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Purpose: This study sets out to explore the forecasting value in syphilis incidence of the Bayesian structural time series (BSTS)
model in Jiangsu Province.

Methods: The seasonal autoregressive integrated moving average (ARIMA) and BSTS models were constructed using the series from
January 2017 to December 2021, and the prediction accuracy of both models was tested using the series from January 2022 to
November 2022.

Results: From January 2017 to November 2022, the total number of syphilis cases in Jiangsu Province was 170629, with an average
monthly notification cases of 2403. The optimal model was ARIMA (1,0,0) (0,1,1) 12 (AIC = 663.12, AICc = 664.05, and BIC =
670.60). The model coefficients were further tested: AR1 = 0.48 (t = 3.46, P < 0.001), and SMA1 =—0.48 (t =2.32, P = 0.01). The
mean absolute deviation, mean absolute percentage error, root mean square error, and root mean square percentage error from the
BSTS model were smaller than those from the ARIMA model. The total number of syphilis cases predicted by the BSTS model from
December 2022 to December 2023 in Jiangsu Province was 29902 (95% CI: 16553 ~ 42,401), with a monthly average of 2300 (95%
CI: 1273 ~ 3262) cases.

Conclusion: Syphilis is a seasonal disease in Jiangsu Province, and its incidence is still at a high level. The BSTS model is superior to
the ARIMA model in dynamically predicting the incidence trend of syphilis in Jiangsu Province and has better application value.
Keywords: syphilis, trends, forecast, BSTS model, ARIMA model

Introduction

Syphilis is an infectious disease caused by Treponema pallidum. The disease is mainly transmitted through direct contact
with sex, blood, and mother to child. It can also be transmitted through contact with daily items or medical devices
contaminated by patients. It is highly infectious and is generally susceptible to infection among the population. In recent
years, the incidence rate of syphilis has increased.' Syphilis is prevalent worldwide. According to WHO estimates, there
are approximately 12 million new cases of syphilis worldwide each year, mainly in South Asia, Southeast Asia, and
Africa. In the past years, syphilis has grown rapidly in China and has become the sexually transmitted disease with the
largest number of reported cases. Among the reported syphilis cases, latent syphilis accounts for the majority, and
primary and secondary syphilis are also relatively common. In patients with primary syphilis, within 3 weeks after
infection, there is a single ulcer or multiple lesions in the genitals or other related body parts, accompanied by local
Lymphadenopathy; these symptoms are usually painless and self-resolved. The primary lesion subsides after 6—8 weeks,
followed by secondary manifestations, including fever, headache, and papules on the side, shoulders, arms, chest, or
back, typically involving the palms and soles of the feet. As the signs and symptoms subside, the patient enters a latent
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period, which may last for many years. Patients with a latent period of 1-2 years are still considered infectious, as the
risk of secondary syphilitic recurrence is 25%.% The number of reported cases of congenital syphilis is also increasing.
In Western Europe, the United States, and China, Syphilis has increased significantly in key populations such as gay
men.** Syphilis is still prevalent in low- and middle-income countries.® In 2016, WHO launched the initiative to
eliminate congenital syphilis. Syphilis is a highly contagious sexually transmitted disease that is classified as a Class
B disease for prevention and management. It can cause serious harm to human physical, psychological, and reproductive
health and is a public health and social issue of key concern. Syphilis is the second-leading cause of adverse pregnancy
outcomes, including fetal and neonatal deaths,’ resulting in a neglected issue and poses considerable challenges to many
health systems.

The severity and complexity of syphilis make it a significant public health concern. Its infectivity is extremely strong,
and its clinical manifestations after infection are complex, which can cause damage and pathological changes to almost
all tissues and organs of the body. In addition to direct disease, it will also increase the risk of HIV infection. The
incidence of syphilis has increased among HIV-infected patients both in Europe and in the USA, and especially in the
homosexual/bisexual transmission group.® If not treated early, this disease may persist for several years in a series of
clinical stages and lead to irreversible neurological or cardiovascular complications. In the late stage, it can cause
dysfunction, tissue damage, and even death. Preliminary data from 2021 shows that there are over 171000 syphilis cases
in all stages, an increase of 68% compared to 2017. In only one year from 2020 to 2021, syphilis cases will increase by
28%, which indicates that syphilis is still a major public health problem even during the COVID-19.’

