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Background: We initiated the Fujian Tulou Pedigree-based Cohort (FTPC) as the integration of extended pedigrees and prospective cohort to clarify the genetic and environmental risk factors of cardiometabolic diseases.

Methods: FTPC was carried out in Nanjing County, Fujian Province, China from August 2015 to December 2017 to recruit probands with the same surnames and then enroll their first-degree and more distant relatives. The participants were asked to complete questionnaire interview, physical examination, and blood collection. According to the local genealogical booklets and family registry, we reconstructed extended pedigrees to estimate the heritability of cardiometabolic traits. The follow-up of FTPC is scheduled every 5 years in the future.

Results: The baseline survey interviewed 2,727 individuals in two clans. A total of 1,563 adult subjects who completed all baseline examinations were used to reconstruct pedigrees and 452 extended pedigrees were finally identified, including one seven-generation pedigree, two five-generation pedigrees, 23 four-generation pedigrees, 186 three-generation pedigrees, and 240 two-generation pedigrees. The average age of the participants was 57.4 years, with 43.6% being males. The prevalence of hypertension, diabetes and dyslipidemia in FTPC were 49.2, 10.0, and 45.2%, respectively. Based on the pedigree structure, the heritability of systolic blood pressure, diastolic blood pressure, fast blood glucose, total cholesterol, triglyceride, high-density lipoprotein, and low-density lipoprotein was estimated at 0.379, 0.306, 0.386, 0.452, 0.568, 0.852, and 0.387, respectively.

Conclusion: As an extended pedigree cohort in China, FTPC will provide an important source to study both genetic and environmental risk factors prospectively.
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1. Introduction

It is undisputed that cardiometabolic diseases are the predominant challenges to global health (1). In China, rapid environmental and economic changes accompanied by urbanization have led to the increasing prevalence of cardiometabolic diseases, including hypertension, heart diseases, diabetes, and stroke (2, 3). Despite the identification of a number of modifiable environmental risk factors, such as smoking, diet, and physical exercise, the accumulated knowledge and interventions targeting these risk factors have not yielded a significant reduction in the disease burden associated with cardiometabolic diseases (4). Therefore, the etiology of cardiometabolic diseases needs to be further explored. The insight into the genetics behind cardiometabolic diseases and their interaction with environmental factors may improve our understanding of cardiometabolic diseases and promote public health.

Prospective cohort studies provide a valuable advantage by allowing for the clarification of the temporal relationship between exposure and outcome in etiological studies. In contrast, traditional extended pedigree studies have been widely utilized to identify genetic determinants, offering improved control over population stratification in comparison to case–control designs (5, 6). Moreover, compared to twin or nuclear families, extended pedigrees have unique advantages in that they have various family relationships and can be applied to familial aggregation analysis, segregation analysis, linkage study, genetic association study, and estimation of heritability (7, 8). Pedigree-based cohort studies are designed to integrate pedigree studies and prospective cohorts to allow investigation of both genes and environment, separately or together (9). Follow-up of the pedigrees will also allow genetic and environmental risk factors to be studied prospectively.

Fujian Tulous represent a distinct style of rural dwellings found exclusively among the Hakka populations residing in the mountainous regions of southeastern Fujian province, China. These Tulous are characterized by their large, enclosed, and fortified earth buildings, typically exhibiting a rectangular or circular configuration. Notably, these structures feature remarkably thick load-bearing rammed earth walls, spanning three to five stories in height, capable of accommodating up to approximately 800 individuals (10). Typically, Fujian Tulous serve as the house for a single extended pedigree comprising multiple generations. As the clan expands, Tulou exhibits radial expansion by adding outer concentric rings or constructing additional earth buildings within close proximity, forming a cluster (10). Consequently, this architecture of Tulou facilitates convenient multi-generational investigations for genetic epidemiological studies. Owing to earth buildings’ unique architectural forms, special Hakka culture, and remote geographical location, native residents in southeastern Fujian province are isolated from other ethnic populations, resulting in their homogenous genetic backgrounds. Besides that, there is a periodic migration of workers and overseas nationals in the Tulou area. Therefore, the Tulou area provides a natural sample source for classical genetic epidemiological studies like pedigree studies and migrant studies.

