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The onset of the COVID-19 outbreak led to widespread adoption of mobility 
intervention policies, which were widely regarded as effective measures to 
control the spread of the virus. The initial pandemic wave, accompanied by the 
enforcement of mobility intervention policies, greatly changed human mobility 
patterns, especially cross-border mobility (CBM). This study investigates the 
impact of the first wave of the pandemic and related mobility intervention 
policies on the CBM of the senior population between Shenzhen and Hong 
Kong. Based on anonymous mobile phone trajectory data from 17 million 
devices active in Shenzhen spanning December 2019 to May 2020, we consider 
the implementation of mobility intervention policies during different stages 
of pandemic in both cities. We adopt interrupted time series (ITS) analysis to 
explore the causal effects of different mobility intervention policies on the 
CBM of older people between Hong Kong and Shenzhen. We find that most 
mobility intervention policies have a significant abrupt or gradual effect on 
the CBM of older people, especially in the 60–64 age group. As these policies 
neglect the mobility needs and characteristics among the senior groups, such 
as visiting relatives or friends and seeking medical treatment across borders, 
we suggest that more coordinated and integrated policies and measures are 
required to address the CBM needs of older people in Shenzhen and Hong 
Kong, especially in the post-pandemic era.
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1 Introduction

Population aging means not only that the number of seniors is constantly increasing 
but also that current seniors are living longer and are more active than previous generations 
and may still be  working or relaxing through travel after retirement, which involves 
crossing a wider geographical space and making more frequent long-distance trips than 
their predecessors (1). Existing research on the mobility and health of older people mainly 
focuses on their walking ability or their mobility using transportation tools within the city 
(2, 3). However, there is a need to bolster discussions regarding the cross-border mobility 
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(CBM) of the older adults and its associated health ramifications, 
particularly during and after COVID-19 periods.

Cross-border travel demand among older people may reflect 
their physical health or psychological needs, with a correlation to 
their health outcomes. For example, some studies have found that 
daily CBM, as a form of relatively long-distance travel, can improve 
the physical and mental health of older people (4). Moreover, the 
older adults with a CBM demand are often a group of retired 
immigrants seeking better or more cost-effective medical services. 
For example, among a group of Japanese retired seniors who have 
lived in Thailand for a long time, 35% received health check-ups in 
Thailand within 12 months, 51.7% received check-ups in Japan, 
and 13.3% received check-ups in both countries, with frequent 
cross-border mobility often driven by healthcare needs due to 
health issues (5).

A limited number of studies have investigated factors affecting 
CBM in the senior population, including long-term and daily 
CBM. Regarding long-term CBM on the one hand, different 
regulations existing on either side of the border between two 
countries regarding retirement benefits, medical conditions, and 
long-term care have promoting, hindering, or strengthening 
effects on retirement migration mobility across the border (6). 
Based on textual data collected through in-depth interviews, Hsu 
et  al. (4) found that the long-term CBM decisions of seniors 
between Hong Kong and mainland China are affected by both 
push-pull factors (e.g., living expenses and housing conditions) 
and life course determinants (e.g., past life experiences and 
previous housing history). Regarding short-term CBM on the 
other hand, some studies have found that culture and nature (e.g., 
visiting parks and rural or arts attractions), experience and 
adventure (e.g., traveling for enjoyment, escaping from one’s 
everyday routine, and novelty), and self-worth (e.g., visiting places 
where friends have not been or staying aligned with the travel 
experiences others engage in) are important correlates of choosing 
travel across borders (7).

Moreover, most CBM studies rely on qualitative research 
designs and methods with a relatively small sample size (8–10). 
Although qualitative analysis can reveal the underlying influencing 
factors of CBM, without quantitative analysis involving relatively 
large sample sizes, it often fails to test statistical relationships 
between the influencing factors and CBM, let alone the causality 
between them. Current studies on CBM based on quantitative 
analysis include descriptive statistics relating to mobility types or 
border crossers (11). These studies thus contribute to an evidence-
based understanding of the occurrence of CBM and its health 
effects. Furthermore, against the background of the COVID-19 
pandemic, the factors affecting the CBM of the older adults might 
have changed, influenced by mobility intervention policies during 
the pandemic, such as stay-at-home directives, lockdown 
measures, and travel bans. It is therefore also important to develop 
a causality-inference approach to track such time series treatment 
effects on the change in CBM.

To fill the abovementioned research gaps, this paper aims to 
examine how the first wave of the pandemic and related mobility 
intervention policies influenced the CBM of the senior population 
between Shenzhen and Hong Kong. Here, the border between 
Shenzhen and Hong Kong is a product of China’s “one country two 
systems” background. It is different from national boundaries as well 

as from boundaries between cities and regions.1 This study relies on 
anonymous mobile phone trajectory data from 17 million devices 
active in Shenzhen, providing a global perspective on seniors’ 
CBM. As abundant as the data is, it could be used to explain the 
causality between CBM and policies. We adopted an interrupted time 
series (ITS) research design to causally infer the effects of four stages 
of mobility intervention policies on the CBM flows of seniors 
between Hong Kong and Shenzhen.

