by age and sex. For this subgroup, the “HES only” definition produced higher incidence estimates than the Aurum-based definition, but only during the first half of the study period from 2014 onwards the HES-only (Figure S1).

Table 2 Trends in incidence and prevalence of idiopathic pulmonary fibrosis, 2008–2018, based on  the “Aurum (narrow)” case definition

	Aurum narrow 

	



	Number of incident cases
(numerator) 
	

Person years 
(denominator)
	Crude Incidence Rate per 100,000 person-years
	Incidence Rate ratios (95% CI)
	

Number of prevalent cases
(numerator) 
	

Persons
(denominator)
	
Crude Prevalence rate per 100,000 persons

	Prevalence odds ratios (95% CI)

	Year
	
	
	
	
	
	
	
	

	2008
	139
	4,633,499
	3.0
(2.5-3.5)
	Ref
	1,513
	8,721,598
	17.3
(16.4-18.2)
	Ref

	2009
	130
	4,729,643
	2.7
(2.3-3.2)
	0.9
(0.7-1.1)
	1,429
	8,833,792
	16.1
(15.3-17.0)
	0.9
(0.8-1.0)

	2010
	132
	4,812,161
	2.7
(2.3-3.2)
	0.91
(0.7-1.1)
	1,340
	8,929,093
	15.0
(14.2-15.8)
	0.8
(0.8-0.93)

	2011
	116
	4,892,054
	2.3
(1.9-2.8)
	0.7
(0.6-1.0)
	1,256
	9,002,025
	13.9
(13.1-14.7)
	0.80
(0.7-0.8)

	2012
	272
	4,977,189
	5.4
(4.8-6.1)
	1.8
(1.4-2.2)
	1,367
	9,128,385
	14.9
(14.1-15.7)
	0.8
(0.8-0.9)

	2013
	229
	4,973,702
	4.6
(4.0-5.2)
	1.5
(1.2-1.9)
	1,410
	9,033,293
	15.6
(14.8-16.4)
	0.9
(0.8-0.9)

	2014
	230
	4,983,217
	4.6
(4.0-5.2)
	1.5
(1.2-1.9)
	1,426
	9,038,352
	15.7
(14.9-16.6)
	0.9
(0.8-0.9)


	2015
	293
	5,093,740
	5.7
(5.1-6.4)
	1.9
(1.5-2.3)
	1,509
	9,205,258
	16.3
(15.5-17.2)
	0.9
(0.8-1.0)

	2016
	317
	5,223,448
	6.0
(5.4-6.7)
	2.0
(1.6-2.4)
	1,572
	9,420,406
	16.6
(15.8-17.5)
	0.9
(0.9-1.0)

	2017
	298
	5,338,231
	5.5
(4.9-6.2)
	1.8
(1.5-2.2)
	1,617
	9,656,397
	16.7
(15.9-17.5)
	0.9
(0.9-1.0)

	2018
	335
	5,430,009
	6.1
(5.5-6.8)
	2.0
(1.6-2.5)
	1,698
	9,863,903
	17.2
(16.4-18.0)
	0.99
(0.9-1.0)

	
	
	
	
	
	
	
	
	

	Sex 
	
	
	
	
	
	
	
	

	Male
	1,640
	26,817,257
	6.1
(5.8-6.4)
	Ref
	9,270
	50,325,732
	18.42(18.0-18.8)
	
Ref

	Female 
	851
	28,269,637
	3.0
(2.8-3.2)
	0.4
(0.4-0.5)
	6,687
	49,205,298
	13.59(13.2-13.9)
	0.7
 (0.7-0.7)

	
	
	
	
	
	
	
	
	

	< 70 years 
	625
	26,135,245
	2.3
(2.2-2.5)
	Ref
	4,775
	85,267,857
	5.6
(5.4-5.7)
	Ref

