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Causal association study 
of the dynamic development 
of the metabolic syndrome based 
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The dynamic progression of metabolic syndrome (MetS) includes developmental deterioration and 
reverse recovery; however, the key factors in this bidirectional progression have not been identified. 
Our study aimed to use the data obtained from the China Health and Retirement Longitudinal Study 
(CHARLS) and construct a Bayesian network to explore the causal relationship between influential 
factor and the development and recovery of MetS. Followed up at 4 years, forward progression of 
MetS occurred in 1543 and reverse recovery of MetS occurred in 1319 of 5581 subjects. Bayesian 
Networks showed that hyperuricemia and body mass index (BMI) levels directly influenced 
progression of MetS, and gender, exercise and age play an indirect role through hyperuricemia and 
BMI levels; high hemoglobin A1c (HbA1c) and BMI levels directly influenced recovery of MetS, and 
gender and exercise play an indirect role through BMI levels. Bayesian Network inference found that 
the rate of progression of MetS in subjects with hyperuricemia increases from 36 to 60%, the rate 
of progression of MetS in subjects with overweight or obese increases from 36 to 41% and the rate 
of reverse recovery rate of MetS in subjects with high HbA1c decreased from 33 to 20%. Therefore, 
attention to individuals at high risk of hyperuricemia, high HbA1c levels, and overweight/obesity 
should be enhanced, with early detection and following healthy behavioral interventions to prevent, 
control and delay the progression of MetS and its components.

The occurrence of Metabolic syndrome (MetS) is not be achieved overnight. Its essence is the combined syner-
gistic effect of abnormally clustered cardiovascular risk factors and individual, environmental and other factors 
have a combined synergistic effect1,2, which not only seriously affects individual organs, but also is related to 
cardiovascular disease, type 2 diabetes and even death3,4. Under the joint action of complex multi-factors, MetS 
does not follow a continuous progression pattern5, and there is not only a development deterioration but also a 
reverse recovery6. Identifying key factors in the development and recovery of MetS will facilitate the develop-
ment of interventions and other targeted measures to control or even reverse the development of MetS, which 
has public health implications for the prevention of MetS and related chronic diseases. Among these, the focus 
needs to be on the fact that researchers attempting to screen for intervenable factors for preventive interventions 
and treatments should obtain evidence based on causal inference, and causal evidence is the evidence-based 
basis for making decisions about disease interventions7.

However, most studies have focused on exploring the occurrence and development process of MetS and its 
associated influencing factors8–12. Currently, there are divergent opinions and no consensus in the medical field 
regarding its key factors, etiology and pathogenesis13. Therefore, there is still a need to carry out studies on the 
key factors in the development and recovery of MetS adapted to the clinical reality by making rational use of 
the methodology, so as to provide information on the evidence that can be intervened. Bayesian networks14 can 
describe the causal relationships between variables and solve real-world uncertainty aspects through qualitative 
and quantitative, with intuitive forms, clear semantics, and comprehensibility, and their effectiveness has been 
proven in many fields. The method assigns conditional probabilities on the basis of directed acyclic diagrams, 
revealing a reticulated association between each influencing factor and the critical event, allowing not only to 
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identify the direct influencing factors with causal effects on the critical event, but also to understand the complex 
joint and synergistic interactions among the factors15.

Our Subject Group used longitudinal data from the China Health and Retirement Longitudinal Study 
(CHARLS), previous study that analyzed the influencing factors associated with the positive progression and 
reversal of MetS, and concluded that the gender, age, exercise, smoke, drink, hyperuricemia, high HbA1c, func-
tional loss, and BMI level acted as the key factors influencing their history of disease progression10. Therefore, 
on this basis, the above influencing factors associated with positive MetS progression and reversal were used 
as candidate variables in the causal inference model. The causal relationship between the influencing factors 
and disease progression/recovery was visualized through Bayesian network modelling for further causal and 
evidential inference, thus providing evidence to support the development of preventive intervention strategies 
to halt or even reverse the progression of MetS.

Results
Dynamic progression of the MetS
This study included 5581 subjects, of whom 2100 were males and 3481 were females. At baseline, there were 
2479 patients with MetS, 1819 males and 660 females, and 3102 without MetS, 1662 males and 1440 females. 
All them were followed up at 4 years, there were 2572 patients with MetS, 1803 males and 769 females, 863 new 
cases of MetS, and the cumulative incidence rate of MetS was 27.82%. Disease status remained unchanged in 
2719 cases (48.72%) in the survey population. forward progression of MetS occurred in 1543 people (53.91% of 
the number of changes) and reverse recovery of MetS occurred in 1319 cases (46.09% of the number of changes).

Bayesian network learning of the forward progression of MetS and key factors
The DAG structure retains 9 nodes and 8 edges. The joint probability values and the network structure are 
shown in Fig. 1. MetS progression status has 2 parent nodes, hyperuricemia and body mass index (BMI) levels, 
which are direct influences on the forward progression of the MetS. Meanwhile, gender, age and exercise status 
are indirectly influencing the forward development of MetS by affecting other factors, of which gender directly 
influences hyperuricemia and thus plays an indirect role; age and exercise status indirectly influence the occur-
rence of forward progression of the MetS through BMI level.

The conditional probabilities of each node are shown in Table 1. Depending on the combination of six dif-
ferent value levels of the parent node (hyperuricemia, BMI level), the child nodes (MetS progression status) will 
correspond to six different conditional probability values. For example, the probability of forward progression 
of MetS in an individual with hyperuricemia and a BMI level at overweight or obese is 71.99%.