This paper contributes twofold to the existing literature. First, it 
is among the first to estimate the causal effects of mobility intervention 
policies on seniors’ daily border crossings between Shenzhen and 
Hong Kong based on the ITS analysis. This helps to understand the 
impact of COVID-19 on older people’s CBM at different stages of the 
pandemic, when the two cities issued different mobility-related 
policies. This also helps us evaluate the effects of these mobility 
intervention policies between cities. Second, we  focused on the 
mobility reactions among different senior population groups, ranging 
from early old age (55–59) and middle old age (60–64) to old age 
(above 65), considering that mobility intervention policies have 
varying impacts on CBM and related health outcomes among senior 
groups. This becomes especially pertinent given the likelihood of 
future pandemic-related mobility restrictions and the need to tailor 
policies to different senior population ‘unique cross border needs.

2 Literature review

2.1 Relationships between daily mobility 
and health of the senior population

Mobility is closely associated with the physical and mental health 
of older people. The relationship between mobility and the physical 
health of older people mainly includes two aspects: daily activities 
involving non-medical activities and medical visits. On the one hand, 
in non-medical activities, the frequency of using cars or cycling 
displayed a positive correction with physical activity scale, measured 
by the time allocated to leisure-time physical activity (12). Active 
travel in later life, such as walking or cycling, can reduce the risk of 
disease and mortality (13, 14). On the other hand, medical conditions, 
as a key component of the “legal gate,” play an important role in the 
CBM of older people. The legal gate refers to the daily rules and 
regulations at different levels, such as places and countries, that 
promote or hinder population mobility between one jurisdiction and 
another. It includes retirement benefits, medical conditions, and 
long-term care. The two aspects of the research constitute the main 
ways in which mobility affects the mental health of older people.

1  Since Hong Kong’s return to the China in 1997, the demarcation between 

Hong Kong and mainland China has been officially referred to as a “boundary.” 

This term underscores the open border nature between Shenzhen and Hong 

Kong within a country, while highlighting the distinction between cities with 

different political systems within the same nation. However, in linguistic terms, 

“border” and “boundary” have only subtle semantic differences and are often 

used interchangeably. In this paper, we primarily employ “border” to denote 

the Shenzhen-Hong Kong boundary, consistent with common usage in related 

research.
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For older people in general, mobility has a positive impact on 
mental health, with reduced mobility potentially leading to increased 
feelings of loneliness and depression (15, 16). Research demonstrates 
that social participation is negatively associated with loneliness and 
life dissatisfaction; however, mobility inconvenience has been 
commonly mentioned as an obstacle to social participation (17, 18). 
Thus, mobility offers intrinsic benefits beyond meeting physical needs, 
notably in decreasing social isolation (19). This importance is 
amplified when considering a distinct demographic—seniors 
immigrants. Quantitative surveys in France and Switzerland have 
highlighted the adoption of a dual-residence strategy by many older 
immigrants, involving extended stays in their country of origin while 
designating their adult children’s residence as their primary one (20). 
This indicates that the essential role of CBM in meeting emotional 
needs and sustaining familial connections.

The decline in mobility during the COVID-19 lockdown has had 
a double impact on the physical and mental health of older people. 
According to Plagg et  al. (21), the COVID-19 pandemic led to 
increased social isolation and loneliness among older people, which is 
associated with a higher incidence of vascular and nervous system 
diseases. Reduced opportunities for physical activity are also harmful 
to health. Therefore, both physical and mental health impacts can 
cause serious illness and premature death among older people. Under 
COVID-19 pandemic conditions, CBM was particularly restricted 
(22). A study by Huang et al. (23) revealed that Hong Kong seniors 
choose to live in Guangdong, Fujian, and other places due to factors 
such as social environment, consumption level, care services, and 
other conditions. However, they often need to return to Hong Kong 
for medical issues. Unfortunately, the COVID-19 lockdown resulted 
in drug shortages for Hong Kong seniors living outside the city. 
Despite efforts by the Hong Kong Government and the Hong Kong 
Federation of Trade Unions to assist in transporting drugs from Hong 
Kong to those seniors’ places of residence, on-site treatment was 
unavailable. Seniors patients with new symptoms or unstable 
conditions consequently still faced challenges in accessing adequate 
healthcare, which impacted their physical health.