	≥ 70 years 
	1,866
	28,951,646
	6.4
(6.1-6.7)
	2.7
(2.5-3.0)
	11,362
	15,643,673
	72.6
(71.3-73.9)
	5.45
(5.35.5)




[bookmark: _Ref133760670]  Table 3 Trends in incidence and prevalence  of idiopathic pulmonary fibrosis, 2002–2018, based on the “Aurum (broad)” case  definition

	Aurum broad 

	



	Number of incident cases
(numerator) 
	

Person years 
(denominator)
	Crude Incidence Rate per 100,000 person-years
	Incidence Rate ratios (95% CI)
	

Number of prevalent cases
(numerator) 
	

Persons
(denominator)
	
Crude Prevalence rate per 100,000 persons

	Prevalence odds ratios (95% CI)

	Year
	
	
	
	
	
	
	
	

	2008
	1,039
	4,633,499
	22.4
(21.0-23.8)
	Ref
	6,399
	8,721,598
	73.3 (71.5-75.1)
	Ref

	2009
	1,182
	4,729,643
	25.0
(23.6-26.4)
	1.1
(1.0-1.2)
	6,684
	8,833,792
	75.6
(73.8-77.5)
	1.03(1-1.0)

	2010
	1,196
	4,812,161
	24.8
(23.4-26.3)
	1.1
(1.0-1.2)
	6,983
	8,929,093
	78.2
(76.3-80.0)
	1.07(1.03-1.1)

	2011
	1,258
	4,892,054
	25.7
(24.3-27.1)
	1.1
(1.01.24)
	7,297
	9,002,025
	81.0
(79.2-82.9)
	1.1(1.0-1.14)

	2012
	1,547
	4,977,189
	31.1
(29.5-32.6)
	1.3
(1.2-1.4)

	7,824
	9,128,385
	85.71
(83.8-87.6)
	1.17(1.1-1.2)

	2013
	1,477
	4,973,702
	29.7
(28.2-31.2)
	1.3
(1.2-1.4)
	8,155
	9,033,293
	90.2
(88.3-92.2)
	1.23(1.19-1.2)

	2014
	1,427
	4,983,217
	28.6
(27.1-30.1)
	1.2
(1.1-1.3)
	8,331
	9,038,352
	92.1
(90.2-94.1)
	1.26(1.2-1.3)

	2015
	1,547
	5,093,740
	30.4
(28.9-31.9)
	1.3
(1.2-1.4)
	8,625
	9,205258
	93.7
(91.7-95.6)

	1.28(1.2-1.3)

	2016
	1,533
	5,223,448
	29.3
(27.9-30.8)
	1.2
(1.1-1.3)
	8,819
	9,420,406
	93.6
(91.6-95.5)
	1.28(1.2-1.3)

	2017
	1,550
	5,338,231
	29.0
(27.6-30.5)
	1.2
(1.1-1.3)
	8,974
	9,656,397
	92.9
(91.0-94.8)
	1.27(1.2-1.3)

	2018
	1,549
	5,430,009
	28.5
(27.1-30.0)
	1.2
(1.1-1.3)
	9,059
	9,863,903
	91.8
(89.9-93.7)
	1.25(1.2-1.2)

	
	
	
	
	
	
	
	
	

	Sex 
	
	
	
	
	
	
	
	

	Male
	9364
	26794636
	34.9
(34.7-35.1)
	Ref
	49,196
	50,312,879
	97.7
(96.9-98.6)
	Ref

	Female 
	5,941
	28250719
	21.0
(20.4-21.5)
	0.5
(0.52-0.56)
	37,954
	50,519,623
	75.1
(74.3-75.8)
	0.7 (0.7-0.7)

	
	
	
	
	
	
	
	
	

	< 70 years 
	2,204
	33,135,466
	6.6
(6.3-6.9)
	Ref
	25,914
	85,189,440
	30.4
(30.0-30.7)
	Ref