Figure 1.   Edge probability distribution of each nodes in Bayesian network model of progression status of MetS.

Table 1.   The conditional probability distribution of progression status of MetS.

Hyperuricemia BMI level Remain unchanged (%) Forward progression (%)

No

Normal 70.61 29.39

Thin 65.73 34.27

Overweight or obesity 62.00 38.00

Yes

Normal 45.00 55.00

Thin 94.68 5.32

Overweight or obesity 28.01 71.99
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Causal and evidential reasoning for the forward progression of MetS and key factors
When the independent variable is known, the corresponding parent node’s value level in the network can be 
adjusted accordingly, and then the posterior probability of the child node (progression status of MetS) can be 
observed to infer the relationship between the variables, as shown in Figs. 2 and 3. If the value level of "hyper-
uricemia" is known to be "yes", and the status is set to suffer from hyperuricemia (100%), after updating the 
network, the rate of forward progression of MetS increases from 36 to 60%, which is an increase of 24%; when 
the status was set to not suffering from hyperuricemia (100%), the forward progression rate decreased from 36 
to 33%.

When the probability of BMI level "overweight or obese" was 100%, the rate of forward progression of MetS 
increased from 36 to 41%; when the probability of "thin" was 100%, the forward progression rate decreased from 
36 to 32%; when the probability of "normal" was 100%, the forward progression rate decreased from 36% to 31%. 
In addition, When the probability of "male" of gender, ">65 years" of Age and "little" of exercise was 100%, the rate 
of forward progression of MetS all increased from 36% to 38%; This suggests that the rate of forward progression 
of MetS was higher in subjects with hyperuricemia, overweight or obesity, male, >65 years and little exercise.
By using the evidential inference function of the Bayesian network, the probability changes of the influencing 
factors were compared when the progression status of MetS was remain unchanged or forward progression, as 
shown in Table 2. When the progression status of MetS was forward progression, the probability of its direct 
influence factors obesity or overweight increased from 46.37% to 53.05% and hyperuricemia increased from 
8.41 to 14.24%, thus confirming that overweight or obesity and hyperuricemia are the direct causes influencing 
the forward progression of MetS. In addition, the probability of little exercise increased slightly from 31.33 to 
33.21%, male from 37.06 to 39.06% and ≥65 year from 24.41 to 25.01%. It is suggested that these factors can 
influence the forward progression of MetS through BMI level and hyperuricemia, respectively.

Bayesian network learning of the reverse recovery of MetS and key factors
The DAG structure of the reverse recovery of MetS and key factors retained 8 nodes and 7 edges (shown in Fig. 4), 
the network structure shows that the reverse recovery of MetS condition has 2 parent nodes, which are high 
hemoglobin A1c (HbA1c) and BMI level, that is, they are the direct influencing factors. Meanwhile, gender and 
exercise status are indirectly influencing the reverse recovery of MetS by affecting the BMI level.

The conditional probability table of each network node was obtained by parameter learning, which is shown 
in Table 3. Depending on the six different combinations of value levels of the parent node (high HbA1c, BMI 
level), the child nodes (recovery status of MetS) will correspond to six different conditional probability values. The 
probability of reverse recovery of MetS was 45.65% in those who did not suffer from high HbA1c and were thin.

Causal and evidential reasoning for the reverse recovery of MetS and key factors
When the variable "high HbA1c" was instantiated as "no", the rate of reverse recovery of MetS was observed to 
increase slightly from 33 to 34%; When the "high HbA1c" variable was instantiated as "yes", the reverse recovery 
rate decreased from 33 to 20%, as shown in Fig. 5.

When the probability of "thin" of BMI level was 100%, the rate of reverse recovery of MetS increased from 33 
to 45%; when the probability of "normal" of BMI level was 100%, the reverse recovery rate remained unchanged; 
however, when the probability of "overweight or obese" was 100%, the reverse recovery rate decreased from 33 
to 30%. This suggests that high HbA1c and BMI levels are important factors affecting the reverse recovery of 
MetS, as shown in Fig. 6. In addition, When the variable "gender" was instantiated as "femal or male", the reverse 
recovery rate remained unchanged; When the variable " exercise " was instantiated as " little", the rate of reverse 

Figure 2.   Conditional probability changes of the progression status of MetS in different hyperuricemia 
conditions (a) subjects with Hyperuricemia; (b) subjects without Hyperuricemia.
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Figure 3.   Conditional probability changes of the progression status of MetS in different BMI levels. (a) subjects 
with overweight or obesity; (b) subjects with thin weight; (c) subjects with normal weight.

Table 2.   Changes in the probability distribution of factors under different progression status of MetS(%).

Variables Probability distribution (%) Forward progression (%) Remain unchanged (%)

Gender
Female 62.94 60.94↓ 64.11↑

Male 37.06 39.06↑ 35.89↓

Age

40 ~  36.32 35.78↓ 36.58↑

55 ~  39.27 39.21↓ 39.32↑

 ≥ 65 24.41 25.01↑ 24.10↓

Exercise

Frequently 30.15 27.64↓ 31.32↑

Occasionally 38.52 39.15↑ 38.86↑

Little 31.33 33.21↑ 29.82↓

BMI level

Normal 47.91 41.92↓ 51.32↑

Thin 5.72 5.03↓ 6.11↑

Overweight or obesity 46.37 53.05↑ 42.57↓

Hyperuricemia
Yes 8.41 14.24↑ 5.28↓

No 91.59 85.76↓ 94.72↑
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recovery of MetS was observed to decrease slightly from 33 to 32%. This suggests that high HbA1c and BMI 
levels are important factors affecting the reverse recovery of MetS,

When the recovery status of MetS was reverse recovery, the probability of BMI level being normal and thin 
increased from 53.84 and 7.01% to 55.05 and 9.62%, respectively, and the probability of high HbA1c decreased 
from 7.28 to 4.42%, thus confirming that BMI level and high HbA1c were the direct causes influencing the reverse 
recovery of MetS. In addition, the probability of frequently exercise increased slightly from 29.57 to 31.08% and 
in men from 33.89 to 34.08%. It is suggested that exercise status and gender factors indirectly affect the reverse 
recovery of MetS through BMI level, as shown in Table 4.

