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Abstract
Introduction
Disease registers and electronic health records are valuable resources for disease surveillance and research but can be limited by variation in data quality over time. Quality may be limited in terms of the accuracy of clinical information, of the 'internal linkage' that supports person-based analysis of most administrative datasets, or by errors in linkage between multiple datasets.
Objectives
By linking the National Down Syndrome Cytogenetic Register (NDSCR) to Hospital Episode Statistics for England (HES), we aimed to assess the quality of each and establish a consistent approach for analysis of trends in prevalence of Down’s syndrome among live births in England.
Methods
Probabilistic record linkage of NDSCR to HES for the period 1998–2013, supported by linkage of babies to mothers within HES. Comparison of prevalence estimates in England using NDSCR only, HES data only, and linked data. Capture-recapture analysis and quantitative bias analysis were used to account for potential errors, including false positive diagnostic codes, unrecorded diagnoses, and linkage error.
Results
Analyses of single-source data indicated increasing live birth prevalence of Down’s Syndrome, particularly analysis of HES. Linked data indicated a contrastingly stable prevalence of 12.3 (plausible range: 11.6–12.7) cases per 10 000 live births.
Conclusions
[bookmark: _Hlk24008222]Case ascertainment in NDSCR improved slightly over time, creating a picture of slowly increasing prevalence. The emerging epidemic suggested by HES primarily reflects improving linkage within HES (assignment of unique patient identifiers to hospital episodes). Administrative data are valuable but trends should be interpreted with caution, and with assessment of data quality over time. Data linkage with quantitative bias analysis can provide more robust estimation and, in this case, reassurance stronger evidence that prevalence is not increasing. Routine linkage of administrative and register data can enhance the value of each.
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Key messages
· Register and administrative data both indicated an increasing prevalence of Down’s syndrome among live births in England, but linked data suggest a stable prevalence.
· Analysis of Hospital Episode Statistics for England can be severely biased by linkage errors in the assignment of patient identifiers (‘HESID’) to hospital episode records, particularly when using birth episodes prior to 2009. Many administrative datasets can be similarly affected by errors in ‘internal linkage’.
· Linkage error is difficult to measure but quantitative bias analysis can be used to reflect plausible assumptions about its potential impact on an analysis.
· Linked data can provide more robust evidence for disease surveillance than single-source registry or administrative data and can support analysis involving changes in data collection systems.
· Linkage between datasets can be enhanced by identifying familial links within datasets, such as between mothers and children in Hospital Episode Statistics.


Introduction
Congenital anomalies are a major cause of infant mortality, childhood morbidity and long-term disability, affecting over 1 in 50 children worldwide. (1) Accurate surveillance of congenital anomalies is essential to ensure that the right services are available to treat affected children, to provide reliable information on outcomes for prospective parents faced with difficult decisions in early pregnancy, to guide prevention programmes and for research into pregnancy and birth characteristics associated with anomalies. Congenital anomaly registries have been set up to collect accurate information for the surveillance of all anomalies. (2) Longitudinal population data routinely collected for administrative purposes (e.g. payments by health insurers and universal healthcare systems such as the NHS) offers an additional resource for identification of cases, information about long-term outcomes, and data on comparator populations to support analysis of aetiology and risk. However, the quality of administrative data is variable and its suitability for research applications requires careful evaluation. Linking data from independent sources of information about the same condition can be used to assess the quality of each source and to estimate the total number of cases, including those not detected by either source. Data linkage brings additional complexities, particularly around linkage error and integration of multiple sources of potentially conflicting information. In this article, we compare several possible approaches to analysis of linked population data, which we hope will provide methodological insights for population data science beyond their present application to Down's syndrome. (3)
The National Down's Syndrome Cytogenetic Register (NDSCR) was started in 1989 and collected all cytogenetic or DNA reports of trisomy 21 and the cytogenetic variants occurring in England and Wales. (4) In 2015 the NDSCR was incorporated into the National Congenital Anomaly and Rare Disease Registration Service (NCARDRS). (5) NCARDRS have expanded the systems available for follow-up of cases through administrative data and close links with notifiers in acute trusts. These changes in collection methods present a potential problem for research on trends during the transition period. It is important to have evidence that can help separate any effects of changes in data collection from changes in disease prevalence. 
With England’s universal National Health Service (NHS), researchers and service planners alike are interested in establishing the potential for administrative NHS data to be used for population health monitoring and surveillance. Hospital Episode Statistics for England (HES) is a key source of hospital activity data (inpatient admissions, outpatient appointments and emergency department presentations) used for service planning and payment for hospital care funded by the National Health Service (NHS). (6) Linkage between registers has previously been used to assess case ascertainment (percent of cases detected) in the NDSCR and other congenital anomaly registers (4, 7), but not linkage to administrative data. Linkage between population-based registers and hospital records has been used to assess the coverage of each (8), but findings are specific to the data sources in questions.
In this article we describe the approach to linkage of NDSCR to HES and use the linked data to estimate the level of case ascertainment (proportion of all cases identified) in each data source and trends in the prevalence of Down's Syndrome among live births in England, between 1998 and 2013. In doing so, we aim to support integration of NDSCR and NCARDRS, to provide a resource for research on long-term outcomes of Down’s syndrome, and to establish methods that can be extended to linkage of NCARDRS and the full range of congenital anomaly and rare disease research that it facilitates.
Methods
Data sources: National Down Syndrome Cytogenetic Register
From 1989–2014, all cytogenetic laboratories in England and Wales notified the NDSCR of any cytogenetically confirmed diagnosis of trisomy 21 or related karyotype. (9) The register included pre- and postnatal diagnoses. Information on birth outcomes following prenatal diagnoses (live birth vs foetal death or termination) was obtained from clinicians and midwives but was missing in 8% of all diagnoses. (9) A total of 13 650 records were extracted for linkage, including 10 415 where the birth outcome was "live birth", the year of birth was between 1998 and 2013, and the postcode did not indicate residence outside of England (Figure S4, Appendix 1, Supplementary Material). A further 1226 records had missing birth outcomes but were within scope with respect to year and postcode region. The possible proportion of these that were live births is considered in the analysis, but these records had insufficient data for linkage.
Data sources: Hospital Episode Statistics for England
[bookmark: _Hlk531102035]With the universal healthcare provided by the NHS, HES captures 98–99% of all hospital activity in England. (6) When legally permitted and ethically justified, data are made available for research in de-personalised form (excluding names, addresses, etc.). Like most administrative data, records in HES represent events, in this case episodes of admitted patient care under one consultant, outpatient appointments, and emergency department presentations. Each patient’s records are linked through assignment of 'HESIDs' by NHS Digital, a process that is subject to linkage error. (10) Missed links lead to records belonging to the same patient being assigned different HESIDs, and false links (which are relatively rare) cause records from different patients to be assigned the same HESID. (11) The accuracy of HESIDs depends on the quality of matching data in the administrative record (NHS number, date of birth, postcode and local patient identifiers assigned by the treating hospital) which is known to be poorer in earlier years (10) and in birth episodes (12), partly because NHS numbers were not allocated at birth until after 2003.
Simply counting all distinct HESIDs with a Down’s syndrome diagnosis may lead to double-counting of cases when some patients have multiple HESIDs. To mitigate this, we first identified all birth episodes during our study period to identify a birth cohort which, by virtue of the fact that people are only born once, can reasonably be assumed to contain few duplicates. We then linked these to any subsequent hospital activity using HESID to identify diagnoses recorded after the birth admission. This birth cohort approach also allowed us to ensure that patients had been born in England and were therefore within the target population.
The birth cohort contained birth episodes for an estimated 10.3 million babies admitted during the 1997-98 to 2013-14 financial years. It therefore excludes babies born outside of hospital (2.2% of live births in England during 1997–2013) but represents 99.0% of the number of live births not at home recorded by the Office for National Statistics. (13) The construction of this birth cohort followed methods detailed in Harron, Gilbert (14) (Appendix 1, Supplementary Material). For each person in this cohort, Down's syndrome status was identified by the presence of any admitted patient care episode or outpatient appointment, at any time up until 2017-18 (linked by HESID), which included a three-character ICD10 "Q90" diagnosis code (i.e. including all four-character subclassifications).
While this birth cohort approach mitigates double-counting from the ‘splitting’ of patient's HESIDs, there is a potential trade-off in false negative misclassification when information about Down's Syndrome diagnoses is captured after birth but cannot be linked to the birth episode (because of having separate HESIDs). We therefore compared this approach to a simple analysis of HESIDs with dates of birth within the target range (but for whom country of birth could not necessarily be confirmed). These analyses were contrasted against analysis of NDSCR records alone, and to analysis of linked data from both NDSCR and HES.
Data linkage
The NDSCR contains matching data relating to both the affected babies and their mothers (Table S1, Appendix 1, Supplementary Material). In HES, however, information about babies and mothers is recorded separately. Harron, Gilbert (14) demonstrated how babies can be linked to their mothers in pseudonymised HES (records with the personally identifying information usually required for linkage removed) using demographic and clinical variables captured in both admission records (mostly so-called 'baby tail' and 'maternity tail' variables). By extending their methods to the 1997-98–2013-14 financial years and incorporating additional matching data that were available at Public Health England, the birth cohort was enhanced by initial linkage of babies to their maternal delivery episodes within HES. Linkage of babies to mothers allowed maternal NHS numbers and dates of birth to be added to babies' HES records for linkage of HES to NDSCR, and for missing data in babies' postcodes to be completed using the mothers' records (Figure 1). Further details about HES cohort construction and probabilistic linkage  (15) are provided in Appendix 1 (Supplementary Material). 
[bookmark: _Ref528321985]Figure 1 here