	≥ 70 years 
	13,101
	21,909,889
	59.7
(58.7-60.8)
	9.29(8.8-9.7)
	61,236
	15,643,062
	391.4 
(388.4-394.6)
	5.4 (5.3-5.5)





Prevalence of idiopathic pulmonary fibrosis 

Prevalence estimates (per 100,000 persons) also exhibited considerable variation, depending on the choice of case definition (Table 1, Table S5). The “Aurum (narrow)” definition resulted in the lowest estimate (16.0 per 100,000 persons) and the “Aurum (broad)” definition the highest (86.43 per 100,000 persons). The other case definitions produced estimates within this range, 27.96 and 36.45 per 100,000 persons for the “Aurum (broad) plus HES” and the “HES only” definitions, respectively. 

Prevalence was consistently higher in  males (Figure S5) than  in females (Figure S6), and in the over 70s than in the under 70s (Figure S7, Figure S8), irrespective of the choice of case definition. For example, over the study period and based on the “Aurum (narrow)” case definition, prevalence in males averaged 18.4 cases per 100,000 persons compared with 13.6 per 100,000 persons in females (Table 2; Figure S5). Prevalence was more than 10 times higher in the over 70s relative to the under 70s (72.6 vs 5.6 per 100, 000 persons, respectively; Table 2, Figure S7, Figure S8).  
[bookmark: _Hlk141008849]Trends in prevalence were however dependent on the choice of case definition. When we defined IPF cases using our “Aurum (narrow)” definition, we found that over the course of our study period, prevalence remained relatively stable, at around 17 cases per 100, 000 persons (Figure 2, Table 2).  The average annual prevalence change over the study period (assuming a linear trend) was not statistically significant (OR=0.9; 95% CI, 0.93–1.01, p=0.22). However, as shown in Figure 2, the averaged trend masks an apparent decline in prevalence between 2008 and 2011, followed by a steady increase thereafter. Furthermore, among older males, the subgroup with the highest prevalence (98.28 per 100,000 persons), prevalence increased by 16.7% over the study period; this trend was largely absent in older females in whom prevalence remained relatively unchanged (Figure S5, Figure S6). 
In contrast, prevalence estimates based on the “Aurum (broad)” case definition, which in addition to being considerably higher (86.43 cases per 100,000 persons), showed a steady increase across the whole study period, from 73.37 per 100,000 persons in 2008 to 91.84 per 100,000 persons in 2018 (Figure 2; Table 3).  Using the “Aurum (broad)” case definition, IPF prevalence increased by 25% (assuming a linear trend) for the whole study period (OR=1.2, 95% CI 1.2-1.2, p<0.001, [Table 3]). These trends were evident in both  male and  female, and in both age groups (Figure 5-Figure 8). 

[bookmark: _Hlk141008857]Mirroring the patterns we observed with incidence, when we used hospital admissions data to define IPF cases, we found that prevalence remained fairly stable for the first half of the study period but declined in the second half, most notably after 2013. Both case finding algorithms, the “HES only” and the “Aurum (broad) plus HES”, were associated with an overall decline in prevalence between 2008 and 2018 [Figure 2, Table S3, Table S4). These trends were evident in both  males and  females, and in both the age groups (Figure S5, Figure S6).  


Mortality with idiopathic pulmonary fibrosis as an underlying cause of death

The crude IPF mortality rate during 2008–2018 averaged 7.1 per 100,000 person-years. Males had a consistently higher IPF mortality rate than females (8.7 versus 5.3 per 100,000 person-years) (Figure 3).  Over the 10-year study period, we observed a 59.6% and 42.9% increase in the crude IPF mortality rate for males and females, respectively. The IPF mortality rate standardized to the 2018 England population over the study period rose from 5.2 per 100,000 person-years in 2008 to 7.9 in 2018 per 100,000 person-years (Table 4, Figure S9), equating to a roughly 1.5-fold increase in IPF mortality over the period studied. Statistically significant interaction terms group (p-value <0.05) suggested that IPF mortality was higher in males than in females and higher in the older age group (≥ 70 years) than in the younger age group (< 70 years) [Table 4]. 


