Epidemiological research on rare diseases using large-scale online search queries and reported case data
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Abstract 
Background: Rare diseases have become a major public health concern worldwide. However, detailed epidemiological data are lacking. With the development of the Internet, search queries have played an important role in disease surveillance. In this study, we explored a new method for the epidemiological research on rare diseases, using large-scale online search queries and reported case data. We distilled search logs related to rare diseases nationwide from 2016 to 2019. The case data were obtained from China’s national database of rare diseases during the same period. 
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Results: A total of 120 rare diseases were included in this study. From 2016 to 2019, the number of patients with rare diseases estimated using search data and those obtained from the case database showed an increasing trend. Rare diseases can be ranked by the number of search estimated patients and reported patients, and the rankings of each disease in both search and reported case data were generally stable. Furthermore, the disease rankings in the search data were relatively consistent with the reported case data in each year, with more than 50% of rare diseases having a ranking difference of -20 to 20 between the two systems. In addition, the relationship between the disease rankings in the two systems was generally stable over time. Based on the relationship between the disease rankings in the search and reported case data, rare diseases can be classified into two categories.
Conclusion: Online search queries may provide an important new resource for detecting rare diseases. Rare diseases can be classified into two categories to guide different epidemiological research strategies.
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Background
Rare diseases have become a major public health concern worldwide. In addition to the disease burden, patients with rare diseases often face a lack of treatment options, financial burden, and psychological stress [1]. Currently, there is no consensus on an international definition of rare diseases [2], and the average prevalence threshold for the definition of rare diseases was between 40 and 50 cases/100,000 people based on the analysis of global data [3]. However, despite the low prevalence for each rare disease, the overall population prevalence was estimated to be 3.5–5.9% due to the wide variety of diseases included [4], corresponding to a vast patient population suffering from rare diseases.
Epidemiological research on rare diseases is difficult due to their rarity, scattered distribution, and the influence of the socioeconomic status of different regions on the diagnosis ability of rare diseases [5]. Traditional methods of epidemiological surveys require considerable manpower and time, and are costly and unsuitable for rare diseases. The rare disease direct reporting system is a national database for rare diseases [6], which included anonymized confirmed rare disease cases since 2016 reported by 324 hospitals across China. However, owing to the diagnostic difficulty of rare diseases, which always require complex tests, including metabolite examination, pathological analysis, and genetic tests, the database may contain missing data and delays. In addition, epidemiological studies should be conducted based on the characteristics of different categories of rare diseases. Therefore, it is necessary to classify rare diseases to guide targeted epidemiological research.
With the development of the Internet, online search queries have been used for disease surveillance, which has the advantages of being real-time, having wide coverage, and being low cost. Previous studies have mainly utilized this vast resource to study the epidemiology of communicable diseases, such as influenza [7]; hand, foot and mouth disease [8]; human immunodeficiency virus [9]; measles [10]; conjunctivitis [11]; coronavirus disease (COVID-19) [12]; and some common chronic diseases, such as heart disease [13], gastrointestinal diseases [14], and kidney stones [15]. By analyzing online search behaviors, a high correlation between disease-related queries and officially released data was detected. To date, very few studies have examined the search data in relation to rare diseases.
In this study, we aimed to analyze the relationship between search and reported case data for rare diseases, classify them, and propose an overall epidemiological research strategy for the wide variety of rare diseases. 
Methods 
Overview of methods
The methods aimed to compare two sources of rare diseases-related data, online search volume and reported case data, on various rare diseases. In general, we first analyzed the search and reported case data separately to obtain an overview of the disease population and its annual change. Second, we analyzed the relationship between the search data and reported case data, as well as how the relationship changed over time, to help classify rare diseases and propose an overall epidemiological research strategy.
[bookmark: OLE_LINK215][bookmark: OLE_LINK216]Range of Rare Diseases
The National Health Commission and the National Medical Products Administration (NMPA), along with three other authorities, jointly published China’s first “Rare Diseases Catalog” in 2018, which listed 121 rare diseases [6]. Among the 121 diseases, homocysteinemia was not included in the analysis in this study because of the overlap in the definition with another common disease, known as hyperhomocysteinemia. 
Online search data and reported case data
None of the research procedures involved either individual or private information. Online search data were obtained from the domestic search logs of Sogou, one of the top-3 commercial search engines in China. We generated specific keywords for each rare disease (Table S1), including their disease names, English names, and their specific synonyms and common aliases, based on the guidelines for the diagnosis and treatment of rare diseases (2019) [6]. Then applying full string matching between these keywords and the search queries, we distilled search queries related to rare diseases nationwide from 2016 to 2019, which were called "rare disease related queries." We calculated the ratio of search query numbers for each rare disease to the number of all queries in that year and termed "search popularity." Based on the assumption that search engine users are a random sampling distribution of the population, we multiplied the search popularity by the total population in that year to estimate the number of patients with a certain rare disease, which was termed "search estimated patients." Case data for 120 rare diseases were obtained from China’s national database of rare diseases reported between 2016 and 2019 by 324 hospitals across China. 
Analysis Methods
We compared the rankings of all rare diseases in each year to explore the relationship between the two kinds of data source. Because rare diseases-related search behaviors are sparse and complex, and the case database still needs improvement, the patient numbers estimated by search data and obtained from case database may contain systemic bias in different years and cannot be compared directly to examine the relationship. Therefore, we calculated annual “disease rankings” in the two systems separately according to the patient numbers for each rare disease. Then, in each year, we grouped every 20 rare diseases according to their search rankings, and calculated their average reported case rankings. We evaluated the consistency between search ranking groups and their average reported case rankings using Pearson’s correlation analysis. 
To explore whether the relationship of search and reported case rankings were stable over time, we calculated the annual ranking differences for each disease by subtracting reported case rankings from search rankings, and divided the ranking differences into three groups , which were given IDs 0,1,2, and termed as “ranking difference groups (RDGs)”. We quantitatively investigated the contribution of time to the changes of RDGs by a generalized linear model (GLM). Specifically, years and diseases were used as input categorical variables, and RDG was taken as the dependent variable. 