Figure 4.   Edge probability distribution of each nodes in Bayesian network model of recovery status of MetS.

Table 3.   The conditional probability distribution of recovery status of MetS.

High HbA1c BMI level Remain unchanged (%) Reverse recovery (%)

No

Normal 65.67 34.33

Thin 54.35 45.65

Overweight or obesity 69.08 30.92

Yes

Normal 75.33 24.97

Thin 73.35 26.65

Overweight or obesity 87.63 12.37

Figure 5.   Conditional probability changes of the recovery status of MetS in different HbA1c conditions. (a) 
subjects with high HbA1c; (b) subjects without high HbA1c.
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Discussion
Using longitudinal data from the CHARLS survey, there were 863 new cases of MetS with a cumulative incidence 
of 27.82% after 4 years of follow-up. Approximately more than half (51.28%) of the study subjects had a shift 
in disease status of MetS, of which it is of interest that 46.09% had a reverse recovery of MetS and 53.91% had 
forward progression of MetS. The diagnosis of MetS is complex and is a clustering situation of five components, 
but the disease may be reversible16. In addition to focusing on new cases, we need to focus on the progression 

Figure 6.   Conditional probability changes of the recovery status of MetS in different BMI levels. (a) subjects 
with overweight or obesity; (b) subjects with thin weight; (c) subjects with normal weight.

Table 4.   Changes in the probability distribution of factors under different recovery status of MetS(%).

Variables Probability distribution (%) Reverse recovery (%) Remain unchanged (%)

Gender
Female 66.11 65.92↓ 66.22↑

Male 33.89 34.08↑ 33.78↓

Exercise

Frequently 29.57 31.08↑ 28.85↓

Occasionally 38.16 37.82↑ 38.32↑

Little 32.27 31.10↓ 32.83↑

BMI level

Normal 53.84 55.05↑ 53.38↓

Thin 7.01 9.62↑ 5.70↓

Overweight or obesity 39.15 35.33↓ 40.92↑

High HbA1c
Yes 7.28 4.42↓ 8.64↑

No 92.72 95.58↑ 91.36↓
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of the disease and its recovery. The proportion of reverse reversal is comparable to the proportion of forward 
progression, further suggesting that whatever the baseline status of the study subjects is, it may improve. There-
fore, follow-up observation of MetS should be strengthened and it is crucial to study the key factors that can be 
intervened and controlled in disease progression and recovery.

Based on the multi-state Markov models of dynamic progression of MetS in previous studies10, we found that 
obesity or overweight, physical inactivity, smoking, alcohol consumption and hyperuricaemia increase the risk 
of forward progression of MetS, females, obesity/overweight, high HbA1c, history of alcohol consumption, and 
low physical activity are all risk factors that impede recovery from MetS. On this basis, this study will further 
confirm the causal relationship between these factors and disease progression and recovery using Bayesian net-
work modelling. From a methodological point of view, causal inference based on the results of previous studies, 
effectively improve the stability and causal inference efficacy of the Bayesian network model, thus proposing 
evidence-based information for intervention strategies to prevent and treat diseases. It was confirmed by Bayesian 
network learning and network inference that hyperuricemia, overweight/obesity is the direct cause of promoting 
the progression of MetS and high HbA1c, overweight/obesity is the direct cause of delaying disease recovery. The 
reason for this is that the hyperuricemic state causes oxidative stress, inflammatory response17 thereby inducing 
insulin resistance18, which may be the key to promoting the development of MetS. The development of obesity is 
closely related to inflammation and adipokines, where the inflammatory response is involved in the pathogenesis 
of the MetS, and adipose tissue, as an endocrine organ, disrupts the balance of pro- and anti-inflammatory fac-
tors secreted by adipokines in the inflammatory state, interfering with insulin signaling pathways and leading 
to insulin resistance19; on the other hand, it may lie in the genes related to lipid metabolism, obesity and insulin 
resistance and MetS and single nucleotide polymorphisms20, thus contributing to the occurrence and progression 
of the MetS. In addition to blood glucose, studies suggest that HbA1c levels can be an option for MetS screening21, 
due to the ability of HbA1c levels to effectively identify individuals at risk for MetS in people with normal fasting 
glucose22. Thus, during MetS screening, attention to individuals with hyperuricemia, high HbA1c levels, and 
overweight/obesity should also be enhanced, and the above groups should be considered as high-risk groups to 
further explore their risk factor thresholds for early detection and preventive intervention and treatment, thus 
preventing healthy, metabolically disturbed individuals from developing MetS.