In this study, Bayesian Structural Time Series (BSTS) model was used to predict the incidence trend of syphilis in
Jiangsu Province, and its prediction effect was compared with the seasonal autoregressive integrated moving average
(ARIMA) model to explore the application value, with a view to providing a reference basis for the formulation of
syphilis prevention and control policies and the optimal allocation of health resources.

Materials and Methods

Material

Obtain the syphilis incidence data from the Jiangsu Provincial Health and Family Planning Commission from
January 2017 to November 2022. The series from January 2017 to December 2021 was used as the training set, it
proved the predictive potential of BSTS method and its applicability and sufficiency in estimating the epidemiological
trend of syphilis incidence rate, and that from January 2022 to November 2022 as the test set to verify the prediction
accuracy of the model. This study protocol was approved by the study institutional review board of the Xinxiang Medical
University (No: XYLL-2019072). We collect data anonymously. This data is second-hand and publicly available, so it
does not need ethics.

ARIMA Model

The ARIMA model consists of three parts: “AR” represents an autoregressive model, “I” represents a difference, and
“MA” represents a moving average model. For periodic and seasonal time series, it can be expressed as ARIMA (p, d, q)
(P, D, Q)S (p is the number of non-seasonal AR orders, d is the number of non-seasonal differences, q is the number of
non-seasonal MA orders, P is the number of seasonal AR orders, D is the number of seasonal differences, and Q is the
number of seasonal MA orders).'®!" The ARIMA model modeling process includes:'?'* (D) Testing for stationarity. The
ARIMA model requires the data to be stationary. Various tests, such as the Augmented Dickey—Fuller (ADF) test, can
determine if a series is stationary. If the series is not stationary, it is essential to use differential and/or data transformation
methods to stabilize it. 2) Identifying ARIMA Parameters: The next step in constructing an ARIMA model is to identify
the appropriate orders of the AR and MA terms, as well as their seasonal counterparts. This can be done using
Autocorrelation Function (ACF) and Partial Autocorrelation Function (PACF) plots. Once the orders of the terms are
identified, the parameters of the ARIMA model can be estimated using the “coeftest” function in R. The estimated model
can then be summarized to review the coefficients of the AR and MA components, alongside associated statistics (eg,
p-values).
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A further step may include utilizing criteria such as Akaike Information Criterion (AIC), corrected AIC (AICc) or
Bayesian Information Criterion (BIC) for model selection, favoring models with lower values. 3 Model diagnostics are
crucial to confirm the adequacy of the fitted model. The residuals (difference between the predicted values and the actual
observations) should resemble white noise; they must be normally distributed with a mean of zero. Tools such as the
Ljung—Box test, ACF of residuals, and Q-Q plots can help assess these conditions. Any indications of autocorrelation in
the residuals may require model adjustments or selection of a different set of parameters. (4) Model prediction: With
a validated ARIMA model, we can now make forecasts. The model can predict future values based on historical data,
capturing the underlying patterns and seasonality. It is vital to evaluate forecast accuracy periodically as new data become
available, and to adjust the model as necessary to accommodate any changes in the data characteristics over time.

BSTS Model

Bayesian structural time series (BSTS) model generally uses the spike-slab prior regression component and Kalman
filters for the time series component. The BSTS model is a random state space model that can study trends, seasonality,
and regression components separately.'> The BSTS model combines prior information with a likelihood function to
generate a final Bayesian model. Use Bayesian model averaging and Kalman filtering to generate more accurate
predictions.'® Due to the use of Bayesian methods combined with Markov Chain Monte Carlo (MCMC) to estimate
the distribution of parameters, predictive values after intervention are estimated based on parameter distribution. Local
linear trends quickly adopt local changes, making them more suitable for short-term prediction.'” When predicting BSTS,
it does not rely on specific assumptions in the data. It can energize the posterior uncertainties of different components in
the sequence, impose a prior probability on the model, and smooth out the uncertainties in the sequence.'® Bayesian
methods can be effectively used to predict the pattern of this epidemic.'” When the ARIMA model predicts, it is assumed
that the time series has a linear trend of change, and when external explicit variables are included, it is easy to lead to
overfitting. 15 Short-term prediction performance is relatively high, but when the data generation mechanism is highly
non-linear, it may lead to prediction failure. BSTS models screen variables spike and slab regression to avoid overfitting.
It can effectively compensate for the shortcomings of ARIMA, which is also the reason why its prediction accuracy is
higher than ARIMA.