Herein, we initiated Fujian Tulou Pedigree-based Cohort (FTPC) to explore the genetic and environmental risk factors for cardiometabolic diseases. In this manuscript, we described the study design, enrollment methods, collection of research data, and baseline characteristics of FTPC. We also presented a heritability estimation of cardiometabolic traits based on the pedigrees.



2. Methods


2.1. Study design

FTPC was an extended-pedigree-based prospective open cohort in the Tulou area of Nanjing County, Fujian Province. This study was designed to recruit any accessible multi-generation pedigrees. Probands were recruited according to their surname and then their first-degree and more distant relatives were invited to participate. A household was considered as a unit to be investigated and followed up prospectively.



2.2. Baseline investigation

The study sites were carefully selected based on clan clustering, patterns of major cardiometabolic diseases and exposures, the stability of the population, and long-term local commitment to the project. Ultimately, six villages were selected for participant recruitment. Participants with surname Zhang were enrolled from Taxia Village, Qujiang Village, and Nanou Village. And participants with surname Chen were enrolled from Caoban Village, Tumei Village, and Beiling Village. About half of the local residents were enrolled in our study. From August 2015 to December 2017, the baseline investigation was conducted to enroll all eligible participants and their relatives in the six villages. For migrant workers or overseas nationals, a complementary investigation was carried out when they returned home during Spring Festivals or Tomb-sweeping Days. Adults over 18 years old were asked to complete a face-to-face questionnaire and a family registry. Participants were also asked to conduct a physical examination and provide a blood sample for long-term storage. At the end of each survey day, a blood sub-sample was sent to the local hospital laboratory to conduct the biochemical examination. Those under 18 years old were only required to provide basic demographic information by their guardians. The study was approved by the Ethics Committee of Peking University Health Science Center. Written informed consent was obtained from all participants.

The inclusion criteria of the participants were as follows: (1) residents with surname Zhang or surname Chen who have accessible biological relatives and could provide complete genealogical information; (2) spouses of the probands; (3) volunteered to participate in the project and signed informed consent. Subjects with disabilities or other serious diseases were excluded if they were unable to complete the investigation.



2.3. Pedigree reconstruction

According to the genealogical booklets and on-site investigations, the family registry collected information about the participants and their relatives’ names, kinships, and dates of birth. Trained investigators were asked to interview relatives of the probands as many as possible. According to the family registration, pedigrees were reconstructed using R version 3.6.2.



2.4. Data collection and outcome definition

The questionnaire interview included the following information: (1) demographic information; (2) social-economic status (educational level, occupation, marriage status, and annual income); (3) health-related behaviors (smoking, alcohol consumption, tea consumption, diet, and physical activity); (4) health status (disease history and medication history); (5) menstrual and obstetrical histories for women (menstrual cycle, menopausal age, pregnancy history, and birth history); (6) psychological status assessments (adapted Kessler10) (11).

Physical examinations included: (1) height; (2) body weight and body fat percentage; (3) waist circumference and hip circumference; (4) blood pressure and heart rate. These examinations were conducted twice per subject. If the difference between the two blood pressure measures was greater than 10 mmHg, a third measure would be conducted. The average of the last two measurements was recorded and used in the analysis.

For each participant, a 15 mL fasting blood sample was collected to conduct biochemical examinations (2 mL EDTA anticoagulant sample) and future genotyping (8 mL EDTA anticoagulant sample and 5 mL coagulant sample). Biochemical examinations included: (1) blood lipids levels such as total cholesterol, triglyceride, high-density lipoprotein, and low-density lipoprotein; (2) liver function markers such as aspartate aminotransferase, alanine aminotransferase, glutamyl transpeptidase, total protein, albumin, globulin, and total bilirubin; (3) renal function markers such as uric acid, creatinine, and uric acid nitrogen; (4) fasting blood glucose.