Estimation of prevalence and case ascertainment
Three sets of estimates of annual prevalence were generated:
1. Using NDSCR data alone, with ONS estimates of live births in England (13) as the denominator. The main analysis considered only where the birth outcome was 'live birth'. An alternative analysis that included records with unknown birth outcomes is presented in Appendix 3 (Supplementary Material).
2. Using HES data alone, with numbers of HES records as denominator. The main analysis considered the proportion of the HES birth cohort to have a Down's syndrome diagnosis code recorded at any time. This analysis includes only children born in NHS hospitals in England, in both numerator and denominator. Appendix 3 (Supplementary Material) presents an An alternative analysis that considerofed the proportion of all HESIDs with dates of birth within the cohort window (i.e. without requiring an identified birth episode), ever to have a Down's syndrome diagnosis code recorded, is presented in Appendix 3 (Supplementary Material).. That analysis includes children born outside hospital but also outside England, in both the numerator and denominator.
3. [bookmark: _GoBack]Using linked data and capture-recapture analysis to estimate the total number of incident live birth cases, with ONS estimates of live births in England (13) as the denominator (this analysis therefore includes children born in and outside hospital, in England, in both the numerator and denominator).
Prevalence estimation using linked data depends critically on the accuracy of linkage. If  is the number of live birth diagnoses registered in NDSCR and  is the number of people with Q90 diagnosis codes in the HES birth cohort, then the total number of incident cases, , can be divided into four key subgroups (Figure 2). Missed links between NDSCR and HES could result in somebody whose diagnosis is recorded in both sources being counted twice; once in  and once in . False links could result in two people from  and  being counted once (in ). Capture-recapture analysis of the number of unrecorded cases () relies on accurate estimation of the other subgroups. (16) We therefore assigned estimates and plausible limits for both missed links and false links, varying the assigned rates of false links with the level of evidence supporting each link (Table S2, Appendix 2, Supplementary Material). Lastly, we also allowed for the possibility of false positives diagnostic codes to have been recorded in HES. Further details about the approach to quantitative bias analysis (17-19) and capture-recapture analysis are provided in Appendix 2 (Supplementary Material).
[bookmark: _Ref12004324]Figure 2 here

For each analysis, trends in prevalence were estimated using logistic regression of Down’s syndrome status on year of birth. This produced annual odds ratios that were converted into annual growth rates (% change in prevalence per year).
Results
Results of linkage are included in Appendix 1 (Supplementary Material). Characteristics of candidate links and unlinked records are presented in Table 1 and stratified by match weight (a measure of agreement on variables used for linkage). Table S4 (Appendix 3, Supplementary Material) provides regional statistics. 
[bookmark: _Ref528838376]Table 1 here