[bookmark: _Ref134388536]Table 4 Age-standardized IPF mortality rates and mortality rate ratios, 2008–2018 
	 
	Observed number of deaths
	Observed 
person-years
	IPF mortality rates standardized to 2018 population (per 100,000 person-years)
	Mutually-adjusted
rate ratios
(95% CI)

	Year
	
	
	
	

	2008
	449
	8,665,627
	5.2
	Ref

	2009
	462
	8,790,555
	5.3
	1.0 (0.89-1.15)

	2010
	498
	8,891,392
	5.5
	1.0 (0.94-1.22)

	2011
	557
	8,973,684
	5.2
	1.2 (1.04-1.33)

	2012
	626
	9,083,174
	6.8
	1.3 (1.15-1.47)

	2013
	677
	9,030,670
	7.4
	1.4 (1.28-1.63)

	2014
	694
	9,011,196
	7.6
	1.5 (1.33-1.69)

	2015
	746
	9,166,544
	8.1
	1.6 (1.41-1.78)

	2016
	794
	9,380,399
	8.4
	1.6 (1.46-1.84)

	2017
	761
	9,609,504
	7.8
	1.5 (1.36-1.72)

	2018
	778
	9,812,383
	7.9
	1.5 (1.37-1.72)

	 
	
	
	
	

	Sex 
	
	
	
	

	Male
	4355
	50,346,855
	2.6
	Ref

	Female 
	2687
	100,415,129
	4.2
	0.4 (0.41-0.46)




Discussion 
This study demonstrates that estimates of IPF incidence and prevalence derived from routinely- collected healthcare are highly sensitive to the choice of clinical codes used to identify cases. This is unsurprising given the relative rarity of IPF, its non-specific symptomatology and often lengthy diagnostic process which over the past decade or so has been further complicated by temporal changes in nomenclature and diagnostic criteria. The latter has inevitable consequences for coding practices both in primary and secondary care and compounds the challenges typically associated with routinely-collected health data. Indeed, previous studies which have sought to establish the burden of IPF burden in the UK[3,15] have encountered similar challenges. What has emerged from this analysis, in the UK context at least, is that case finding algorithms that use evidence of hospitalisation for IPF are less suited to the task of estimating incidence and prevalence. Both our “HES only” and “Aurum (broad) plus HES” case definitions generated downwards trends in incidence and prevalence, largely driven by declines in IPF hospital admissions since 2012. Based on our current understanding of IPF epidemiology, declining incidence and prevalence seems highly unlikely. On the other hand, reductions in hospital admissions can conceivably be attributed to several developments in the management of IPF, the most pertinent of which is the expansion of palliative care services in the UK. This has led to enhanced access to hospice and community/domiciliary palliative care support and in  turn a reduction in the number of patients with IPF requiring hospitalisation for an exacerbation of their symptoms.[6-8] The roll out of antifibrotic drugs, pirfenidone and nintedanib (which were approved for use in the UK in 2013 and 2016, respectively [24,25]  in tandem with the phasing out of the previous standard of care for IPF (which the 2012 PANTHER trial revealed was associated with accelerated mortality and hospitalisation [26]), is a second factor that may have contributed to fewer hospital admissions in this patient population.   
[bookmark: _Hlk156326289]In common with previous work to estimate the UK burden of IPF using primary care records [15], we found that incidence and prevalence estimates based on narrow and broad sets of Aurum clinical codes differed by a substantial margin. Our incidence estimates varied by a factor of around 6 (Aurum (narrow) = 4.5 per 100,000 person-years; Aurum (broad) = 27.2 per 100,000 person-years), a larger divergence than that reported by Strongman et al.[15]. When we compare estimates for the overlapping years of Strongman’s and our study (2008 to 2012), we note that our “narrow” incidence estimates are broadly similar whereas our “broad” estimates are much higher, approximately double those reported by Strongman et al[15]. This observation, coupled with comparisons with published estimates of incidence (which cluster around a range of 9-13), leads us to believe that our Aurum “narrow” definition, which comprises highly specific clinical codes corresponding to terms such as “idiopathic pulmonary fibrosis”) generates estimates of IPF incidence and prevalence that are likely too conservative. Conversely, our estimates based on the Aurum (broad) definition are likely to be an overestimate, possibly capturing other fibrotic lung diseases and cases of known but unrecorded aetiologies. We postulate therefore that the UK burden of IPF most likely lies halfway between our two Aurum-based estimates. For incidence this would imply an incidence of around 15–16 per 100,000 person-years. Scaling up to the population of England using ONS’s mid-year population for 2018[27], this suggests that the number of new cases of IPF diagnosed each year lies between 4,400 and 13,2000. Our best estimate would be in the range 8,000–9,000 new cases per year, somewhat higher than pervious widely quoted estimates of 5,000–6,000. Applying the same methodology, our best estimate of the number of people currently living with a diagnosis of IPF lies within the range 24,000–25,000, and we estimate that approximately 3,500 adults die each year due to IPF. 