It has been found that the influencing factors are not in parallel and can influence the forward progression and 
reverse recovery of the MetS by interacting with each other. Among them, gender and age non-modifiable factors 
indirectly influence the progression of MetS through hyperuricemia and BMI levels, and the evidence reasoned 
that men and advanced age are at high risk of forward progression of MetS. However, the results in the causal 
association analysis between the influencing factors and the reverse recovery of MetS showed difficult recov-
ery in women. Although studies have reported higher prevalence of MetS in women23 and prevalence of each 
component24 than in men, studies on the natural history of MetS suggest6,8,9 that the rate of MetS development is 
higher in men than in women and that the prevalence and aggregation of each component of MetS may be higher 
in men than in women25, and this difference may be explained by the aging process that metabolic changes and 
changes in hormone levels differ significantly between individuals of different sexes26,27. Subsequently, taking into 
account the difficulty of recovery in females and the rapid progression of the disease in males, it is necessary to 
strengthen regular screening and at the same time apply preventive treatment to control the development of MetS.

Studies have shown that individuals with adverse behavioral patterns, such as sedentary28, high-fat diet29, 
smoking and alcohol consumption10, have a high prevalence of MetS, and that most of these adverse lifestyle con-
ditions occur simultaneously30. The Bayesian network model found that exercise status indirectly influences the 
progression and recovery of MetS by directly affecting BMI levels. This is similar to the fact that individuals with 
less exercise have a higher risk of developing obesity31 and MetS32, and abdominal obesity is one of the important 
diagnostic criteria for MetS. Especially for people with abnormal BMI, exercise should be intensified to reduce 
insulin resistance and inflammatory response to control the progression of MetS. Behavioral interventions have 
been shown to improve not only the occurrence of MetS and various metabolic disorder components33,34, but also 
to reduce the incidence of diabetes and cardiovascular disease35. Thus, the most effective strategy that should be 
followed to prevent and delay the progression of MetS and its components is to change personal behavior and 
maintain healthy lifestyle habits36.

Based on CHARLS, this study uses nationally representative longitudinal data and a Bayesian network to 
better explain the causal relationship between key factors and progression and recovery from MetS. Facilitate 
the precise detection of individuals at high risk of MetS, and can provide evidence-based information for the 
early prevention, control and intervention of MetS. In addition, this study still has limitations: first, the study 
was a single follow-up at an interval of 4 years, making the precision of the model results limited, and multiple 
follow-ups are still needed to obtain larger and longer-term prospective studies to make the study provide 
stronger evidence. Second, the Bayesian network model established to explore the causal effect between baseline 
influences and disease progression and recovery in MetS, although with causal inference capability, with regard 
to the variables of interest, there are some relatively low proportions (probabilities). In the future, it will still be 
necessary to build dynamic Bayesian networks with sufficient sample size of dynamic data for further research.

Conclusion
This study used a Bayesian network model to reveal the direct, indirect factors influencing the progression and 
recovery of MetS in a combined graphical plus conditional probability visualization. The study supports a causal 
relationship between hyperuricemia, high HbA1c and BMI levels and dynamic progression of the MetS, while 
gender, exercise status and age have indirect effects through the above factors. Therefore, attention to individu-
als at high risk of hyperuricemia, high HbA1c levels, and overweight/obesity should be enhanced, with early 
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detection and following healthy behavioral interventions to prevent, control and delay the progression of MetS 
and its components.

Methods
Data source
The data for this study were obtained from the CHARLS survey conducted by the National Development Institute 
of Peking University which is an ongoing nationally representative longitudinal survey in China37. The survey 
includes assessments of basic demographics, health status, physical measurement, etc., Blood samples from the 
study population were collected in 2011 and 2015 through a standardized process that is described in detail on 
the website (http://​charls.​pku.​edu.​cn/).

This study selected 2011 baseline and 2015 follow-up data of the CHARLS to explore possible causes in the 
longitudinal development and recovery process of MetS by downloading modules on biomarkers, blood, demo-
graphic background and health status. The ID merge resulted in 5581 valid cases through the strict exclusion 
process. The detailed inclusion and exclusion of study subjects have been reported in our previous studies10. 
The previous study was conducted to analyse the influencing factors on the dynamic development of MetS in 
5581 study subjects, but the influencing factors were not necessarily causally related. Thus, the present study was 
conducted in the same population in order to further investigate whether there is a causal relationship between 
the relevant influencing factors and the MetS disease state.

Definition of metabolic syndrome development and recovery
Based on the definition of five metabolic component abnormalities the Joint Interim Statement38:①central obe-
sity: waist circumference ≥85cm for men and ≥80cm for women ② hypertension: SBP/DBP ≥130/85 mmHg or 
those who have been diagnosed with and treated for hypertension; ③high fasting glucose: FBG ≥5.6 mmol/L 
or those who have been diagnosed with and treated for high glucose; ④ hypertriglyceride: TG ≥1.7 mmol/L; 
⑤ low high density lipoprotein cholesterol: <1.03 mmol/L in men and <1.29 mmol/L in women, or those who 
have received treatment for this condition. Disease states were classified into four disease states: free of metabolic 
disorder(FMD, no abnormal component), mild metabolic disorder(MMD, one abnormal component), severe 
metabolic disorder(SMD, two abnormal components) and MetS (Three or more abnormal components)10. The 
dynamic transition is shown in Figure 7. Where disease progression is the forward progression of the MetS, 
including FMD →MMD, SMD and MetS; MMD →SMD and MetS; SMD →MetS. Disease improvement as a 
reverse recovery of the MetS, including MetS →SMD, MMD and FMD; SMD →MMD and FMD; MMD →FMD.

Bayesian network
In this study, a Bayesian network model was constructed using whether the MetS undergoes forward progression 
or reverse reversal as the dependent variables, and the key variables derived from the previous study10 as network 
nodes (Table 5), as a way to explore the causal association between factors and dynamic outcomes.