Prevalence and trends
Analyses of single-source data are illustrated in Figures S8 and S9 (Appendix 3, Supplementary Material). A simple analysis of HESIDs (without restriction to a birth cohort) produced prevalence estimates that were both highest and most steeply increasing, with an estimated relative annual growth rate of 1.6% (95% CI: 1.3%, 2.0%), increasing to a prevalence of 13.1 cases per 10,000 live births in 2013. Restricting HES records to a birth cohort produced results that were comparable to analysis of NDSCR data if NDSCR records with unknown birth outcomes were included, with annual growth of 1.1% (95% CI: 0.6%, 1.5%) and 0.9% (95% CI: 0.5%, 1.3%), respectively. Excluding NDSCR records with unknown birth outcomes produced the lowest and most stable prevalence estimates, increasing by 0.4% (95% CI: 0.0%, 0.8%) per year to 10.4 cases per 10 000 live births in 2013.
In marked contrast to these indications of increasing prevalence, linked data indicated an overall prevalence that was generally higher than single-source estimates but was stable, with no significant change over time at a 95% confidence level (estimated annual growth = −0.1% (95% CI: −0.5%, 0.2%)) and an estimated prevalence of 12.3 cases per 10 000 live births, both in 2013 and overall (Figure 3).
Quantitative bias analysis provided regions of plausibility around these base cases estimates, reflecting uncertainty in the accuracy of diagnostic codes in HES and accuracy of linkage between HES and NDSCR (Figure 3 shading). Since 2006, prevalence estimates produced by analysis of the HES birth cohort have fallen within this range. Prevalence estimates produced by NDSCR live births were consistently below this range but would have overlapped it since 2004 if records with unknown birth outcomes were included.
[bookmark: _Ref531617245]Figure 3 here
Subtracting the number of cases captured in single-source estimates from the number estimated in linked data indicates that case ascertainment in NDSCR varied between 74% and 88% over the study period but was more stable than in HES, which increased from 81% (1998) to 96% (2012) (Figure 4).
[bookmark: _Ref531617271]Figure 4 here
Discussion
This analysis demonstrates the feasibility and value of linking a perinatal cytogenetic register to HES. Data linkage provided a picture that contrasted with both the individual data sources which, if we accept it as being less biased, illustrates how linked data can be more than the sum of its parts.
These findings highlight strengths and limitations of both data sources. Ascertainment of live births with Down’s syndrome in the NDSCR appeared lower than in HES in more recent years, possibly because of loss to follow-up of prenatal diagnoses, but NDSCR's more consistent data quality over time provided better reflection of the underlying trends in prevalence. While HES appeared to have more complete case ascertainment in recent years, changes in the quality of HES over time could have created an alarming picture of an emerging epidemic of Down’s syndrome. We propose that this can largely be explained by decreasing errors in the assignment of HESIDs, which is evidenced by the increasing recording of NHS numbers in birth episodes up until about 2009 (Figure S7, Appendix 1, Supplementary Material) and the decreasing proportion of HES cases with only one episode in their first year (Figure S10, Appendix 3, Supplementary Material). This variation in quality of administrative data over time can distort analysis of trends and could confound evaluation of changes in policy or universal health care services, such as the recent introduction of free non-invasive screening for Down’s syndrome.
The problem of missed links in the assignment of HESIDs is poorly documented and there is little information available to help analysts address it. It is also statistically complex; in the simple analysis of all HESIDs is it likely to have contributed to overestimation from double-counting (‘splitting’ of one patient’s records into multiple observational units) while, in analysis of the birth cohort, it is likely to have contributed to underestimation through false negative misclassification of patients with missed links to their subsequent HES records that contain diagnosis codes. (17) Like many administrative datasets, HES is generated by service events that must be linked before person-level analyses can be implemented. With missed links in person identifiers having potential to wreak such statistical havoc, they are an issue that requires focused mitigation efforts by data providers through linkage quality assessment (20) and by researchers through sensitivity and bias analysis. (17-19)
[bookmark: _Hlk24009106][bookmark: _Hlk24009591] With HES providing such a critical resource for health services research, and birth episodes containing unique information about perinatal health and family characteristics, there is a strong argument for refining the HESID algorithm to better support linkage of birth episodes by incorporating and leveraging familial links. While mother-child linkage is possible with the current data, a more complete record of familial links could be constructed with routine linkage to other health data, such as general practice registrations and routine child health checks.
Of course, the linked dataset is not a 'gold standard' and is itself prone to error. There are many possible sources of error and bias in this analysis, but we have attempted to quantify the main ones. People born earlier in the cohort had a longer period of observation in which HES events could be captured, but in the linked data this was accounted for by the capture-recapture analysis. More sophisticated methods for extracting diagnostic information from HES, using related diagnoses, procedure codes or outpatient appointments, may result in improved case ascertainment. Improvements in linkage could maymight also be have been made possible if NDSCR records with missing birth outcomes had been are considered, with approximate matching between date of sample and date of birth, but (sample date was not available during for this linkage).
The main unaccounted potential source of error is in the assumptions of the capture-recapture analysis. Aside from no linkage error, the three main assumptions of the formula used are (i) equivalent source populationsindependence of the data sources, (ii) homogeneity in probabilities of case ascertainment detection and (iii) equivalent source populations independence of the data sources. (16) Most concerning is the source populations, which are known to have slight differences; people not born in hospital (an estimate 3% of all births) have no opportunity for their Down's status to be 'captured' in the HES birth cohort. By increasing the number of people identified only by NDSCR, tThis is likely to have led to overestimation of the number of unrecorded cases (cases detected by neither source), and therefore overestimation of the total prevalence and underestimation of case ascertainment in each dataset (the denominator for case ascertainment is the estimated total prevalence). We considered accounting for this quantitatively but this became complicated by implausible combinations with other bias parameters, suggesting that any the potential for bias may was already be encompassed within the plausible range.
 Heterogeneity in the probability of detection in either data source could have occurred if some parts of the population were both less likely to be screened and less likely to be born in hospital (e.g. people from rural and remote areas)., which This couldwould similarly have inflated linked data estimates . Thesebut may have been offset by dependence between the data source, if people recorded in one data source were more likely to be recorded in the other (e.g. because of related data collection mechanisms).
 Regardless of these three assumptions, the contribution of unrecorded cases (those estimated through capture-recapture) was relatively small at between 0.8% (2012) and 6.2% (2001) (Table S4S3, Appendix 2, Supplementary Material), so e. Even if these phenomena varied over time—which there is no obvious reason to suspect—they could not feasibly have accounted for all of the observed differences in trends.
In 2014, the NDSCR was integrated into the National Congenital Anomaly and Rare Disease Registration Service (NCARDRS). NCARDRS now integrates information from every maternity unit in England, has established electronic data feeds from cytogenetic laboratories, and is able to trace birth outcomes through the NHS Summary Care Record. Our findings about live births recorded in the NDSCR are therefore unlikely to be generalisable to NCARDRS, while data for all registrations (i.e. including unknown birth outcomes) may be more comparable.
Similarly, our findings with respect to identification of Down's syndrome in HES cannot be generalised to other diseases, phenotypes or datasets (see  (8) for a relevant example with contrasting findings). There is considerable variation in how diagnostic information is recorded in administrative data across diagnoses, between datasets and potentially over time, so it is important to assess the quality of administrative data sources in the context of each analysis.
When interpreting trends in live birth prevalence of Down's syndrome internationally, authors typically focus on the disentangling the competing effects of increasing risk factors for Down's syndrome (e.g. maternal age) and increasing rates of termination{de Graaf, 2017 #1415} (21, 22). Using surveillance data, de Graaf, Buckley (23) estimate an increasing trend in live birth prevalence in the US over a similar time period. Using hospital records, the Public Health Agency of Canada (24) estimate a stable trend. Ours is the only known example to have used data linkage to control for quality issues in the underlying data sources.
Conclusion
The differing conclusions that could be drawn from linked data versus single data sources highlight both the value that data linkage can offer and the dangers that it can pose when the quality of linkage is ignored. Reassuringly, we demonstrate that even when the quality of matching data is poor and there is uncertainty in linkage, quantitative bias analysis can be used to identify plausible boundaries within which target parameters should lie. (17) Probabilistic bias analysistechniques (18) could further enhance quantification of this uncertainty.
When NDSCR and HES were linked, we found that detection of live birth cases in NDSCR increased over time, resulting in a slowly increasing trend in live birth prevalence of Down's syndrome. In HES, we observed a potentially alarming increase in prevalence that appeared partly attributable to internal linkage errors in the assignment of HESIDs. In the linked data, the trend appeared contrastingly stable. 
In 2014, the NDSCR was integrated into the National Congenital Anomaly and Rare Disease Registration Service (NCARDRS). NCARDRS now integrates information from every maternity unit in England, has established electronic data feeds from cytogenetic laboratories, and is able to trace birth outcomes through the NHS Summary Care Record. Our findings about live births recorded in the NDSCR are therefore unlikely to be generalisable to NCARDRS, while data for all registrations (i.e. including unknown birth outcomes) may be more comparable. However, gGiven the value that this study demonstrates in linking registry with administrative data, the fairest basis for analysis of trends during and after transition from NDSCR to NCARDRS is likely to be provided by integrating NDSCR-HES linked data with a future linkage of NCARDRS to HES. Such routine linkage of registry and administrative data  can provide other benefits also, in this case including The longitudinal data provided through linkage to HES will also provide invaluable support for analysis of long-term health outcomes.
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Table 1:	Characteristics of linked and unlinked records
	
	Deterministic links
	Probabilistic (MW > 40.6)
	Probabilistic (MW: 30.5–40.6)
	Probabilistic (MW: 18.1–30.5)
	Probabilistic (MW < 18.1)
	Unlinked NDSCR records
	Unlinked HES cases

	 
	
	
	
	
	
	
	

	NDSCR records
	4939
	3694
	449
	662
	534
	137
	─

	HES records
	4941
	3703
	446
	646
	654
	─
	2280

	Candidate links1	
	4941
	3720
	454
	799
	739
	─
	─

	Q90 code (in HES records)
	96.4%
	91.1%
	70.2%
	81.4%
	17.0%
	─
	─

	Difference in DOB > 180 days (in candidate links)
	0.4%
	< 0.3%
	1.5%
	3.6%
	6.0%
	─
	─

	Sex = male
	
	
	
	
	
	
	

	in NDSCR records
	55.4%
	53.9%
	52.2%
	52.9%
	54.7%
	49.3%
	─

	in HES records
	55.1%
	53.8%
	52.7%
	52.9%
	56.3%
	─
	53.6%

	Premature (<37 weeks)
	
	
	
	
	
	
	

	in NDSCR records
	22.3%
	19.1%
	16.7%
	12.7%
	18.4%
	10.5%
	─

	in HES records
	23.3%
	22.3%
	22.5%
	20.7%
	10.8%
	─
	23.3%

	Age at diagnosis (in NDSCR records)
	
	
	
	
	
	
	

	Prenatal
	9.9%
	10.0%
	7.1%
	3.7%
	8.5%
	7.4%
	─

	< 12 months
	89.5%
	89.7%
	91.9%
	93.7%
	81.4%
	85.2%
	─

	≥ 12 months
	0.6%
	0.3%
	1.0%
	2.6%
	10.1%
	7.4%
	─

	Age at first diagnosis code (in HES records)
	
	
	
	
	
	
	

	< 12 months
	90.9%
	89.8%
	90.4%
	88.2%
	88.9%
	─
	77.7%

	≥ 12 months
	9.1%
	10.2%
	9.6%
	11.8%
	11.1%
	─
	22.3%

	Number of episodes in first year of life (in HES records)
	
	
	
	
	
	
	

	1
	22.5%
	38.4%
	48.6%
	42.4%
	78.2%
	─
	36.1%

	2–4
	42.5%
	37.1%
	30.4%
	31.5%
	15.4%
	─
	34.5%

	≥ 5
	35.0%
	24.4%
	20.9%
	26.1%
	6.5%
	─
	29.4%

	DOB: Date of birth; HES: Hospital Episode Statistics for England; MW: match weight; NDSCR: National Down Syndrome Cytogenetic Register.
NDSCR records exclude those with missing birth outcome. All data are column proportions, ignoring missing data, so that associations between record characteristics and linkage quality are reflected by differences in proportion across columns within each row. Probabilistic links are grouped by 'match weight', a score reflecting the level of agreement over matching variables (see Methods). 1The number of candidate links may be higher than the number of records in either file, indicating ambiguity of multiple links with equal agreement; for two of such candidate links, either at least one is false or both are true and it is the records in the contributing files that have not been completely deduplicated.
Source: Hospital Episode Statistics (HES), NHS Digital (Copyright © 2019. Re-used with the permission of NHS Digital. All rights reserved) and the National Down Syndrome Cytogenetic Register (NDSCR), Public Health England.
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Figure 1:	Linkage overview
(i) Construction of cohorts of live babies born and mothers who delivered a live baby in HES
(ii) Linkage of babies to mothers in HES
(iii) Linkage of the enhanced HES birth cohort to NDSCR











Figure 2:	Subgroups for estimating prevalence and case ascertainment
	Number of cases
	Number of cases who appear as registered live birth diagnoses in NDSCR
	Number of cases who appear as in the HES birth cohort and have an associted “Q90” diagnosis code for Down’s syndrome recorded at any time in HES.
	Number of cases, with presence in NDSCR () and HES () indicated by 1 (present) or 0 (absent), such that  indicates the number of unrecorded cases.