2.2 Different mobility needs and health 
effects among different levels of senior 
groups

The senior population is commonly subdivided by age into early 
old age (65–75 years old), middle old age (75–85 years old), and old age 
(over 85 years old), although age is not the only division criterion (24). 
According to “The Third Report on Aging” by the German Federal 
Ministry (25), mobility plays an essential role in enhancing one’s quality 
of life in later life. It enables older individuals to maintain their activity 
level and lead fulfilling lives. However, as age-related health conditions 
may limit individual mobility, it is no longer taken for granted as it was 
in the past. Therefore, people attach growing importance to mobility as 
they progress in age (26). More specific results among the senior groups 
show that younger older people (65–74 years old) display robust 
mobility and have a travel frequency similar to that of 50–64-year-olds, 
while older people over 75 years old decline significantly. Concerning 
travel distance, as age increases, younger older people experience a 
significant decline compared with middle-aged people, while older 
people experience an even more pronounced decline (24).

A limited amount of literature exists on the differences in mobility 
needs and health effects among the senior groups. Relevant studies 
tend to focus on the individual mobility of older people in each age 
group, such as the ability to walk or climb stairs, or the impact of 
urban mobility on the health of older people. For instance, Musich 
et al. (2) found that the proportion of moderate and severe mobility 
limitation levels increased gradually with the age of older people. 
Specifically, at the moderate mobility limitation level, the proportions 
of 65–69-year-olds and 70–79-year-olds are similar, but at the severe 
level, the difference between the two groups increases significantly. 
Additionally, older people over 80 have significantly higher 
proportions of both types of mobility limitation levels than the other 
two groups. However, research focusing on more extensive mobility 
among the senior groups is currently lacking. From the perspective of 
urban mobility, Haustein and Siren (27) found that driving ability can 
meet the travel needs of older people and has a significant impact on 
their health. In Boschmann’s study (28) on the urban mobility of older 
people, it was found that individuals aged 65 to 74 had the highest 
independent driving ability and perceived mobility, while those aged 
75 to 84 experienced a slight decline, and those over 85 declined 
significantly. However, the relationship between driving ability and 
mobility was not certain. Combining the findings from both studies 
reveals that the urban mobility of older individuals declines with age, 
and this decrease in mobility has a negative impact on their health.

During the COVID-19 pandemic, there was a significant decline 
in seniors’ mobility, which may have contributed to increased feelings 
of loneliness and social isolation, further affecting their health. Choe 
et al. (29) conducted a study in Hong Kong that further subdivided 
older individual differences (e.g., age and gender) and explored the 
influencing factors of daily mobility among the older individuals 
before and during the COVID-19 pandemic period. The study found 
that before COVID-19, the active travel behavior varied significantly 
among the senior groups. However, during the COVID-19 period, 
differences in older individuals’ characteristics (e.g., age and gender) 
did not significantly affect their active travel behavior. They attributed 
this phenomenon to the COVID-19 pandemic as an external 
condition that caused a decline in mobility. However, there remains a 
lack of in-depth exploration of this population’s CBM and the health 
effects among the senior groups during the COVID-19 pandemic.

In conclusion, although seniors have a strong demand for 
mobility, research on mobility and health among this group is 
currently limited to individual mobility or urban mobility. CBM also 
has an important impact on health; hence, further exploration is 
needed. Additionally, for special events, such as the COVID-19 
pandemic, that restrict mobility, relevant literature does not subdivide 
policy changes according to each stage of older adults’ mobility and 
health. Research on the policy impacts at each stage will help formulate 
targeted policies among the senior groups, addressing their special 
mobility and health needs.

3 Research data and method

3.1 Research area and data source

This study focuses on the cross-border flow of seniors between 
Shenzhen and Hong Kong during the first wave of the COVID-19 
pandemic (i.e., from December 2019 to May 2020). Shenzhen and 
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Hong Kong are two adjacent cities located in the Guangdong-Hong 
Kong-Macao Greater Bay Area in southern China (30, 31). However, 
due to Shenzhen being part of mainland China and Hong Kong being 
a special administrative region (SAR) of China with an independent 
political and legal system, the flow of people between Shenzhen and 
Hong Kong is a typical cross-border flow. The two cities are connected 
by various means of transportation, including cross-border high-
speed rail, subway, highway, and seaway. In addition, there are several 
border crossings between the two cities, including a total of 15 port 
crossings, such as Luohu Port, Futian Port, and Shenzhen Bay Port. 
Cross-border travelers are required to handle immigration and 
customs procedures at border checkpoints, and during the pandemic 
period, the freedom of population mobility at controlled 
ports decreased.