Statistical Analysis

Using the Hodrick—Prescott (HP) and seasonal index methods to analyze long-term trends, cycles, and seasonal index
(SI) of the data. The seasonal index calculation of syphilis is based on the average value of the same month over the years
as the numerator, and the monthly average value of each year as the denominator. The study was analyzed using
R software. The ARIMA model is calculated using the auto. ARIMA function available in the prediction package, while
the BSTS package is used to obtain the prediction of the BSTS model. The prediction accuracy of the proposed model is
compared with that of the ARIMA model using the mean absolute deviation (MAD), mean absolute percentage error
(MAPE), Root-mean-square deviation (RMSE), and root mean square percentage error (RMSPE). The above measures
can effectively determine the prediction accuracy of the model. These prediction accuracy standards indicate that an
improvement in prediction accuracy was observed under the BSTS model. Bayesian methods can be effectively used to
predict the patterns of this epidemic.

Results

From January 2017 to November 2022, the total number of syphilis cases in Jiangsu Province was 170629, the annual
incidence rate is 2.58/100000 people. The highest incidence rate of syphilis is 3.12/100000 people in 2021, and the
lowest incidence rate of syphilis is 2.58/100000 people in 2017. With an average monthly notification cases of 2403. The
cycle and trend pattern of syphilis incidence sequence decomposed by HP technology (Figure 1) indicated that the overall
incidence of syphilis in Jiangsu Province was on the rise, with a certain cyclical pattern. The seasonal index obtained by
the seasonal index method (Table 1) from January to December for syphilis was 0.86, 0.73, 0.95, 1.0, 1.08, 1.08, 1.14,
1.08, 1.06, 0.99, 0.96, and 0.98, indicating that there were seasonal fluctuations in the incidence of syphilis in Jiangsu
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Figure | Trend and periodic sequence of syphilis incidence and HP in Jiangsu province from January 2017 to November 2022.

Province, with the lowest incidence from January to February each year, followed by October to December; The highest
incidence occurred in July, followed by April June and August September.

ARIMA and BSTS Model Parameter Selection

ARIMA Model

We fitted the incidence series of syphilis in Jiangsu Province from January 2017 to November 2022 based on the
modeling steps of the ARIMA model. The ACF and PACF plots showed that syphilis had a significant correlation, but
there was no significant correlation in the time series after difference (Figure 2a). We thus identified five candidate
models, by simulating the ARIMA (1,0,0) (0,1,1),, structure, the corresponding AIC = 663.12, AICc = 664.05, and BIC
= 670.60 were minimized in all candidate models. Likewise, we ran the “auto.arima” function in R, which also identified
the ARIMA (1,0,0) (0,1,1), as the best possible model. Therefore, the structure is selected as the optimal model. The
model coefficients were further tested: AR1 = 0.48 (=3.46, P<0.001), SMA1=—0.48 (=-2.32, P=0.01), and the
coefficients passed statistical tests. The ACF and PACF plots of the model residuals suggested that the different lag
correlation coefficients basically fell within 95% CI (Figure 2b); the Ljung-Box Q test results indicated that the model
residual sequence belongs to a white noise series (X2:22.74, P=0.83). Therefore, the ARIMA (1,0,0) (0,1,1);, structure
has passed all diagnoses, indicating that it is capable of fully fitting the incidence trend of syphilis data.