Figure 3:	Annual prevalence of Down's syndrome in England, 1998–2013: Comparison of three data sources
NDSCR estimates are derived using ONS births data as denominator; HES estimate is derived from the HES birth cohort data only so exclude children born outside hospital; Linked data estimates are derived using capture-recapture methods with ONS births data as denominator and quantitative bias analysis to generate plausible limits of uncertainty. Trend lines indicate fitted linear regressions of annual prevalence estimates, with slopes representing the estimated annual change in prevalence over the study period.
Source: Hospital Episode Statistics (HES), NHS Digital (Copyright © 2019. Re-used with the permission of NHS Digital. All rights reserved) and the National Down Syndrome Cytogenetic Register (NDSCR), Public Health England.




Figure 4:	Ascertainment of Down's syndrome in the National Down Syndrome Cytogenetic Register and Hospital Episode Statistics for England
Proportions are the observed number of incident cases in each dataset (live births in NDSCR and birth cohort cases with Q90 diagnosis codes at any time in HES) divided by the base case estimated number of incident cases in England using capture-recapture analysis of linked data.
Source: Hospital Episode Statistics (HES), NHS Digital (Copyright © 2019. Re-used with the permission of NHS Digital. All rights reserved) and the National Down Syndrome Cytogenetic Register (NDSCR), Public Health England.

Appendix 1: Methods for cohort construction and linkage
Construction of cohorts of babies and mothers in Hospital Episode Statistics for England
The unit of recording in the Admitted Patient Care section of HES is an 'episode' of care under one consultant. An admission may be comprised of multiple episodes and patients may have multiple admissions over time, plus attendances in outpatient clinics and emergency departments. These are linked by NHS Digital, who assign each record a 'HESID' indicating a distinct patient. Being a linkage procedure, allocation of HESIDs is subject to linkage error; missed links that result in people's records being allocated different HESIDs and false links that result in different people sharing one HESID. There has been little evaluation of the algorithm used to assign HESIDs but previous experience highlighted increased error rates in birth episodes, stemming from the allocation of NHS numbers after birth registration (i.e. after discharge from birth admissions) and a known error in recording of infants' postcodes prior to 2011 (1, 2).
To mitigate errors in HESID, we adopted methods for combining episodes relating to the same person that did not rely solely on HESID, based on those described in Harron, Gilbert (1). On extending these methods to the 1997-98 to 2001-02 years, changes in the way that baby/maternity tail variables were recorded during the earlier years meant that additional criteria had to be incorporated. The processes for constructing the birth cohort is summarised in Figure S1.
11 548 606 episodes meeting inclusion criteriaa
11 440 863 episodes 
107 743 unfinished episodes and stillbirths excluded
11 262 158 records
178 705 episodes merged using original criteriab
11 245 468 records
16 690 duplicates with different HESIDs excludedc
10 326 665 estimated
live births
918 803 records merged using additional criteriad

[bookmark: _Ref532218852]Figure S1		Construction of the HES birth cohort
a As per Appendix S1 of Harron, Gilbert (1).
b As per Harron, Gilbert (1): Match on HESID, start date, age, postcode, birth order and birth weight.
c As per Harron, Gilbert (1): Match on start date, age, hospital, GP practice, ethnicity, date of birth, and baby tail field but with different HESIDs.
d No more than two out of 21 potential inconsistencies on demographic and baby tail variables within HESID.
Source: Hospital Episode Statistics (HES), NHS Digital (Copyright © 2019. Re-used with the permission of NHS Digital. All rights reserved)

Similarly, additional criteria had to be incorporated into the processing of maternal records (Figure S2). This reflected both changes in the way maternity tail variables were recorded over time and the additional requirement in this application to link data for multiple births. Each maternal admission record that indicated a multiple birth was reshaped to create a separate record for each baby, and additional exclusion rules then applied to address the large volumes of invalid/not applicable codes contained in the multiple birth fields (the maternity tail variables indexed by "_[N]") required additional exclusion criteria to be applied to these reshaped maternal records (Figure S2, footnote (d)).
12 654 602 episodes meeting inclusion criteriaa
12 463 972 episodes
190 630 episodes excluded by original criteriab
10 273 940 episodes
2 190 032 episodes excluded by additional criteriac
10 069 758 records
204 182 episodes < 169 days apart merged
12 004 082 records after reshaping multiple births
10 262 663 maternal records of babies born
1 741 419 records excluded by additional criteriad

[bookmark: _Ref531627687][bookmark: _Ref531627682]Figure S2	Construction of the maternal cohort
a As per Appendix S1 of Harron, Gilbert (1).
b As per Appendix S1 of Harron, Gilbert (1).
c Less than 2 valid maternity codes after cleaning and no relevant procedure code and no relevant diagnostic code in the first five diagnosis fields.
d Birth characteristics relating to different babies in multiple births are indexed by _[N] (e.g. birthweight_1 birthweight_2, etc) which becomes a variable when these data are reshaped. The field 'NUMBABY' separately records the number of babies associated with a delivery. Reshaped records were excluded whenever: (index > 3) or (index = 3 and NUMBABY = 1) or (index = 2 or 3, and the number of babies indicated by reshaping was greater than 5, and NUMBABY = 1 or more than 5).
Source: Hospital Episode Statistics (HES), NHS Digital (Copyright © 2019. Re-used with the permission of NHS Digital. All rights reserved)

Comparison of the cohort sizes to estimates of live births in hospitals generated from birth registration records by the Office for National Statistics suggest that any double-counting arising from the allocation of multiple HESIDs to single patients within the birth cohort is minimal (Figure S3).

[bookmark: _Ref532476787]Figure S3	Comparison of cohort sizes to ONS estimates of births in hospital in England
External reference data was births not at home, derived from birth registration data by 
1ONS data are calendar years; HES data are financial years commencing, so some difference is expected
Source: Hospital Episode Statistics (HES), NHS Digital (Copyright © 2019. Re-used with the permission of NHS Digital. All rights reserved) and the Office for National Statistics (3).

Selection of records from the National Down Syndrome Cytogenetic Register
13 663 NDSCR records from 1996–2013 extracted1
13650 NDSCR records submitted for linkage:
· 12 255 live births
· 1395 with missing birth outcome
13 duplicates merged
10 415 NDSCR records of live birth within scope
2009 records excluded from analysis, including:
· 641 non-English postcodes2
· 1443 estimated year of birth outside 1998–20132
1226 records missing birth outcome but otherwise within scope

Figure S4	Selection of records from the National Down Syndrome Cytogenetic Register (NDSCR)
1 Extraction and linkage initially included records with year of birth = 1997 or year of sample = 1996 for prenatal diagnoses. Because HES records for 1997 were not available for the full calendar year, this analysis excludes these records.
2 Including 75 records with both criteria