Hypertension was defined if the participant was under any following conditions: (1) self-reported hypertension diagnosed by secondary or higher-level hospitals; (2) taking antihypertension drugs; (3) systolic blood pressure (SBP) ≥ 140 mmHg and/or diastolic blood pressure (DBP) ≥ 90 mmHg (12). Diabetes was defined if the participant was under any following conditions: (1) self-reported diabetes diagnosed by secondary or higher-level hospitals; (2) fasting blood glucose ≥7.0 mmol/L. Dyslipidemia was defined if the participant was under any following conditions: (1) self-reported hyperlipidemia diagnosed by secondary or higher-level hospitals; (2) total cholesterol ≥6.22 mmol/L and/or triglyceride ≥2.26 mmol/L and/or high-density lipoprotein ≤1.04 mmol/L and/or low-density lipoprotein ≥4.14 mmol/L. (13) Awareness rate referred to the proportion of the number of self-reported cases to the total number of participants with specific diseases. Treatment rate referred to the proportion of the number of cases under treatment to the total number of participants with specific diseases.



2.5. Long-term follow-up

The active follow-up interview is scheduled at a 5-year interval among all surviving participants. The information about any incident cases of stroke, coronary heart disease, cancer, and other non-communicable diseases will be collected through a passive linkage with records of local health surveillance system. The death events will be obtained from the Death Registry of the National Centers for Disease Control and Prevention. All participants will be followed up indefinitely until cause-specific mortality is observed. The first wave of follow-up has initiated on April 2023.



2.6. Quality control

FTPC adopted a unified manual for field investigation and standard criteria for the physical and biochemical examination. The collected data was checked regularly during the study period by the study coordinating centers. Most questionnaires were electronically collected with a logical verification to avoid systematic errors.



2.7. Descriptive analysis and heritability estimation

In this study, baseline characteristics of participants in FTPC were present with means (medians for inormally distributed variables) and proportions for the continuous and categorical variables, respectively. Descriptive analysis was conducted in Stata version 13.1.

The maximum likelihood-based variance components decomposition and liability-threshold model were used to estimate the heritability of continuous and categorical variables, respectively (14, 15). The estimation of heritability was conducted in Solar version 8.1.1 after adjusting for age, sex, age2, age by sex, and age2 by sex. Lipid and blood pressure values were corrected for the use of lipid-lowering and antihypertensive medication using published constants (total cholesterol +1.347 mmoL/L, triglyceride +0.208 mmoL/L, high-density lipoprotein −0.060 mmoL/L, low-density lipoprotein +1.290 mmoL/L, SBP +15 mmHg, DBP +10 mmHg) (16–18). p values <0.05 were defined as statistically significant.




3. Results


3.1. Baseline characteristics

From August 2015 to December 2017, 2,727 individuals were interviewed in clan Zhang and clan Chen (Supplementary Figure S1). As shown in Table 1, a total of 1,563 adult subjects who completed the baseline survey including questionnaire interviews, physical examinations, blood sample collection, and biochemical examinations were included in the pedigree reconstruction. The average age of the participants was 57.2 years and males accounted for 43.6%. A majority of the participants in FTPC tended to have a low level of education, a low level of income, a habit of tea consumption every day, and a preference for light food. Results of physical and biochemical examinations were shown in Supplementary Table S1. The participants were short in stature with abdominal obesity and the average height and weight were 158.5 cm and 58.9 kg, respectively. In addition, the average SBP and serum lipid values were close to the diagnostic criteria of the diseases, suggesting a high risk of hypertension and dyslipidemia for the participants in FTPC.



TABLE 1 Baseline characteristics of the participants for Fujian Tulou Pedigree-based Cohort.
[image: Table1]

Based on physical and biochemical examinations, the prevalence of hypertension, diabetes, and dyslipidemia was estimated at 49.2, 10.0, and 45.2%, respectively, which were much higher than the self-reported prevalence (Table 2). Despite the heavy burden of these diseases, over half of the patients were unaware of their disease status and received no treatment.