BSTS Model

Trend components include the local-level model (assuming that the trend follows a random walk pattern, suitable for
short-term prediction), the local linear trend model (assuming that both the mean and slope of the trend follow a random
walk pattern, suitable for short-term prediction), and the semi-local linear trend model (assuming that the horizontal
component changes in a random walk pattern, but the slope changes in an autoregressive process centered on a non-zero
value, suitable for long-term prediction) and shared local-level model (assuming that the trend follows a multivariate

Table | Seasonal Index of Syphilis Obtained by Seasonal Index Method from
January to December

Month | Seasonal Index | Month | Seasonal Index | Month | Seasonal Index
| 0.86 5 1.08 9 1.06
2 0.73 6 1.08 10 0.99
3 0.95 7 1.14 Il 0.96
4 1.00 8 1.08 12 0.98
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Figure 2 ACF and PACF Plots after differential analysis of syphilis incidence sequence(a). ACF and PACF Plots of ARIMA (1,0,0) (0,1,1),, model residuals(b). ACF and PACF
Plots of BSTS model residuals(c).

random walk pattern, suitable for short-term prediction).?’ The best BSTS model was created by modeling the morbidity
series of syphilis using the 1000 times MCMC algorithm and using semi-local linear and seasonal state components. The
model diagnosis results showed that the correlation coefficients in the residual ACF and PACF plots fell within 95% CI
(Figure 2c); The Ljung-Box Q test results showed a x*=0.863 (P=0.65), indicating that the model residual series belongs
to a white noise series. The diagnosis results suggested that using BSTS model to simulate syphilis data is sufficient and

appropriate.

Prediction Results and Accuracy Evaluation Between BSTS and ARIMA Models

Table 2 lists the prediction results of the optimal ARIMA (1,0,0) (0,1,1);, and BSTS methods on the incidence of syphilis
from January 2022 to November 2022. In order to test the prediction robustness of the model, the ARIMA and BSTS
models were further reconstructed using the data from January 2017 to November 2022. The performance comparison
results using the optimal model ARIMA (1,0,0) (0,1,1);, and BSTS models for the prediction from January 2022 to
November 2022 showed that the prediction error indicators of MAD, MAPE, RMSE, and RMSPE under BSTS model
were all smaller than ARIMA (Table 3). The above results indicated that the prediction accuracy of BSTS was higher
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Table 2 Predicted Values of ARIMA (1,0,0) (0,1,1) |, and BSTS for Syphilis
Incidence from January 2022 to November 2022

Time Observed Values ARIMA BSTS
Forecast 95% CI Forecast 95% ClI

202201 2334 2286 1851~2722 2293 1813~2752
2022-02 2039 1880 1397~2362 1805 1170~2461
2022-03 2512 2719 2227~3212 2568 1824~3245
2022-04 2009 2878 2383~3373 2618 1850~3333
2022-05 2397 2972 2477~3468 2727 1872~3573
2022-06 2836 2915 2419~3410 2664 1763~3546
2022-07 2741 3094 2598~3589 2891 1919~3896
202208 2971 2639 2143~3134 2614 1599~3684
2022-09 2578 2802 2307~3298 2697 1618~3757
2022-10 238l 2702 2207~3198 2593 1497~3685
202211 2155 2579 2183~3174 2579 1504~3710

Table 3 Comparison of Prediction
Accuracy Between ARIMA  (1,0,0)
(0,1,1),2 and BSTS Models

Index | ARIMA Model | BSTS Model

MAD 335.55 245.82
MAPE 14.40 10.57
RMSE 407.33 295.08
RMSPE 0.18 0.13

than that of the ARIMA, and the prediction results are robust. Therefore, using the data from January 2017 to
November 2022, the BSTS model was reconstructed, and the number of syphilis cases from December 2022 to
December 2023 was predicted (Table 4 and Figure 3). It was showed that the total number of new cases in the next
13 months was 29902 (95% CI: 16553 ~ 42,401), with a monthly average of 2300 (95% CI: 1273 ~ 3262) cases. The
number of syphilis cases was still high and at a high level.