Linkage of babies to mothers in Hospital Episode Statistics for England
The linkage implemented by Harron, Gilbert (1) involved 23 'pseudonymised' matching variables; mostly clinical fields contained in the baby and maternity tails, plus postcode district (derived by NHS Digital from HOMEADD), mother's age (MATAGE, derived by NHS Digital from the mother's and baby's dates of birth) and an estimated date of birth for the baby (derived by the authors from the date of procedure or admission). Our linkage was additionally supported by access to full postcodes and dates of birth. Postcodes for babies, if missing, were imputed (carried backwards) from the first non-missing admission or outpatient appointment for that HESID.
As with Harron, Gilbert (1) we used a two-step linkage procedure involving an initial deterministic step using a subset of matching variables that uniquely identify some individuals, and a probabilistic step that used all matching variables. The deterministic step provided a reference set for estimation of  values (the probability that a matching variable agrees if the records are a match) for use in calculation of match weights in the probabilistic step. Our deterministic step combined two rules:
1. Unique agreement on financial year, hospital trust, general practice, sex, birth order, gestational age and mother's age, with no disagreement on infant's date of birth or mother's date of birth, or
2. Unique agreement on financial year, hospital trust, infant's date of birth and mother's date of birth, with no disagreement on general practice, sex, birth order or mother's age
Use of variables in the deterministic step precludes estimating their  values using this data. For variables used in deterministic linkage,  values were informed by previous implementation (1).  values for the remaining matching variables were estimated as the proportion of deterministic links exhibiting agreement on each matching variable.  values were estimated using random draws and were value-specific where possible. For each pair of records, partial match weights were summed across all matching variables to calculate an overall match weight, assigning partial weights of zero in the presence of missing values. 
The probabilistic step only considered records that matched on hospital trust and in which the baby's admission commenced no more than seven days before the mother's admission commenced and no more than seven days after the mother's admission ended. Candidate links were ranked by match weight and sorted into 'unambiguous links' in which the top-ranked infant record for a maternal record and the top-ranked maternal record for an infant record were consistent and uncontended, 'multiple links' in which the top rank was shared by multiple candidates (which could all be true, given potential linkage errors in the construction of the cohorts) and 'ambiguous links' in which the highest ranks were inconsistent. An iterative sample of record pairs was clerically reviewed to select a minimum threshold for accepting these candidate links (in this case, match weight ≥ 3). In summary, the probabilistic linkage steps were to:
1. Identify mother and baby records from the same hospital that are no more than seven days apart in time.
2. Calculate match weights and rank all candidate links by match weight
3. Use iterative, sampled clerical review to decide a minimum match weight for accepting links.
4. Accept unambiguous links above this threshold, where the highest ranked baby for a mother is the same as the highest ranked mother for that baby.
5. Flag links above the threshold where there is inconsistency the highest ranked pairs as potential errors in linkage.
6. Flag links above the threshold where there is ambiguity in the highest ranked pairs as potential errors in linkage or true multiple links (reflecting multiple records for the same mother or baby in the data). 
Overall, 49.7% of infants in the birth cohort were able to be deterministically linked to a mother and, for a further 44.0%, an unambiguous probabilistic link was identified. Small numbers of multiple (0.5%) and ambiguous (1.5%) links were found, with 4.3% of births remaining unlinked (Figure S5). Linkage of baby to mother was slightly less likely if the HES record indicated Down's syndrome (88.9% of birth cohort members with any Q90 diagnosis codes were able to be linked to a maternal record, compared with 95.7% of birth cohort members without Q90 diagnosis codes). Babies with no linked maternal record had fewer variables on which to link with NDSCR. 


[bookmark: _Ref532226941]Figure S5	Linkage of babies to mothers in Hospital Episode Statistics for England, by financial year
Source: Hospital Episode Statistics (HES), NHS Digital (Copyright © 2019. Re-used with the permission of NHS Digital. All rights reserved).

Linkage of enhanced HES birth cohort to NDSCR
After enhancing the birth cohort with matching variables from their linked mothers, potential matching variables available for the HES-NDSCR linkage included: NHS numbers for both mother and child, dates of birth for both mother and child (each split into day, month and year to accommodate partial entries in NDSCR), postcode (split into two parts to accommodate partial entries), sex, gestational age, birth weight, multiple birth status, and Down's Syndrome status (constant in NDSCR, and as indicated by diagnosis codes in HES). 
Linkage involved an initial deterministic (rule-based) step, which supported a subsequent probabilistic step, involving 'match weights' (scores, based on the Fellegi and Sunter (4) framework). The deterministic linkage used child's NHS number with clerical review of all returned links that disagreed on other matching variables. The identified links were then used to estimate  values (the proportions of true links that agree on each matching variable) for the remaining matching variables, and  values (the proportions of true non-links that agree on each matching variable) were estimated using a random draw. These  and  values were used to construct match weights, that were used to rank candidate HES links for each NDSCR record, to identify the most likely candidates. The highest ranking candidate HES record for each NDSCR record was retained and stratified according to match weight, indicating the degree of correspondence between the records. Estimated  and  values and their corresponding partial match weights are provided in Table S1, and completeness of matching variables is illustrated in Figure S6 and Figure S7. 
[bookmark: _Ref531162403]Table S1 Match weights in HES-NDSCR linkage
	Matching variable
	1
	2
	Partial weight
if agree3
	Partial weight
if disagree4

	Day of birth
	0.99
	0.03
	4.92
	-6.09

	Month of Birth
	0.99
	0.08
	3.58
	-7.50

	Year of Birth
	1.00
	0.06
	4.17
	-8.28

	Sex
	0.99
	0.50
	0.98
	-5.86

	Birth weight
	0.90
	2.89E-03
	8.27
	-3.26

	Gestational age
	0.77
	0.14
	2.49
	-1.91

	Multiple birth flag
	0.99
	0.92
	0.11
	-2.86

	Down's syndrome status
	0.96
	1.16E-03
	9.69
	-4.79

	Postcode (first part)
	0.95
	7.30E-04
	10.35
	-4.43

	Postcode (second part)
	0.89
	3.17E-04
	11.46
	-3.22

	Mother's NHS number
	0.96
	1.00E-06
	19.87
	-4.58

	Mother's day of birth
	0.97
	0.03
	4.90
	-5.23

	Mother's month of birth
	0.97
	0.08
	3.54
	-5.13

	Mother's year of birth
	0.98
	0.03
	4.97
	-5.65

	1Estimated proportion of (true) matches exhibiting agreement on matching variable, if not missing, derived from observed proportion among deterministic links.
2Estimated proportion of (true) non-matches exhibiting agreement on matching variable, derived from random sample of all record pairs.
3 
4 


	


[bookmark: _Ref531628104]Figure S6	Completeness of NDSCR matching variables
Source: National Down Syndrome Cytogenetic Register (NDSCR), Public Health England. 

[bookmark: _Ref531628115]Figure S7	Completeness of HES matching variables (for HES-NDSCR linkage)
Child's date of birth, and Down's Syndrome status (as indicated by diagnosis codes) were complete in all years
Source: Hospital Episode Statistics (HES), NHS Digital (Copyright © 2019. Re-used with the permission of NHS Digital. All rights reserved).

Because NHS numbers were largely missing in both HES and NDSCR prior to 2003 (Figures S5 and S6, Supplementary Appendix 1), linkage between NDSCR and HES relied mostly on probabilistic techniques in these years. NHS numbers were also entirely missing in the prenatal NDSCR records with missing birth outcome. Of the NDSCR records of live births that were within scope, 4939 (47.4%) were linked deterministically to members of the HES birth cohort, 96.4% of whom also had Q90 diagnosis codes (see Table 1 in main article). The existence of two deterministic links for each of two NDSCR records indicated a very small degree of residual double-counting in the HES birth cohort (instances where the same person was probably represented twice; 0.04% of deterministically linked records, but potentially higher among others). Probabilistic linkage identified candidate links for another 5339 (51.3%) live birth NDSCR records.
Of the deterministic links and probabilistic links with match weights greater than 18.1, most had Down's syndrome diagnosis codes. Of the probabilistic links with match weights below 18.1, few had diagnosis codes but this is to be expected given the contribution of diagnosis codes towards match weights (Table S1). Female records were slightly less likely to be linked, as were postnatal diagnoses, especially those occurring after 12 months of age. HES cases with multiple admission episodes in their first year of life were also more likely to be linked to NDSCR than those with only a single episode.
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Appendix 2: Methods for quantitative bias analysis and capture-recapture analysis
This appendix provides additional explanation of the quantitative bias analysis and capture-recapture analysis. Bias parameters (rates of different types of error and their plausible limits) were estimated through author consensus, then combined with capture-recapture methods (1) to estimate the number of missed casesunrecorded cases and total incident live births with Down’s syndrome in England. The assigned bias parameters are summarised in Table S23 and stepped results are summarised in Table S34.
Potential false positive diagnostic codes in HES
Because it was derived from cytogenetic laboratories, we assumed that NDSCR records would not include false positive diagnoses (records with unknown birth outcomes may not all have been liveborn, but these were excluded from analysis). For HES, we evaluated the positive predictive value of Q90 diagnosis codes (PPV; the proportion of records with codes that truly have Down's syndrome) by examining the proportion of cases where only a single code was recorded despite many records existing for that HESID. For all cohort HESIDs that had a Q90 diagnosis code in any record, there were a total of 132,855 admitted patient care episodes. Of these, 95,593 (70.5%) included a Q90 code. By restricting this to HESIDs with at least 5 or 10 episodes (7784 and 4316 HESIDs, respectively), we could see that 95.3% (7419) and 95.5% (4121) had at least two episodes containing a diagnosis code. It seems reasonable to assume that the PPV for multiple Q90 codes is approximately 100%. These statistics therefore support a minimum plausible limit of 95.0% for the PPV of having any Q90 code and a true PPV that is likely higher. For the analysis of linked data, we assigned a base case PPV of 99.5% to having any Q90 code, with plausible limits of 95.0–100.0%
Estimates of linkage error
Because all deterministic link were based on unique identifiers and all deterministic links with high levels of disagreement on other matching variables had been clerically reviewed (with any questionable links subjected to probabilistic linkage instead), we assumed that the precision of linkage (proportion of links that are true) was 100% for these. For probabilistic links, we assigned point estimates and plausible limits for precision that decreased with match weight from 99–100% above a match weight of 40.6, down to between 50–100% at match weights between 0.0 and 18.1 (Table S). For the proportion of unlinked records that were in truth missed links (cases that truly appear in both datasets but for which a link could not be identified), we had little to base estimates on so assigned wide plausible limits of 10–90%. For example, if there were 50 unlinked NDSCR records and 100 unlinked HES cases in a given year, then the maximum possible number of links between these was 50 and we estimated that between 5 (10%) and 45 (90%) of these were missed links.
Capture-recapture analysis
From the basic formula for capture-recapture analysis, the number of missed casesunrecorded cases can be given by the formula  (1). Other than an absence of linkage error, there are three further assumptions of this formula: (i) that the data sources are independent, (ii) that cases are homogenous (equal) in terms of their probability of detection and (iii) that the population sampled by each data source is identical. In applications of capture-recapture to disease surveillance, these assumptions are often not met (2). We therefore liaised with data collectors to qualitatively assess each assumption’s plausibility and potential implications (see Discussion).
Formulae for quantitative bias analysis and capture-recapture analysis
1. Analysis of linked data without accounting for any potential sources of error
For each year, calculate the number of cases as:

1. Adjust for false positive diagnoses in HES
For each scenario (upper, base case, lower) and each year, estimate the total number of cases correctly positively identified by Q90 diagnosis codes in the HES birth cohort as:


where  is the positive predictive value for Down’s syndrome status given the presence of at least one Q90 diagnosis code at any time (a defined bias parameter).

1. Estimate number of true matches (record pairs that should link), adjusting for false links
For each category of links (deterministic plus four categories of probabilistic), each scenario, and each year, calculate:


where is the lower of the number of NDSCR records or HES records that contribute to a set of identified candidate links (i.e. assume one-to-one linkage, so that for 10 records from file A and 20 records from file B that form a set of candidate links, there can be at most 10 links in that set), and  is the proportion of links that are true matches (the positive predictive value of linkage).

1. Estimate number of true matches (record pairs that should link), adjusting for false links and missed links
For each scenario and each year, calculate:


where  is the estimated proportion of unlinked records that are missed links (a defined bias parameter, relating to the sensitivity or recall of linkage) and the number of unlinked records is taken from the lower of the estimated number of unlinked NDSCR records or unlinked HES records with diagnosis codes, after combining the estimated number of false links from Step 2 with the number of each that have no candidate links in each dataset.

1. Estimate number of true Q90 diagnoses in HES that have true matches in NDSCR, adjusting for false links
For each scenario and each year, repeat Step 2 using the estimated subset of HES records that have true Q90 diagnosis codes from Step 1 (for simplicity, in this step we assumed that false positive diagnoses were concentrated among the unlinked HES records with diagnosis codes, so that HES records with both diagnosis codes and links were assumed to be true Q90 diagnoses but not necessarily true links).

1. Estimate number of true Q90 diagnoses in HES that have true matches in NDSCR adjusting for false links and missed links ()
For each scenario and each year, repeat Step 3 using the estimated number of matches from Step 4, the estimated number of unlinked Q90 diagnoses in HES implied by Step 4, and the same estimated number of unlinked NDSCR records implied by Step 2 and used in Step 3.

1. Estimate total cases, including missed casesunrecorded cases
For each year (and each of the scenarios produced above) calculate:
where  is the number of live birth diagnoses registered in NDSCR,  is the estimated number of live births with true Q90 diagnoses in the HES birth cohort (from Step 1), and  is the estimated number true matches between these (from Step 5).
0. Missed casesUnrecorded cases can now be derived as:

0. And case ascertainment can now be derived as  and 
[bookmark: _Ref532571828][bookmark: _Ref532728164]Table S2		Bias parameter estimates used in analysis of linked data
	Bias parameter
	Analysisa

	
	Lower limit
	Base case
	Upper limit

	Linkage precision, by link quality
	
	
	

	Deterministic
	100.0%
	100.0%
	100.0%

	Probabilistic (match weight > 40.6)
	100.0%
	100.0%
	99.0%

	Probabilistic (match weight: 30.5-40.6)
	100.0%
	98.0%
	95.0%

	Probabilistic (match weight: 18.1-30.5)
	100.0%
	90.0%
	80.0%

	Probabilistic (match weight < 18.1)
	100.0%
	80.0%
	50.0%

	Proportion of unlinked records that are missed links
	90.0%
	50.0%
	10.0%

	Positive predictive value of  diagnosis codes among unlinked HES cases
	95.0%
	99.5%
	100.0%

	aEstimates and plausible limits assigned by author consensus (see text for further explanation). Limits are arranged such that lower limits of each parameter translate into the lowest estimates of prevalence using linked data.



Table S3		Estimated incidence of Down's Syndome, sequentially adjusted for each source of possible error
	Year
	Estimated number of cases, by analysis step

	
	Live birth diagnoses in NDSCR
	Live births with Q90 codes in HES birth cohort
	Accepting maximum number of candidate links
	Adjusted for false positive diagnoses a
	…and adjusted for false links a
	…and adjusted for missed links a
	…and adjusted for undetected cases a

	1998
	598
	562
	696
	693
	701
	684
	707

	1999
	571
	583
	689
	686
	705
	681
	705

	2000
	579
	547
	684
	681
	702
	674
	702

	2001
	550
	565
	712
	709
	741
	695
	741

	2002
	573
	583
	707
	704
	727
	696
	727

	2003
	584
	640
	716
	713
	728
	710
	728

	2004
	629
	687
	757
	754
	761
	748
	761

	2005
	700
	717
	793
	789
	794
	784
	794

	2006
	709
	745
	819
	815
	816
	806
	816

	2007
	676
	707
	774
	770
	770
	762
	770

	2008
	694
	727
	790
	786
	790
	782
	790

	2009
	730
	776
	837
	833
	833
	825
	833

	2010
	689
	742
	779
	775
	776
	772
	776

	2011
	702
	778
	825
	821
	827
	819
	827

	2012
	740
	831
	880
	876
	873
	866
	873

	2013
	691
	761
	819
	815
	819
	810
	819

	
a Base case estimates, rounded to nearest integer
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Appendix 3: Supplementary results
 
[bookmark: _Ref252481]Figure S8	Annual number of Down's Syndrome cases detected in separate data sources
HES: Hospital Episode Statistics for England; NDSCR: National Down Syndrome Cytogenetic Register
Source: Hospital Episode Statistics (HES), NHS Digital (Copyright © 2019. Re-used with the permission of NHS Digital. All rights reserved) and the National Down Syndrome Cytogenetic Register (NDSCR), Public Health England.
 