TABLE 2 The burden of hypertension, dyslipidemia, and diabetes for Fujian Tulou Pedigree-based Cohort.
[image: Table2]



3.2. Pedigree reconstruction

Based on the pedigree registry, 452 pedigrees were reconstructed, including one seven-generation pedigree, two five-generation pedigrees, 23 four-generation pedigrees, 186 three-generation pedigrees, and 240 two-generation pedigrees (Table 3). More than half of the family members completed the baseline investigation and an average of 3.46 family members were investigated per pedigree. There were rich family relationships extracted from the pedigrees (Table 4) and the majority of the family relationships were parent-offspring and siblings. The family tree of the seven-generation pedigree was displayed in Supplementary Figure S2.



TABLE 3 Pedigree composition and investigation proportion of Fujian Tulou Pedigree-based Cohort.
[image: Table3]



TABLE 4 Family relationships extracted from Fujian Tulou Pedigree-based Cohort.
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3.3. Heritability estimation

Based on the pedigree structure, we generated the heritability estimations for cardiometabolic traits (Table 5). The heritability of SBP, DBP, and hypertension was estimated at a similar level of 0.387 (95% confidence interval (CI), 0.219–0.554), 0.365 (95% CI, 0.201–0.529), and 0.404 (95% CI, 0.134–0.671), respectively. For fast blood glucose and diabetes, the heritability was estimated at 0.386 (95% CI, 0.237–0.535) and 0.272 (95% CI, −0.166–0.710), respectively. In contrast, the heritability estimations of serum lipid values and dyslipidemia were much higher than that of blood glucose or blood pressure. Heritability estimations for non-cardiometabolic traits were shown in Supplementary Table S2.



TABLE 5 Heritability estimation of cardiometabolic traits based on extended pedigrees.
[image: Table5]




4. Discussion

The rapidly rising prevalence of cardiometabolic diseases has made them the predominant disease burden in China, with the prevalence of hypertension alone increasing 2.5 times from 2002 to 2017 (19, 20). However, the identification of risk factors for cardiometabolic diseases and intervention measurements do not bring in a significant reduction in the disease burden. These facts underscore the significance of gaining a comprehensive understanding of genetic determinants. By exploring potential gene–environment interactions, valuable insights can be gained to facilitate population stratification for targeted behavior interventions. FTPC is thus designed as an integration of extended pedigrees and prospective cohort to explore the genetic and environmental risk factors together. The pedigree study is a classical design for genetic epidemiological studies because the pedigrees will minimize the bias caused by population stratification, especially when involving participants from different cultural and ethnic background (21). Extended pedigrees have natural advantages in various intergenerational and intragenerational relationships to allow linkage studies and association studies for common and rare mutations (7, 22, 23). In contrast to the case–control studies enrolling unrelated individuals, extended pedigrees could provide higher statistical power to detect gene–environment interactions with the same number of disease cases (24–26). When following up the extended pedigrees prospectively, we could further study the effect of gene, environment, and gene–environment interactions on disease incidents. In this context, we initiated FTPC, an extended-pedigree-based cohort study, to explore the genetic and environmental risk factors for cardiometabolic diseases.

We decided to establish our pedigree-based cohort in the Tulou area, which is an ideal region for recruiting extended pedigrees. As one Tulou is occupied by one large family clan, the family members generally live close and have homogeneous genetic backgrounds. Because of the remote location, traffic inconvenience, and native tradition, local residents in the Tulou area rarely move outside. Driven by the strong faith in clan culture, migrant workers always come back home and visit their relatives at regular intervals. These features make it possible to recruit more family members of a pedigree and follow them up for a long time. In this study, we successfully identified extended pedigrees of different family sizes and extracted various family relationships. These pedigrees will provide an important source to conduct any type of genetic epidemiological study. There is a unique Hakka culture in the Tulou area where local residents have distinctive living habits such as a preference for tea consumption and light food. The insight into the association between those living habits and cardiometabolic diseases may contribute to the understanding of modifiable risk factors and further intervention measurements. Besides that, by comparing the migrant workers and local residents, FTPC will provide the possibility to study the effect of migration and social determinants in the future.