Our Aurum-based IPF case definitions both point to an increase in the incidence of IPF over the period of our study. When we used our Aurum (narrow) definition, incidence doubled over the 10-year period, 2008–2018 whereas prevalence was largely unchanged. When we used a broad approach to case finding, both incidence and prevalence of IPF increased over time by almost 25%. While we believe that there has been an increase in the number of people who have received a diagnosis of IPF over the period of study, to what extent this reflects a “true” increase in the incidence of the disease is more difficult to ascertain. Increasing age of the UK population, and better treatment of comorbid conditions such cardiovascular diseases which people are increasingly likely to now survive, will undoubtedly have driven up IPF incidence but is unlikely to account for all the observed increase given that the IRRs remain significantly greater than 1 after adjustment for age. Increased disease awareness and improved detection and diagnosis are additional factors which could account for increase in incidence and in our opinion will have contributed to the observed trends described here. However, based on the noticeable step up in incidence between 2011 and 2012, (which was also apparent in Strongman et al.’s earlier work) and our previous work in which we observed shifts in the frequency of use particular codes in primary care records,[18] we would attribute at least part of the observed increase in incidence to changes in coding practices over time. Moreover, since the impact of coding is more pronounced on the Aurum (narrow) case definition, we would suggest that magnitude of any increase in incidence is in truth lower that indicated by the Aurum narrow case definition and more likely to be closer to that indicated by the Aurum broad case definition.  
	We also observed an increase in IPF mortality, by around 50% over the study period (MRR=1.53, 95% CI 1.37–1.72). Since IPF mortality was estimated using ONS data which rely on ICD-10 codes, these data are less likely to have been affected by changes in coding practices over the period of our study. Moreover, our estimates align closely with those reported by Navaratnam et al.[16,17] for overlapping years. It appears therefore that the observed increase in IPF mortality is “real”., Typically, there is a delay in implementing new treatments in routine clinical care which could explain that the people diagnosed with IPF during the period of our study have yet to see any significant improvement in survival in the wake of the introduction of antifibrotic therapies. We also note that while IPF mortality has increased over the period of our study, the rate of increase appears to have slowed in more recent years. Along with delayed implementation in routine practice, we are unable to assess the impact of antifibrotic treatments and our data lacks details on treatments administered beyond primary care. Nevertheless, recognizing the potential impact of advancements in the field of IPF on mortality is crucial and should be a central focus in future research endeavours.