[bookmark: _Ref524277]Figure S9	Annual prevalence of Down's Syndrome in separate data sources

HES: Hospital Episode Statistics for England; NDSCR: National Down Syndrome Cytogenetic Register. The denominator in HES is the estimated number of births in the birth cohort or number of HESIDs in the whole of HES, for each year of birth; the denominator for NDSCR is the estimated number of live births in England reported by the Office for National Statistics (1) (see Estimation of prevalence and case ascertainment for explanation)
Source: Hospital Episode Statistics (HES), NHS Digital (Copyright © 2019. Re-used with the permission of NHS Digital. All rights reserved) and the National Down Syndrome Cytogenetic Register (NDSCR), Public Health England.
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[bookmark: _Ref531630365]Table S4 Geographic regions of linked and unlinked records
	 
	Deterministic
	Probabilistic (MW > 40.6)
	Probabilistic (MW: 30.5–40.6)
	Probabilistic (MW: 18.1–30.5)
	Probabilistic (MW < 18.1)
	Unlinked NDSCR records
	Unlinked HES cases

	 (NDSCR records)
	4939
	3694
	449
	662
	534
	137
	─

	 (HES records)
	4941
	3703
	446
	646
	654
	─
	2280

	NDSCR record1
	
	
	
	
	
	
	

	East Midlands
	10.9%
	9.0%
	4.5%
	4.5%
	5.6%
	10.0%
	─

	East of England
	9.0%
	10.0%
	11.6%
	7.0%
	9.4%
	8.3%
	─

	Greater London
	20.8%
	19.9%
	27.2%
	32.6%
	28.9%
	45.0%
	─

	North East
	9.8%
	9.0%
	6.9%
	10.3%
	4.6%
	< 8.0%
	─

	North West
	14.6%
	16.6%
	17.8%
	16.2%
	19.6%
	10.0%
	─

	South East
	12.7%
	12.4%
	11.9%
	13.6%
	13.2%
	< 8.0%
	─

	South West
	10.3%
	9.5%
	7.4%
	9.5%
	7.6%
	< 8.0%
	─

	West Midlands
	11.9%
	13.5%
	12.6%
	6.4%
	11.0%
	13.3%
	─

	HES record1
	
	
	
	
	
	
	

	East Midlands
	10.8%
	9.1%
	4.1%
	3.3%
	8.0%
	─
	7.2%

	East of England
	8.9%
	9.9%
	10.5%
	7.6%
	6.0%
	─
	8.7%

	Greater London
	20.8%
	20.0%
	26.7%
	27.5%
	35.6%
	─
	26.6%

	North East
	10.0%
	8.9%
	6.8%
	13.3%
	5.3%
	─
	7.2%

	North West
	14.8%
	16.7%
	18.3%
	25.4%
	16.3%
	─
	19.6%

	South East
	12.6%
	12.4%
	12.3%
	9.5%
	12.3%
	─
	13.7%

	South West
	10.3%
	9.5%
	8.9%
	8.3%
	6.0%
	─
	7.2%

	West Midlands
	11.7%
	13.5%
	12.3%
	5.1%
	10.5%
	─
	9.8%

	DOB: Date of birth; HES: Hospital Episode Statistics for England; MW: match weight; NDSCR: National Down Syndrome Cytogenetic Register.
NDSCR records exclude those with missing birth outcome. All data are column proportions, ignoring missing data, so that associations between region and linkage quality are reflected by differences in proportion across rows. Probabilistic links are grouped by 'match weight', a score reflecting the level of agreement over matching variables (see Methods). 1The number of candidate links may be higher than the number of records in either file, indicating ambiguity of multiple links with equal agreement; for two of such candidate links, either at least one is false or both are true and it is the records in the contributing files that have not been completely deduplicated.
Source: Hospital Episode Statistics (HES), NHS Digital (Copyright © 2019. Re-used with the permission of NHS Digital. All rights reserved) and the National Down Syndrome Cytogenetic Register (NDSCR), Public Health England.






[bookmark: _Ref531631959]Figure S10	Proportion of HES cases, by number of episodes in first year of life, and year of birth
Source: Hospital Episode Statistics (HES), NHS Digital (Copyright © 2019. Re-used with the permission of NHS Digital. All rights reserved).
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HES	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	0.8093657390726916	0.84161718890938553	0.7959323754933747	0.79243638492732793	0.82187545800310968	0.88823014007418644	0.91015404356640883	0.9058253539013803	0.91420227621038175	0.92005157135675308	0.92419797569097162	0.93534055896963841	0.9572290889915257	0.94506976345406912	0.95504105078385459	0.93357518495312097	NDSCR	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	0.86121123125528398	0.8242940220707704	0.84249514700304196	0.77139825081421309	0.80777810880923129	0.81051000281769514	0.83331425531771641	0.88434832319521084	0.87002605883645723	0.87970984757731974	0.88224676083842402	0.87989511346370619	0.8888555826349881	0.85274932383644797	0.85045773475337227	0.84770098922812953	Year of birth
Case ascertainment
Records of babies born (births)	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	553725	568285	560313	540134	551320	560322	576372	590585	601742	616406	632319	648685	659268	671346	678130	669345	648368	Records of babies delivered (mothers)	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	571901	583554	552506	532454	545702	542461	571073	584348	593385	619599	645102	653136	646466	661356	663549	658970	637101	External reference	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	594596	589013	576923	560735	552206	553665	577129	593680	597709	618846	637050	653882	653245	670087	672039	678712	649980	Year1
Births
determinstically linked mother	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	224294	265434	275700	268441	273841	259783	273670	267493	271508	288500	267127	334081	365582	392257	388658	360896	355776	probabilistically linked mother	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	278869	261806	242019	231133	231238	272862	282421	308441	315084	313774	349913	300068	272635	259859	267633	286149	271134	no linked mother	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	50562	41045	42594	40560	46241	27677	20281	14651	15150	14132	15279	14536	21051	19230	21839	22300	21458	Financial year commencing
Number
of births
child NHS number	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	0	2.9498525073746312E-3	0	3.1746031746031746E-3	7.7279752704791345E-3	2.7863777089783281E-2	5.8470764617691157E-2	0.17656012176560121	0.53055555555555556	0.53635280095351612	0.44642857142857145	0.80567375886524828	0.75625823451910412	0.79554390563564881	0.82686980609418281	0.87702702702702706	0.89459459459459456	0.85878962536023051	mother's NHS number	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	0	1.4749262536873156E-3	0	3.1746031746031746E-3	6.1823802163833074E-3	1.5479876160990712E-2	5.0974512743628186E-2	0.15220700152207001	0.51249999999999996	0.52920143027413591	0.56505102040816324	0.76170212765957446	0.71409749670619238	0.70904325032765403	0.74238227146814406	0.81351351351351353	0.78783783783783778	0.75648414985590773	day of birth	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	0.97138314785373614	0.971976401179941	0.95475113122171951	0.9555555555555556	0.93199381761978362	0.89938080495356032	0.88155922038980505	0.91019786910197864	0.90972222222222221	0.87842669845053634	0.89923469387755106	0.99574468085106382	0.95783926218708826	0.9986893840104849	0.99861495844875348	0.99594594594594599	0.99864864864864866	1	month of birth	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	0.97297297297297303	0.971976401179941	0.95475113122171951	0.9555555555555556	0.93199381761978362	0.90712074303405577	0.88455772113943032	0.9117199391171994	0.91111111111111109	0.87842669845053634	0.89923469387755106	0.99574468085106382	0.95783926218708826	0.9986893840104849	1	0.99729729729729732	0.99864864864864866	1	mother's day of birth	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	0.9507154213036566	0.93657817109144548	0.92609351432880849	0.91428571428571426	0.9381761978361669	0.83436532507739936	0.83058470764617687	0.81430745814307459	0.85833333333333328	0.82121573301549466	0.81887755102040816	0.89078014184397158	0.87351778656126478	0.84927916120576674	0.85180055401662047	0.88378378378378375	0.84594594594594597	0.85014409221902021	mother's month of birth	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	0.9507154213036566	0.93657817109144548	0.92609351432880849	0.91428571428571426	0.9381761978361669	0.83436532507739936	0.83058470764617687	0.81430745814307459	0.85833333333333328	0.82121573301549466	0.81760204081632648	0.89078014184397158	0.87351778656126478	0.84927916120576674	0.85180055401662047	0.88378378378378375	0.84594594594594597	0.85014409221902021	mother's year of birth	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	0.9507154213036566	0.93657817109144548	0.92609351432880849	0.91428571428571426	0.9381761978361669	0.83746130030959753	0.83508245877061471	0.86301369863013699	0.87222222222222223	0.82121573301549466	0.81760204081632648	0.89219858156028364	0.87220026350461133	0.84927916120576674	0.85041551246537395	0.88378378378378375	0.84459459459459463	0.85014409221902021	postcode	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	0.96661367249602548	0.97935103244837762	0.96380090497737558	0.96825396825396826	0.96290571870170016	0.91795665634674928	0.93403298350824593	0.97412480974124804	0.9194444444444444	0.89153754469606672	0.90561224489795922	0.96879432624113471	0.94993412384716736	0.94888597640891215	0.95844875346260383	0.96081081081081077	0.94459459459459461	0.95965417867435154	sex	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	1	1	0.99849170437405732	1	1	0.99690402476780182	0.99550224887556227	0.9939117199391172	0.99027777777777781	0.99046483909415972	0.99234693877551017	0.98439716312056735	0.98550724637681164	0.97509829619921362	0.98199445983379496	0.98648648648648651	0.97972972972972971	0.92939481268011526	birthweight	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	0.57551669316375198	0.66076696165191739	0.66666666666666663	0.69841269841269837	0.652241112828439	0.47832817337461303	0.44227886056971516	0.54642313546423138	0.67777777777777781	0.65315852205005964	0.56377551020408168	0.7361702127659574	0.67720685111989465	0.74442988204456095	0.72714681440443218	0.75	0.73513513513513518	0.74639769452449567	gestational age	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	0.84419713831478538	0.79498525073746318	0.78129713423831071	0.8	0.91499227202472955	0.88544891640866874	0.86506746626686659	0.88432267884322679	0.87916666666666665	0.78784266984505369	0.71811224489795922	0.83971631205673758	0.75362318840579712	0.84796854521625165	0.86565096952908582	0.87972972972972974	0.82972972972972969	0.80979827089337175	