Discussion

The emergence and resurgence of syphilis as a public health concern in various regions around the world have generated
significant attention from health professionals, researchers, and policymakers alike. In Jiangsu Province, China, the
increasing incidence of syphilis poses challenges for health authorities tasked with developing effective prevention and
control strategies. With the advent of sophisticated statistical methods, such as the ARIMA model and the BSTS model,
the ability to accurately forecast disease trends has become more attainable and practical. Employing statistical models to

Table 4 Prediction Value of BSTS for Syphilis Incidence from November 2022 to December 2023

Time Observed Values | Forecast 95% CI Time Observed Values | Forecast 95% CI
2022-12 1340 2241 1693~2699 | 2023-07 3526 2602 1462~3689
2023-01 1308 2057 1508~2620 | 2023-08 3657 2471 1275~3563
2023-02 2173 1664 962~2387 | 2023-09 3290 2420 1139~3605
2023-03 2589 2348 1524~3157 | 2023-10 3548 2299 953~3461
2023-04 2686 2287 1350~3149 | 2023-11 3267 2259 928~3519
2023-05 3036 2475 1502~3358 | 2023-12 2758 2285 886~3607
2023-06 3038 2494 1371~3587
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Figure 3 Prediction of syphilis incidence by BSTS model from November 2022 to December 2023.

predict the incidence rates facilitates timely decision-making and effective allocation of resources to combat the spread of
this infection. In the research, various approaches to predicting the occurrence of epidemics were introduced. ARIMA
model was used to model and predict the incidence rate of syphilis in Jiangsu Province and performed well. The ARIMA
model is a widely utilized method for time series forecasting, particularly in situations where the data exhibit temporal
dependencies. This model operates on the principle that past values of a variable can inform future values. The advantage
of ARIMA lies in its capacity to handle both autoregressive and moving average components while integrating
differencing to ensure stationarity. However, it is ineffective for predicting the occurrence of infectious diseases that
may be influenced by a number of variables because it can only extract linear relationships from time series data.
ARIMA algorithm to forecast the incidence rate in the future. Despite the fact that these models are useful, their
forecasting ability has some drawbacks. When using covariates, the overfitting will arise because the ARIMA model’s
prediction is dependent on the preceding value of the series and the prior prediction error. In order to overcome these
limitations, Bayesian modeling methods have received attention in recent years. In contrast to the traditional ARIMA
approach, the BSTS model introduces a more flexible framework for time series analysis. The BSTS model incorporates
Bayesian inference, allowing for the integration of prior knowledge and uncertainty into the modeling process. It builds
upon the components of trend, seasonality, and regressors to provide a comprehensive view of the underlying processes
that shape the data. One of the significant advantages of the BSTS model is its ability to capture unobserved factors that
may influence syphilis incidence.'” For instance, the model can incorporate seasonal effects related to social behaviors or
public health interventions, which might not be adequately accounted for in traditional ARIMA models. By leveraging
the BSTS model, researchers can develop predictions that encompass a broader range of influencing variables, ultimately
offering a more nuanced forecast of syphilis trends.

It is reported that BSTS model has better performance than ARIMA model in predicting the incidence of tuberculosis
in China.'® Simultaneously, it is better than ARIMA model in predicting the trend of COVID-19 in Pakistan.'® Navid
Feroze used the BSTS model to predict the COVID-19 pattern and the causal impact of the blockade of the affected
countries in India, Brazil, the United States, Russia, and the United Kingdom. The results showed that the BSTS model
produced more accurate predictions than the ARIMA model.'” In forecasting the incidence rate of syphilis in Jiangsu, the
BSTS model performed better than the ARIMA model. As a result, it has been demonstrated that the BSTS model is
a promising substitute for the ARIMA model for forecasting disease trends. It has been established that the BSTS model
is successful at forecasting the incidence rate of infectious diseases in the future. The time series prediction algorithm
offers some distinctive benefits. First of all, they can make precise predictions by completely utilizing the time
information of the original dataset. Second, because the modeling procedure is straightforward, the model can be applied
generally. The time series model investigated in this study can be used to forecast the incidence of syphilis, allowing
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Jiangsu Province’s relevant departments to plan and implement quick-response actions that will maximize the prevention
and control effect of STDs and resource mobilization.