Bayesian network is a probabilistic graphical model, used to solve unqualified problems and visually describe 
complex relationships between multiple variables. It divided into two parts, a directed acyclic graph consist-
ing of multiple nodes representing variables and directed acyclic edges reflecting the causal relationships of 

Figure 7.   Structure chart of Metabolic syndrome dynamic progression.

http://charls.pku.edu.cn/
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different nodes, where directed edges represent dependency or causality, and nodes connected by no edges are 
conditionally independent from each other, thus visually expressing the causal relationships between events; 
The other is the conditional probability table, which defines for each node the distribution of its variables in the 
network and enables a more accurate portrayal of the specific values of the dependencies between variables from 
a mathematical probability point of view.

The construction of the model usually includes structure learning and parameter learning39. Structure learn-
ing is used to determine the topology of Bayesian networks with directed acyclic graphs(DAG), usually be con-
structed through a priori knowledge and data learning, this study adopts a hybrid approach: combining a priori 
knowledge and data learning, it can be based on a priori knowledge, in the process of data learning, remove 
some redundant edges to simplify the structure, add directed edges to better fit the real problem, and take into 
account the efficiency and reasonableness of constructing the network structure. The number of Bayesian network 
structures that a data set with n variables in the DAG may contain is:

Bayesian network parameter learning means learning from the data to obtain the conditional probability 
distribution of each node based on determining the network structure. This study proposes to use the bnlearn 
package in R to obtain the network parameters by performing Bayesian parameter estimation using the Dir-
ichlet distribution. θ =

{

θijk|i = 1, . . . , n; j = 1, 2, . . . , q; k = 1, . . . , r
}

 , θij denotes θij1, θij2, . . . , θijri , θi denotes 
θi1, θi2, . . . θiqi , θi denotes the parameters of P

(

xi|pa(xi) = j
)

 , P
(

xi|pa(xi)
)

 and P
(

xi|pa(xi) = j
)

 are, respectively, 
the conditional probability distribution of xi and all distributions of distributions, Estimates of the parameters 
can be calculated:

The sample size is important for the construction and robustness of the model, and in this study the sample 
size is much larger than the number of variables, as scholars say in this case the results obtained from the Bayes-
ian network will be more stable40. In addition, to obtain a stable and valid DAG, using the bootstrap method 
to repeat the sampled data 10,000 times to reduce the influence of locally optimal (but globally suboptimal) 
individual DAGs on the results, the 10,000 bootstrap networks were averaged using the averaged network func-
tion, with each arc in the averaged DAG being present within a threshold of at least 85%, where the direction 
was given a threshold of 50%41.

Bayesian network inference
Bayesian network inference can be achieved by calculating the probability of an event occurring based on the 
network structure and known evidence through the joint probability distribution formula. The magnitude of 
the change in probability can suggest the magnitude of the causal effect and can reveal the factor with a large 
change in effect, which is the key factor in the causal chain, in order to analyze and infer its causal mechanism. 
Based on Bayesian network learning, this study used GeNIe software to draw Bayesian networks and conditional 
probability distribution tables and perform causal and evidential inference based on them to analyze the size of 
the causal effect between the influencing factors and the progression and recovery of MetS.

Causal inference: the inference from cause to effect that infers the ending from the cause. Given a cause, a 
Bayesian formula is used to calculate the probability of the occurrence of the outcome. That is, instantiating the 
direct and indirect influences and observing changes in the rate of development or reversal of the MetS; Evi-
dential reasoning: the cause-and-effect reasoning in which the cause is inferred from a known outcome. When 
the outcome is set as the MetS progression or reversal, the change in the probability of the influencing factor is 
calculated by Bayesian formula inference, and the cause of its generation is inferred, as well as the effect size.

f (n) =

n
∑

i=1

(−1)i+1 n!

(n− 1)!n!
2
i(n−1)f (n− 1)

θijk =

∫

P
(

χi = k|pa(χi) = j, θijk
)

P
(

θijk|D
)

dθijk =

∫

θijkP
(

θijk|D
)

dθijk

Table 5.   Definition of Bayesian network nodes.

Variables Node definition Assignment

Gender Gender Female = 0, male = 1

Age (year) Age Age1 = 40 ~ 54 = 1, age2 = 55 ~ 64 = 2, age3 =  ≥ 65 = 3

Exercise status Exercise Frequently = 1, occasionally = 2, little = 3

Smoke Smoke No = 0, yes = 1

Drink Drink No = 0, yes = 1

Hyperuricemia Hyperuricemia No = 0, yes = 1

High Hemoglobin A1C High HbA1c No = 0, yes = 1

Functional loss Functional loss No = 0, yes = 1

Body mass index level BMI level Normal = 1, thin = 2, overweight or obesity = 3

Progression status of metabolic syndrome Progression status of MetS Remain unchanged = 0, forward progression = 1

Recovery status of metabolic syndrome Recovery status of MetS Remain unchanged = 0, reverse recovery = 1
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Statistical analysis
Data were managed with Excel 2016. R 4.0.2 software was used for statistical description and statistical analysis. 
The “bnlearn” package is used for Bayesian network learning, where the structure of the Bayesian network is 
learned using the hill-climbing algorithm combined with prior knowledge, and the parameters are learned using 
the Bayesian estimation method. GeNIe 2.3 software is used to visualize the Bayesian network and the conditional 
probability distribution table, and on this basis, Bayesian formulas are repeatedly used to perform causal and 
evidential inference on the network respectively.

Ethics approval and informed consent
The CHARLS survey was approved by the Institutional Review Board of Peking University, China (IRB00001052-
11014 and IRB00001052-11015).