Strengths and limitations
The main strengths of this study lies in its use of linked primary and secondary care data to define large population-based cohorts of people with IPF using a set of case finding algorithms that we have validated in previous piece of work.[18] CPRD’s Aurum dataset provides a large representative snapshot of the population of England, and as such is well suited to analyses aimed at estimating the burden of IPF. However, we acknowledge that there are concerns around the reliability of the recording of diseases in primary care records, in particular chronic diseases such as IPF which are diagnosed in secondary care, and this uncertainty is widely perceived to be the main weakness of using routinely collected health data for epidemiological research, and thus of this study. However, previous studies have demonstrated that most chronic conditions are well recorded in primary care databases, typically achieving PPVs in excess of 80%.[28-32] which when combined with the findings of our validation study[18] adds credence to our belief that patients assigned any of the specific IPF codes included in our “Aurum (narrow)” list by their GP will usually in truth have the disease. However, while confident that our “Aurum (narrow)” case definition, with its PPV of around 75%, reliably identifies people with IPF, we are less confident about the completeness of case ascertainment; it is likely that by using the narrow case definition we are missing a substantial proportion of cases, for instance, due to inability at the primary care level to translate diagnostic information received from secondary care into clinical codes or due to secondary care providers relaying incomplete data to GP practices. Conversely, we acknowledge that incidence and prevalence estimates based on a larger, less specific set of clinical codes (which achieves greater sensitivity but at the expense of PPV) are likely an overestimate. In sum and given the inherent difficulties in determining the burden of IPF from routinely-collected health care data, we consider our incidence and prevalence estimates which represent a compromise between the two case definitions to be the most reliable available at the present time. Lastly, in our study, the estimates were calculated for England only as we used Aurum-HES linked data, whereas, both Strongman et al[15] and Navaratnam et al[16]  reported UK-level estimates, therefore any comparisons made across different data sources should be approached with careful consideration.
Our study also benefits from using a relatively long study period (2008-2018), during which time there have been notable advancements in the diagnosis and management of IPF, including the introduction of antifibrotic therapies and the publication of updated diagnostic guidelines. While these developments will have had an impact on IPF prevalence, it has not been possible to ascertain to what extent these factors have influenced our estimates and whether our observed trends represent a best-case increase in IPF incidence or prevalence.  
Conclusion
Our population-based study provides more recent estimates of the incidence and prevalence of IPF in England. Using routinely-collected health data and previously validated IPF case definitions, we consider that the number of new diagnoses of IPF in England pre-COVID-19 most likely lies between 8,000 and 9,000 cases per year and around 24,000–25,000 people are living with IPF. In addition, we estimate that around 3,500 people die of IPF each year. Our best estimates, while subject to considerable uncertainty owing to the difficulties around estimating burden for a disease without mandatory registration, represent a modest increase on previous estimates for 2000-2012 and suggest that the incidence of IPF in the UK has continued to rise over the past decade.   
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Figure captions


Figure 1 IPF Incidence Rate, per 100,000 person-years in England from 2008 to 2018, by case definition 



“Aurum (narrow)” definition uses a set of SNOMED CT codes that we considered are strongly indicative of IPF; “Aurum (broad)” definition was based on a larger set of more generic, less specific SNOMED CT codes denoting a probable diagnosis of pulmonary fibrosis, HES  only definition uses evidence of hospitalisation with IPF using ICD 10 codes; Aurum plus HES definition  detected using a broad list of codes in Aurum and also evidence of hospitalisation for IPF in HES  



Figure 2 Prevalence of IPF per 100,000 persons in England from 2008 to 2018, by cohort definition


“Aurum (narrow)” definition uses a set of SNOMED CT codes that we considered are strongly indicative of IPF; “Aurum (broad)” definition was based on a larger set of more generic, less specific SNOMED CT codes denoting a probable diagnosis of pulmonary fibrosis, HES  only definition uses evidence of hospitalisation with IPF using ICD 10 codes; Aurum plus HES definition  detected using a broad list of codes in Aurum and also evidence of hospitalisation for IPF in HES  


[bookmark: _Ref133880412]Figure 3 Crude IPF mortality rate per 100,000 person-years from 2008 to 2018 in England, by sex 
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