We fitted the GLM on all data for 120 diseases over four years and reported the contributions of years and diseases to the RDG variable by the coefficients, z values and P values. Statistical analyses and model fitting were conducted using Python3.6 and a Python module statsmodels 0.11.1.
Results
Overview of the comparison between search and reported case data
In total, 120 rare diseases were included in this study. From 2016 to 2019, the numbers of search estimated patients with rare diseases were 103438, 128521, 117431, and 138002 for each year, and those of the reported patients were 28610, 34360, 41993, and 48264, respectively. Among the 120 rare diseases, 46 (38.3%) had a consistently higher number of search estimated patients during the 4 years, while 37 diseases (30.8%) had consistently higher reported case numbers.
[bookmark: OLE_LINK26][bookmark: OLE_LINK27]Ranking of rare diseases in search and reported case data
In general, the rankings for each disease in the search and reported case data were stable. We took the annual changes of the top 10 high-rates diseases in the search and reported case data as an example to show the relatively stable disease rankings (Fig.1a,b). Seven diseases consistently ranked in the top 10 in the search data and eight diseases consistently ranked in the top 10 in the reported case data. 
Relationship of the disease rankings between search and reported case data
An overview of the comparisons between rankings in the search and reported case data for 120 rare diseases was presented in Fig.2 and Table 1. In general, the disease rankings in the search data were consistent with the reported case data for each year (Fig.2), with more than 50% of rare diasease had a ranking difference between -20 and 20 (Table 1).
We further analyzed the disease intersections in each two adjacent years for each RDG, and the dominant intersection sizes in Fig.3 suggest that the relationship of disease rankings between the search and reported case data were generally stable over time. We also demonstrated the inter-year stability of the relationship using a GLM, which showed that the time had little effect on the changes of RDGs with small coefficient values (Table 2), compared to the coefficient values of diseases.
Table 1 Ranking differences between the search and reported case data for 120 rare diseases 
	Search ranking- reported case ranking
	Number of rare diseases

	
	2016
	2017
	2018
	2019

	<-20
	27 
	29
	26
	26

	[-20,20]
	68
	68
	65
	68

	>20
	25
	23
	29
	26


Table 2 The contribution of time (in terms of years) and diseases to the changes of RDGs by a generalized linear model
	Variable
	Coefficient
	z
	P>|z|