Data availability
All data from the CHARLS is publicly available. This data can be found on http://​charls.​pku.​edu.​cn/​en. The cur-
rent study is a secondary analysis of public data of CHARLS.

Received: 4 April 2023; Accepted: 27 February 2024

References
	 1.	 Kaur, N. et al. Multi-organ FGF21-FGFR1 signaling in metabolic health and disease. Front. Cardiovasc. Med. 9, 962561. https://​

doi.​org/​10.​3389/​fcvm.​2022.​962561 (2022).
	 2.	 Prasun, P. Mitochondrial dysfunction in metabolic syndrome. Biochim. Biophys. Acta Mol. Basis Dis. 1866, 165838. https://​doi.​

org/​10.​1016/j.​bbadis.​2020.​165838 (2020).
	 3.	 Zou, T. T. et al. MetS risk score: A clear scoring model to predict a 3-year risk for metabolic syndrome. Horm. Metab. Res. 50, 

683–689. https://​doi.​org/​10.​1055/a-​0677-​2720 (2018).
	 4.	 Peng, Z. Y. et al. Association between metabolic syndrome and mild parkinsonian signs progression in the elderly. Front. Aging 

Neurosci. 13, 722836. https://​doi.​org/​10.​3389/​fnagi.​2021.​790099 (2021).
	 5.	 Guzman, A. et al. Effectiveness of interventions for the reversal of a metabolic syndrome diagnosis: An update of a meta-analysis 

of mixed treatment comparison studies. Biomedica 39, 647–662. https://​doi.​org/​10.​7705/​biome​dica.​4684 (2019).
	 6.	 Rezaianzadeh, A. et al. Predicting the natural history of metabolic syndrome with a Markov-system dynamic model: A novel 

approach. BMC Med. Res. Methodol. 21, 260. https://​doi.​org/​10.​1186/​s12874-​021-​01456-x (2021).
	 7.	 Sanchez, P. et al. Causal machine learning for healthcare and precision medicine. R. Soc. Open Sci. 9, 220638. https://​doi.​org/​10.​

1098/​rsos.​220638 (2022).
	 8.	 Lin, T. Y. et al. Dynamics of detailed components of metabolic syndrome associated with the risk of cardiovascular disease and 

death. Sci. Rep. 11, 3677. https://​doi.​org/​10.​1038/​s41598-​021-​83118-y (2021).
	 9.	 Tang, X. & Liu, Q. Prediction of the development of metabolic syndrome by the Markov model based on a longitudinal study in 

Dalian City. BMC Public Health 18, 707. https://​doi.​org/​10.​1186/​s12889-​018-​5599-y (2018).
	10.	 Razbek, J. et al. Study on dynamic progression and risk assessment of metabolic syndrome based on multi-state Markov model. 

Diabetea Metab. Synd. Obesity 15, 2497–2510. https://​doi.​org/​10.​2147/​Dmso.​S3620​71 (2022).
	11.	 Zhang, C., Fang, S., Wang, H., Shan, Z. & Lai, Y. Factors related to metabolic syndrome development and recovery in Chinese 

adults: A prospective longitudinal study. Front. Endocrinol. (Lausanne) 13, 923650. https://​doi.​org/​10.​3389/​fendo.​2022.​923650 
(2022).

	12.	 Ge, H. et al. The prevalence and associated factors of metabolic syndrome in Chinese aging population. Sci. Rep. 10, 20034. https://​
doi.​org/​10.​1038/​s41598-​020-​77184-x (2020).

	13.	 Fahed, G. et al. Metabolic syndrome: Updates on pathophysiology and management in 2021. Int. J. Mol. Sci. 23, 786. https://​doi.​
org/​10.​3390/​ijms2​30207​86 (2022).

	14.	 Moe, S. J., Carriger, J. F. & Glendell, M. Increased use of Bayesian network models has improved environmental risk assessments. 
Integr. Environ. Asses. 17, 53–61. https://​doi.​org/​10.​1002/​ieam.​4369 (2021).

	15.	 Shen, J. et al. Decision support analysis for risk identification and control of patients affected by COVID-19 based on Bayesian 
Networks. Expert Syst. Appl. 196, 116547. https://​doi.​org/​10.​1016/j.​eswa.​2022.​116547 (2022).

	16.	 Liu, P. J., Tang, L. L., Fang, J., Chen, C. J. & Liu, X. Association between recovery/occurrence of metabolic syndrome and rapid 
estimated glomerular filtration rate decline in middle-aged and older populations: Evidence from the China Health and Retirement 
Longitudinal Study. BMJ Open 12, e059504. https://​doi.​org/​10.​1136/​bmjop​en-​2021-​059504 (2022).

	17.	 Zhou, Y., Zhao, M. C., Pu, Z. Y., Xu, G. Q. & Li, X. K. Relationship between oxidative stress and inflammation in hyperuricemia 
Analysis based on asymptomatic young patients with primary hyperuricemia. Medicine 97, e13108. https://​doi.​org/​10.​1097/​MD.​
00000​00000​013108 (2018).

	18.	 Zhi, L. et al. High uric acid induces insulin resistance in cardiomyocytes in vitro and in vivo. PLoS One 11, e0147737. https://​doi.​
org/​10.​1371/​journ​al.​pone.​01477​37 (2016).

	19.	 Litwin, M. & Kulaga, Z. Obesity, metabolic syndrome, and primary hypertension. Pediatr. Nephrol. 36, 825–837. https://​doi.​org/​
10.​1007/​s00467-​020-​04579-3 (2021).