The implications of accurately forecasting syphilis incidence trends using the ARIMA and BSTS models are
multifaceted. First, precise forecasts enable public health authorities to anticipate surges in infection rates, thereby
facilitating preemptive measures. This capability is particularly critical in resource allocation and planning preventive
campaigns targeted at high-risk populations. Moreover, insights obtained from these statistical models can inform the
design and implementation of health education programs. Understanding when and where syphilis cases are likely to rise
can help health educators tailor their messages and outreach strategies effectively. For example, if forecasts indicate
a spike in cases during specific months, targeted awareness campaigns can be scheduled to address sexual health and safe
practices. Additionally, the integration of statistical forecasting can strengthen surveillance systems. By continually
updating the models with new data, health authorities can refine their predictions and respond dynamically to changing
trends. This responsiveness is vital in an era where the epidemiology of sexually transmitted infections is influenced by
factors such as mobility, behavior changes, and public policy. The use of ARIMA and BSTS models to forecast syphilis
incidence is not merely an academic exercise; it carries profound implications for health policy and system-level
interventions. Policymakers can utilize these predictions to justify the allocation of resources toward testing, treatment,
and preventive measures such as condom distribution and education about safe sexual practices. Furthermore, the
findings from these models can effectively inform legislative discussions on public health funding. By demonstrating
the potential for rising infection rates, health authorities can advocate for increased budget allocations to bolster public
health initiatives aimed at reducing syphilis incidence. Moreover, these models can play a pivotal role in fostering
collaboration among various stakeholders, including governmental agencies, non-governmental organizations (NGOs),
and community-based organizations. A shared understanding of the trend forecasts can unify efforts toward common
public health goals, leading to more comprehensive and effective campaigns. The research results showed that the
incidence of syphilis is still on the rise in recent years, and there are still many obstacles that need to be overcome before
the syphilis epidemic is fully controlled. During the epidemic, most of the medical resources were used to fight against
COVID-19, and the policy restricted people’s activities and incubation period, as well as people with mild symptoms
who were afraid of medical infection and other factors, people did not go to hospital in time. The easing of policies has
led to a sharp increase in the number of syphilis. Jiangsu Province exhibits an increase in syphilis. This is in line with
findings from US studies.”’ Syphilis control funding is limited, and relevant agencies use medical resources and funds to
prevent and contain the COVID-19 pandemic. Syphilis may become more widespread during the COVID-19 outbreak as
a result of this. Plans for syphilis prevention could stall. The findings of this research indicated that there is a general
increase in the incidence of syphilis in Jiangsu province, with significant seasonality and periodicity. Normal high
incidence months are July and August. It might be connected to changes in hormone levels caused by the seasons. The
findings of this research are in agreement with that of study conducted in China’s Guangdong Province.”> The seasonal
index method is used to obtain the seasonal index of syphilis, which shows that the incidence of syphilis in Jiangsu
Province has seasonal characteristics. The annual incidence trough of syphilis is in the Spring Festival per year, reaching
the lowest level in January and February of each year, but then rapidly rising to a relatively high level. This is consistent
with the research results of Zhixin Zhu et al on syphilis in China.*>** The reason may be that the patient did not see
a doctor or delayed seeing a doctor during the Spring Festival. We will improve syphilis prevention and control during
this time, create a complete syphilis prevention and control system, and promote early syphilis detection, early diagnosis,
early treatment, and early control. Effective public health interventions should be implemented by the relevant agencies,
such as monitoring syphilis cases, improving case report accuracy, and lowering the number of unreported, under-
reported, and false reports. Boost funding, broaden syphilis screening among the populace, and raise the discovery
threshold. We will enhance the management of floating populations and change unhealthy societal norms. The elderly,
expectant mothers, adolescents, and high-risk groups should receive more information and health instruction.
Additionally, it is important to improve supervision, share information on the prevention and treatment of STDs like
syphilis, conduct screening for high-risk groups, increase screening for important groups, and stop the spread of syphilis.

Jiangsu Province should implement comprehensive management strategies to lower the incidence rate of syphilis.
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Conclusion
The incidence trend of syphilis in Jiangsu Province is generally on the rise, with obvious seasonal and cyclical patterns;

compared to ARIMA model, BSTS model has better application value in predicting the incidence trend of syphilis, and

can be used to provide reference and technical support for the formulation of syphilis prevention and control strategies

and measures.
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