	C(year)=2016
	-0.0244
	-0.083
	0.934

	C(year)=2017
	-0.0577
	-0.196
	0.845

	C(year)=2018
	0.0256
	0.087
	0.931

	C(year)=2019
	-0.0161
	-0.054
	0.957

	C(disease)[group 0]1
	-0.821
	-5.427
	0.014

	C(disease)[group 1]1
	0.014
	0.095
	0.629

	C(disease)[group 2]1
	0.878
	5.803
	0.009

	Intercept (b)
	1.000
	3.298
	0.001


1 We divided all rare diseases into three groups according to their RDGs in 2016 and reported the average values of each group.
Abbreviations: RDG，ranking difference group.
Rare disease classification
According to the generally stable relationship of the disease rankings in the search and reported case data, rare diseases can be classified into two categories. The first category included diseases with a ranking consistency between the search and reported case data, and diseases with high rankings in case data but low rankings in search data. The second category included diseases with high rankings in the search data, but low rankings in the reported case data. It is worth noting that diseases with a ranking difference of -20 to 20 were considered to have consistency between the search and reported case data in this study, the cut-off value of which could be adjusted according to detailed research needs.
Discussion
[bookmark: OLE_LINK18][bookmark: OLE_LINK19]In this study, we analyzed large-scale online search queries for rare diseases and the relationship between search and reported case data to classify rare diseases and explore a new method for epidemiological research on rare diseases. In general, rankings of each rare disease in both the search and reported case data were stable, and rankings in the search data were relatively consistent with the reported case data. In addition, the relationship of disease rankings between the search and reported case data were generally stable over time. According to the relationship between the disease rankings in the two systems, rare diseases can be classified into two categories to guide different epidemiological research strategies. 
We found disease ranking to be an appropriate index for studying the relationship between the two systems owing to their stability. After comparing the search data with reported case data, we detected a category of diseases with a ranking consistency between the two systems, as well as diseases with high rankings in the reported case data but low rankings in the search data. For them, we consider that the current national database can provide relatively comprehensive case collection. Particularly, for diseases with a ranking consistency between the search and reported case data, computational models can be constructed to predict the patient numbers of different rare diseases, which would provide a valuable supplement to the national database. 
[bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK23]The other category of rare diseases had high rankings in the search data, but low rankings in the reported case data. The first possible reason for these inconsistencies is that disease publicity may influence the patient numbers estimated by search data [16]. Because of the diversity of search populations, some of the search data may come from non-rare disease populations, such as doctors who treat rare diseases or users interested in hot news reports. This leads to an overestimation of disease rates in the search data. The second reason may be that there are potential undiagnosed cases due to the difficulty in diagnosing rare diseases, resulting in under-registration. Considering the diseases shown in Fig.1 as an example, all the diseases ranked consistently high in the search system received wide public attention. Osteogenesis imperfecta patients with atypical symptoms are difficult to diagnose and require genetic testing [17], which may contain missing reported cases. In addition, for diseases with significant changes in the annual rankings in the search data, we need to identify possible contributing factors. For example, Marfan syndrome showed a significant increase in rank to no. 7 in 2019. We consider this to be related to the character in a popular movie ("The Climber") released in 2019, which increased public awareness of the disease. Therefore, for this group of diseases, we need to further analyze the specific reasons for the high search rankings, identify rare disease patients from a variety of search populations through machine learning algorithms, or provide more information for researchers and policymakers to improve the diagnostic ability and provide more medical support for certain rare diseases. 
Our study has some limitations. First, this study aimed to classify rare diseases and propose an overall epidemiological research strategy for the wide variety of rare diseases. Thus, we used “disease ranking” which had a good stability and classification performance. However, subsequent epidemiological research on specific rare diseases require more precise statistical indicators, which is our next target. Second, the keywords used for matching rare disease-related queries in this study included disease names, synonyms, and common aliases, which could cover most of the search populations and is suitable for the research needs in this study, but not comprehensive enough for the research on a certain disease. It would be better to add disease-specific keywords, such as gene mutations and medications, in subsequent prediction model construction.
Conclusions 
Search engine query data are important new resources for epidemiological research on rare diseases. In general, the rankings for each rare disease in both the search and reported case data were stable, and the rankings in the search data were relatively consistent with the reported case data. In addition, the relationship of disease rankings between search and reported case data was found to be generally stable over time. According to the relationship between disease rankings in the two systems, rare diseases can be classified into two categories to guide subsequent epidemiological research strategies. In particular, for diseases with a ranking consistency between the search and reported case data, we consider the current national database to be relatively comprehensive, and we can construct computational models to predict the patient numbers of specified rare diseases. For diseases with high rankings in search data but low rankings in reported case data, we need to further identify real rare disease patients from a variety of search populations through machine learning algorithms, or improve the diagnostic ability and provide more medical support for them.
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Figure Legends
Fig.1. Annual changes in the top 10 rare diseases in the search and reported case data 
(a) Top 10 high-rates diseases in the search data (b) Top 10 high-rates diseases in the reported case data. Diseases in bold represent those with changes over four years. PAH: pulmonary arterial hypertension. 
Fig.2. Relationship of disease rankings between search and reported case data 
The ordinate values ​​represent the average reported case rankings corresponding to the six groups of diseases ranked 1-20, 21-40, 41-60, 61-80, 81-100, and 101-120 in the search data. 
Fig.3. Disease intersections in two adjacent years
(a) Diseases with a ranking difference of < -20 between the search and reported case data (b) Diseases with a ranking difference of -20 to 20 between the search and reported case data (c) Diseases with a ranking difference of > 20 between the search and reported case data.


1


[ ——

[r——