	20.	 Velazquez-Roman, J. et al. Association of FTO, ABCA1, ADRB3, and PPARG variants with obesity, type 2 diabetes, and metabolic 
syndrome in a Northwest Mexican adult population. J. Diabetes Complicat. 35, 108025. https://​doi.​org/​10.​1016/j.​jdiac​omp.​2021.​
108025 (2021).

	21.	 Henrietta, G., Janos, S. & Zoltan, B. Glycated hemoglobin as an option in screening for metabolic syndrome. Orvosi Hetilap 162, 
1244–1251. https://​doi.​org/​10.​1556/​650.​2021.​32125 (2021).

	22.	 Jung, J. Y. et al. Association of fasting glucose and glycated hemoglobin with the long-term risk of incident metabolic syndrome: 
Korean Genome and Epidemiology Study (KoGES). Acta Diabetol. 56, 551–559. https://​doi.​org/​10.​1007/​s00592-​019-​01290-0 
(2019).

	23.	 Hirode, G. & Wong, R. J. Trends in the prevalence of metabolic syndrome in the United States, 2011–2016. JAMA 323, 2526–2528. 
https://​doi.​org/​10.​1001/​jama.​2020.​4501 (2020).

	24.	 Khosravi, A. et al. The relationship between weight and CVD risk factors in a sample population from Central Iran (Based on 
IHHP). ARYA Atheroscler. 8, 82–89 (2012).

	25.	 Park, H. S., Yun, Y. S., Park, J. Y., Kim, Y. S. & Choi, J. M. Obesity, abdominal obesity, and clustering of cardiovascular risk factors 
in South Korea. Asia Pac. J. Clin. Nutr. 12, 411–418 (2003).

http://charls.pku.edu.cn/en
https://doi.org/10.3389/fcvm.2022.962561
https://doi.org/10.3389/fcvm.2022.962561
https://doi.org/10.1016/j.bbadis.2020.165838
https://doi.org/10.1016/j.bbadis.2020.165838
https://doi.org/10.1055/a-0677-2720
https://doi.org/10.3389/fnagi.2021.790099
https://doi.org/10.7705/biomedica.4684
https://doi.org/10.1186/s12874-021-01456-x
https://doi.org/10.1098/rsos.220638
https://doi.org/10.1098/rsos.220638
https://doi.org/10.1038/s41598-021-83118-y
https://doi.org/10.1186/s12889-018-5599-y
https://doi.org/10.2147/Dmso.S362071
https://doi.org/10.3389/fendo.2022.923650
https://doi.org/10.1038/s41598-020-77184-x
https://doi.org/10.1038/s41598-020-77184-x
https://doi.org/10.3390/ijms23020786
https://doi.org/10.3390/ijms23020786
https://doi.org/10.1002/ieam.4369
https://doi.org/10.1016/j.eswa.2022.116547
https://doi.org/10.1136/bmjopen-2021-059504
https://doi.org/10.1097/MD.0000000000013108
https://doi.org/10.1097/MD.0000000000013108
https://doi.org/10.1371/journal.pone.0147737
https://doi.org/10.1371/journal.pone.0147737
https://doi.org/10.1007/s00467-020-04579-3
https://doi.org/10.1007/s00467-020-04579-3
https://doi.org/10.1016/j.jdiacomp.2021.108025
https://doi.org/10.1016/j.jdiacomp.2021.108025
https://doi.org/10.1556/650.2021.32125
https://doi.org/10.1007/s00592-019-01290-0
https://doi.org/10.1001/jama.2020.4501


11

Vol.:(0123456789)

Scientific Reports |         (2024) 14:5448  | https://doi.org/10.1038/s41598-024-55693-3

www.nature.com/scientificreports/

	26.	 Zhu, D. P. et al. Childbearing age is correlated with components of metabolic syndrome and parameters of insulin resistance in 
Chinese menopausal women. Gynecol. Endocrinol. 37, 201–205. https://​doi.​org/​10.​1080/​09513​590.​2020.​18411​59 (2021).

	27.	 Chedraui, P. et al. Angiogenesis, inflammation and endothelial function in postmenopausal women screened for the metabolic 
syndrome. Maturitas 77, 370–374. https://​doi.​org/​10.​1016/j.​matur​itas.​2014.​01.​014 (2014).

	28.	 Engelen, L. et al. Who is at risk of chronic disease? Associations between risk profiles of physical activity, sitting and cardio-
metabolic disease in Australian adults. Aust. N. Z. J. Public Health 41, 178–183. https://​doi.​org/​10.​1111/​1753-​6405.​12627 (2017).

	29.	 Kalita, H., Hazarika, A. & Devi, R. Withdrawal of high-carbohydrate, high-fat diet alters status of trace elements to ameliorate 
metabolic syndrome in rats with type 2 diabetes mellitus. Can. J. Diabetes 44, 317-326 e311. https://​doi.​org/​10.​1016/j.​jcjd.​2019.​
10.​001 (2020).

	30.	 Kim, H. L. et al. Lifestyle modification in the management of metabolic syndrome: Statement from Korean Society of CardioMeta-
bolic Syndrome (KSCMS). Korean Circ. J. 52, 93–109. https://​doi.​org/​10.​4070/​kcj.​2021.​0328 (2022).

	31.	 Alizaei Yousefabadi, H., Niyazi, A., Alaee, S., Fathi, M. & Mohammad Rahimi, G. R. Anti-inflammatory effects of exercise on 
metabolic syndrome patients: A systematic review and meta-analysis. Biol. Res. Nurs. 23, 280–292. https://​doi.​org/​10.​1177/​10998​
00420​958068 (2021).