multiple birth flag	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	0.90868752539618036	0.92777391625680772	0.92398177447248231	0.92490752294800915	0.91612675034462743	0.95060518773134017	0.96481265571540598	0.975192393982238	0.97482309694187874	0.97707355217178293	0.975836563506711	0.97759158913802535	0.96806913121826021	0.9713560518719111	0.96779526049577513	0.96668384764209792	0.96690459738913703	postcode	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	0.97725044020046048	0.98941728182162114	0.98707508124923038	0.99193533456512639	0.97245701226148151	0.98964167032527728	0.99503272192264713	0.99332187576724773	0.99530529695450876	0.99614053075408093	0.99508159647266647	0.99368568719794659	0.99449389322703363	0.99484170606512889	0.99349829678675183	0.99304394594715728	0.9984237346692002	mother's DOB	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	0.92075127545261637	0.93630836640066162	0.93350859251882434	0.93839861960180249	0.92559674961909599	0.96090462269909083	0.97338003928018713	0.98187729116045952	0.98090543787869222	0.98210919426481902	0.98093841874117338	0.98486014012964695	0.9841824569067511	0.98537862741417992	0.98810994941972774	0.98633589553966938	0.98325179527675644	gestational age	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	0.57420018962481378	0.6179804147566802	0.62739040500577359	0.66426294215879766	0.66168468403105274	0.69417763357498008	0.71095230163852507	0.69740342203069838	0.68785958101644895	0.5925039665415327	0.65139273056795699	0.81514448461117495	0.91703525728535285	0.90787164889639616	0.92727353162372994	0.9185726344411328	0.87390802753991559	birthweight	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	0.61211973452526069	0.64912323921975768	0.66156773089326859	0.67384389799568256	0.70269172168613514	0.74425776607022387	0.78350960837792261	0.80519992888407255	0.77244234239923426	0.77584903456488097	0.72565746087022531	0.87545110492766132	0.92103969857478296	0.91448075954872743	0.93386961202129382	0.92266170659375957	0.89720960935764871	mother's NHS number	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	0.58769786446340688	0.7508873188628945	0.7988945464410071	0.81332595244883676	0.8244195748385692	0.87658167981981794	0.91134198052646553	0.93753143070006861	0.9393095379747467	0.94969062598352383	0.95170950105880103	0.94906156300823974	0.95230164364112924	0.96154293017311487	0.96081577278692876	0.96164160485250505	0.96257372356439552	child's NHS number	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	0.36600297981850194	0.41478835443483464	0.43395923349984739	0.431341111650072	0.42527388812305011	0.62068596271429644	0.89355832691386816	0.92478474732680305	0.94405409627381831	0.94288017962187265	0.93272541233143402	0.93583942899866657	0.97878252850130754	0.98660899148874048	0.99072744164098325	0.99741538369600136	0.99549792710312657	



HES birth cohort	562	583	547	565	583	640	687	717	745	707	727	776	742	778	831	761	Whole of HES	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	920	867	873	890	884	790	826	897	963	908	929	930	858	953	986	882	NDSCR live births	598	571	579	550	573	584	629	700	709	676	694	730	689	702	740	691	NDSCR live births + missing outcomes	623	598	622	613	646	640	686	795	802	754	756	806	775	804	835	886	Year of birth
Number
of cases
HES birth cohort	9.9046021152141392	10.370344017930201	10.045212638971018	10.323764208879899	10.4525806040982	11.210703419089375	11.658393788977982	12.01296797379598	12.160009401564317	11.333215779940048	11.149366234443413	11.888129029095277	11.047963348158252	11.554941668337529	12.283886379224711	11.711908594786431	Whole of HES	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	10.724798181447266	10.542443366286069	11.012812960049855	11.362823904317361	11.418459412156009	11.923016553372856	12.339777107173802	13.508568227305378	14.16124407190912	12.992922577635575	12.850590103524022	13.257589257076061	12.070158853419315	13.47004082001877	13.95110604255512	13.057710044813707	NDSCR live births	9.9319379901610709	9.6868320157432226	10.107887294438044	9.7562360086706335	10.128900422125902	9.900805457649474	10.35928094402859	11.418728018948563	11.152217545316697	10.314988624520682	10.314963087592467	10.878344345794254	10.029024491780275	10.201738655288773	10.659122696585191	10.398530060179047	NDSCR live births + missing outcomes	10.347152789080848	10.144878363247718	10.858559407841906	10.873768496936542	11.419318800511926	10.850197761807642	11.298039312565363	12.968412535805868	12.615061313602245	11.505179619657683	11.236472758241938	12.010884305082422	11.280833064048931	11.684042562467484	12.027523583308966	13.332992233456782	Year of birth
Prevalence
per 10,000
live births
1	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	0.38049999999999995	0.35470000000000002	0.37390000000000001	0.38840000000000002	0.44319999999999998	0.42310000000000003	0.3281	0.28149999999999997	0.251	0.245	0.26489999999999997	0.2455	0.23070000000000002	0.23269999999999999	0.1961	0.222	0.20180000000000001	2 to 4	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	0.40039999999999998	0.37290000000000001	0.38100000000000001	0.3715	0.31869999999999998	0.31430000000000002	0.39529999999999998	0.41350000000000003	0.41420000000000001	0.44009999999999999	0.41220000000000001	0.42619999999999997	0.41490000000000005	0.3992	0.4	0.4294	0.4103	5 or more	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	0.21899999999999997	0.27239999999999998	0.24510000000000001	0.2402	0.23809999999999998	0.26250000000000001	0.27660000000000001	0.30499999999999999	0.3347	0.31489999999999996	0.32289999999999996	0.32829999999999998	0.35439999999999999	0.36810000000000004	0.40389999999999998	0.34860000000000002	0.38789999999999997	Year of birth
Proportion
 	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	11.021953217516099	11.405297431801413	11.669770345600377	12.281096805004603	12.105937632271107	11.787134752792012	11.884311316787237	12.269863685292341	12.103944130804926	11.129417043629422	11.162690781018076	11.719297752037885	10.724301220048414	11.448686668879336	11.868609891141297	11.742607477360888	Plausibile range
(upper - lower)	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	1.4409803934373979	1.0453140623326611	1.1553554930702337	1.9211445873718827	1.5481857768483689	1.0084782051362673	1.0234549494410725	1.092501404744219	1.2580408212224974	0.93120603596130103	0.81968500022698798	1.0225788929782365	0.79080873568166687	0.75481907129939962	1.0035855269595153	0.77912062075269439	Linked data
(base case)	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	11.73826014439314	11.95851358797252	12.252492824737912	13.145851057414344	12.848509077998916	12.34740690813361	12.536055868615618	12.945211030904971	12.836340580889779	11.756506655349785	11.746112862831296	12.411542448022368	11.291733628225732	12.013063646306744	12.577694808280031	12.330036908323585	HES birth cohort only	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	9.9046021152141375	10.370344017930201	10.045212638971018	10.323764208879899	10.4525806040982	11.210703419089377	11.658393788977982	12.01296797379598	12.160009401564315	11.333215779940048	11.149366234443413	11.888129029095275	11.047963348158252	11.554941668337529	12.283886379224711	11.711908594786431	NDSCR only	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	9.9319379901610709	9.6868320157432226	10.107887294438044	9.7562360086706317	10.128900422125902	9.9008054576494757	10.35928094402859	11.418728018948565	11.152217545316699	10.314988624520682	10.314963087592467	10.878344345794254	10.029024491780277	10.201738655288773	10.659122696585191	10.398530060179048	Year of birth
Cases per 10,000 births