FTPC is based in a typical rural region in southern China with a heavy burden of cardiometabolic diseases. We adopt a means of snowball sampling to recruit participants for FTPC where probands are first identified and their relatives are then investigated. Such a sampling method will naturally result in a higher prevalence of cardiometabolic diseases because of the familial aggregation for these diseases. According to the baseline investigation, the prevalence of hypertension, diabetes, and dyslipidemia in FTPC is reported to be 49.2, 10.0, and 45.2%, respectively, which is even higher than that in urban areas of China (19, 27, 28). The high prevalence of cardiometabolic diseases indicates a compelling need for further etiological studies to elucidate the underlying causes of these conditions. In contrast to the prevalence based on investigation results, the self-reported prevalence in FTPC is much lower. No more than 3% of dyslipidemia patients are aware of their disease status or receive medical treatment. This phenomenon of “high prevalence and low treatment rate” may be due to poor health awareness and exposure to risk factors among the local residents. It is thus of great potential to carry out studies on the effect of behavioral intervention and health education in the Tulou area.

Our cohort has begun to make significant contributions to the estimation of heritability for cardiometabolic traits. Based on the pedigree structure, we obtained heritability estimations for SBP, DBP, and hypertension, ranging from 0.36 to 0.40. This finding suggests that the genetic component may have a similar effect on the variation of blood pressure and liability of hypertension, or there may be the same susceptible genes to determine the blood pressure values and hypertension. The heritability for SBP and DBP in FTPC is consistent with the estimation in Nigerian families but lower than the estimation from the previous meta-analysis of twin studies (29–31). Compared with twin studies, extended pedigrees often generate conservative results because of various family relationships and fewer theoretical assumptions (32). For fast blood glucose, we get a heritability of 0.386 (95% CI, 0.237–0.535) but the heritability of diabetes is not statistically significant. This result suggests that in this population, genetic determinants may contribute to the variation of blood glucose values to some extent but may not affect the liability of diabetes. For serum lipid markers, their heritability is much higher than blood pressure and blood glucose, suggesting that there is a strong effect of genetic determinants on serum lipid values. Using the pedigrees in this study, we derived overall estimations of heritability for cardiometabolic traits, which supports the findings of prior genomic investigations. In future research, we can leverage the pedigrees to further explore the genetic correlations and gene–environment interactions among cardiometabolic traits at the phenotypic level. Supplementary Table S2 presents the heritability of non-cardiometabolic traits, which exhibit variations in magnitudes while generally converging around 0.5. These results imply that both genetic and environmental factors contribute to the manifestation of these traits, emphasizing the need for a more profound understanding of the genetic and environmental etiologies, as well as their interactions. Additionally, we also look forward to conducting multi-omics studies to estimate heritability and explore genetic risk loci with genotype data.

This study has some limitations. More than half of the pedigrees in FTPC are two-generation pedigrees because of inadequate genealogical information. To address this limitation and expand our pedigrees, we have incorporated an additional village into our ongoing investigation. Our aim is to gather more comprehensive family information, enabling the connection of two-generation pedigrees and the enrollment of additional members from multi-generation pedigrees.

Because of the difficulties in recruitment, investigation, and follow-up of the pedigrees, there are only several extended-pedigree-based studies in the world, such as Nigerian families and Oman families (29, 33). In China, other types of family-based studies have been carried out to explore genetic risk factors, for example, twin studies enrolling monozygotic and dizygotic twins, sibling studies enrolling pairs of siblings with different disease statuses, and nuclear family studies enrolling case-parent trios (34–37). In the present study, we initiated FTPC to enroll the extended pedigrees with multi-generations. This cohort provides a source for almost all types of family relationships and will be a supplementary resource for genetic epidemiological studies. As an extended-pedigree-based cohort in China, we believe that our cohort will play an important role in the identification of environmental and genetic risk factors of cardiometabolic diseases and other non-communicable diseases.
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