	32.	 Suliga, E., Ciesla, E., Rebak, D., Koziel, D. & Gluszek, S. Relationship between sitting time, physical activity, and metabolic syndrome 
among adults depending on body mass index (BMI). Med. Sci. Monit. 24, 7633–7645. https://​doi.​org/​10.​12659/​Msm.​907582 (2018).

	33.	 Jones, J., Reneau, P. & dos Santos, J. M. Metabolically healthy obese vs. Metabolic syndrome? The crosslink between nutritional 
exposure to bisphenols and physical exercise. Med. Hypotheses 149, 110542. https://​doi.​org/​10.​1016/j.​mehy.​2021.​110542 (2021).

	34.	 Guzman, M. et al. Effect of an intensive lifestyle intervention on the prevalence of metabolic syndrome and its components among 
overweight and obese adults. J. Public Health (Oxf.) 42, 828–838. https://​doi.​org/​10.​1093/​pubmed/​fdz170 (2020).

	35.	 Jasiukaitiene, V., Luksiene, D., Tamosiunas, A., Radisauskas, R. & Bobak, M. The impact of metabolic syndrome and lifestyle habits 
on the risk of the first event of cardiovascular disease: Results from a cohort study in Lithuanian urban population. Medicina-
Lithuania 56, 1–18. https://​doi.​org/​10.​3390/​medic​ina56​010018 (2020).

	36.	 Li, Y. et al. The Influence of Exercise Training on Endothelial Function, Serum Irisin and Inflammatory Markers in the Elderly 
with Metabolic Syndrome. Clin. Lab https://​doi.​org/​10.​7754/​Clin.​Lab.​2020.​200446 (2021).

	37.	 Zhao, Y., Hu, Y., Smith, J. P., Strauss, J. & Yang, G. Cohort profile: The China Health and Retirement Longitudinal Study (CHARLS). 
Int. J. Epidemiol. 43, 61–68. https://​doi.​org/​10.​1093/​ije/​dys203 (2014).

	38.	 Alberti, K. G. et al. Harmonizing the metabolic syndrome: A joint interim statement of the International Diabetes Federation 
Task Force on Epidemiology and Prevention; National Heart, Lung, and Blood Institute; American Heart Association; World 
Heart Federation; International Atherosclerosis Society; and International Association for the Study of Obesity. Circulation 120, 
1640–1645. https://​doi.​org/​10.​1161/​CIRCU​LATIO​NAHA.​109.​192644 (2009).

	39.	 Wang, Y. et al. A Bayesian network model of new-onset diabetes in older Chinese: The Guangzhou biobank cohort study. Front. 
Endocrinol. (Lausanne) 13, 916851. https://​doi.​org/​10.​3389/​fendo.​2022.​916851 (2022).

	40.	 Ni, Y., Baladandayuthapani, V., Vannucci, M. & Stingo, F. Bayesian graphical models for modern biological applications. Stat. 
Methods Appl. 31, 197–225. https://​doi.​org/​10.​1007/​s10260-​021-​00572-8 (2022).

	41.	 Han, H. et al. Risk assessment during longitudinal progression of cognition in older adults: A community-based Bayesian networks 
model. Curr. Alzheimer Res. 18, 232–242. https://​doi.​org/​10.​2174/​15672​05018​66621​06081​10329 (2021).

Acknowledgements
The authors appreciate all the individuals who took part in CHARLS and all the researchers, clinicians, admin-
istrative staff and coordinators at the data sites who have enabled this survey to be carried out.

Author contributions
J.R. and M.Q.C. designed the study. J.R., L.L.B., Y.Z. and M.D. researched and analyzed the results. J.R. and 
M.Q.C. wrote the first draft of the manuscript. All authors have contributed to discussion and critically reviewed 
the manuscript.

Funding
This study was supported by the National Natural Science Foundation of China (project no. 71663053).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

https://doi.org/10.1080/09513590.2020.1841159
https://doi.org/10.1016/j.maturitas.2014.01.014
https://doi.org/10.1111/1753-6405.12627
https://doi.org/10.1016/j.jcjd.2019.10.001
https://doi.org/10.1016/j.jcjd.2019.10.001
https://doi.org/10.4070/kcj.2021.0328
https://doi.org/10.1177/1099800420958068
https://doi.org/10.1177/1099800420958068
https://doi.org/10.12659/Msm.907582
https://doi.org/10.1016/j.mehy.2021.110542
https://doi.org/10.1093/pubmed/fdz170
https://doi.org/10.3390/medicina56010018
https://doi.org/10.7754/Clin.Lab.2020.200446
https://doi.org/10.1093/ije/dys203
https://doi.org/10.1161/CIRCULATIONAHA.109.192644
https://doi.org/10.3389/fendo.2022.916851
https://doi.org/10.1007/s10260-021-00572-8
https://doi.org/10.2174/1567205018666210608110329
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Causal association study of the dynamic development of the metabolic syndrome based on longitudinal data
	Results
	Dynamic progression of the MetS
	Bayesian network learning of the forward progression of MetS and key factors
	Causal and evidential reasoning for the forward progression of MetS and key factors
	Bayesian network learning of the reverse recovery of MetS and key factors
	Causal and evidential reasoning for the reverse recovery of MetS and key factors

	Discussion
	Conclusion
	Methods
	Data source
	Definition of metabolic syndrome development and recovery
	Bayesian network
	Bayesian network inference
	Statistical analysis
	Ethics approval and informed consent

	References
	Acknowledgements