Shenzhen and Hong Kong have close relations, complement each 
other well, and have a large volume of cross-border flows. According 
to the Cross-boundary Travel Survey 2021 conducted by Hong Kong’s 
Planning Department, among travelers who traveled between Hong 
Kong and mainland China in 2021, those who usually reside in Hong 
Kong accounted for the largest proportion (63.3%) of the total number 
of travelers, while Shenzhen was the most popular destination for 
those residing in Hong Kong, accounting for 44.7% of total trips. 
People aged 25 to 54 years old conducted 68.2% of cross-border travel, 
while seniors aged 55 years old and above accounted for 21.1%. In 
terms of the purpose of travel from Hong Kong to mainland China, 
55.4% of people visit relatives and friends, 21.9% are on business trips, 
and 6.4% travel for work purposes. In addition, other purposes, such 
as leisure and medical treatment, account for 16.3%. It is evident that 
the primary driver of cross-border flow is the need to visit relatives 
and friends.

In this study, we investigate the changes in the CBM of the senior 
population between Shenzhen and Hong Kong from December 1, 
2019 to May 31, 2020. Our analysis is based on anonymous mobile 
phone trajectory data from 17 million devices active in Shenzhen, 
collected by China Unicom, one of China’s three major communication 
companies. This comprehensive dataset records a wide range of trips, 
tracking user locations during various activities, including phone calls, 
smartphone app use, internet use, and passive detection of movement 
activities, with updates every 30 min, enabling us to capture CBM data 
effectively. It includes details on the departure and arrival times of 
each recorded trip or movement, coupled with corresponding 
information about the origins and destinations of each anonymous 
user, as well as their demographic information, including age group 
and gender. Using the stay and move information, we identify cross-
border travel patterns and define a CBM as a directed move from 
Shenzhen to Hong Kong or from Hong Kong to Shenzhen. By 
aggregating all the moves in one direction by volume, we can estimate 
the number of CBM flows.

3.2 Changing mobility intervention policies 
and trends of daily cross-border seniors 
during the COVID-19 pandemic

On January 19, 2020, China’s National Health Commission 
confirmed the first case of COVID-19  in Shenzhen. Shortly 
thereafter, on January 22, Hong Kong also reported its first case of 
COVID-19. From December 2019 to May 2020, there were 462 

confirmed cases in Shenzhen and 1,084 in Hong Kong. Both cities 
implemented a series of mobility intervention policies to control the 
spread of the virus at different stages, including imposing travel bans, 
suspending the operation of port stations, enforcing compulsory 
quarantining, and providing information and guidance to the public, 
as listed in Table 1.

We divided the research period (from December 2019 to May 
2020) into the following five stages based on the implementation 
of four stages of mobility intervention policies in both cities and 
the spread of the virus: the pre-COVID-19 stage (before January 
15, 2020), the warning stage (January 15, 2020 to January 23, 
2020), the freezing stage (January 24, 2020 to February 23, 2020), 
the adjustment stage (February 24, 2020 to April 29, 2020), and the 
recovery stage (April 30, 2020 to May 31, 2020). Figure 1 illustrates 
the changes in senior CBM flow volume from Shenzhen to Hong 
Kong and vice versa, as estimated based on the mobile phone 
trajectory big data. According to the figure, the changes in the 
CBM of seniors were consistent in both directions. From Hong 
Kong to Shenzhen, the average cross-border flow of seniors was 
301 person-times/day before the pandemic. However, upon 
commencement of the warning stage, the average CBM flows of 
seniors declined to 222 person-times/day due to concerns about 
the human-to-human transmission of COVID-19. Subsequently, 
during the freezing stage, the CBM flow was constrained by 
Guangdong’s first-level response to a major public health 
emergency, resulting in a sharp drop to only 73 person-times/day. 
The freezing stage coincided with a surge in the number of cases of 
the virus in Shenzhen. On February 24, Guangdong Province 
decided to adjust the first-level response to a major public health 
emergency to a second-level response, and the adjustment stage 
saw a return of CBM flow to 139 person-times/day. During this 
stage, the number of cases in Shenzhen was under control, but the 
number of cases in Hong Kong rose. During the recovery stage, the 
number of cases in both Shenzhen and Hong Kong was under 
control, and Hong Kong enacted a favorable policy on CBM, 
leading to seniors crossing the border 192 person-times/day.

3.3 Research design and methods: an 
interrupted time series model

We adopted an interrupted time series (ITS) research design to 
causally infer the effects of four stages of mobility intervention policies 
on the CBM flows of seniors between Hong Kong and Shenzhen. An 
ITS is generally considered one of the most powerful quasi-
experimental designs for causal inference because it uses long-term 
series observations of behavioral trends (32). Specifically, an ITS 
estimates policy intervention effects by predicting the trend of 
pre-intervention observations as counterfactuals and comparing the 
predicted trend with the actual trend of post-intervention observations 
(33, 34). ITS analyses have found broad applications across various 
fields, notably in public health, clinical research, and guideline 
implementation. Some studies also have used ITS designs to estimate 
the causal effects of mobility intervention policies on residents’ travel 
behavior and intra-urban mobility during the COVID-19 outbreak 
(35, 36). In this study, we employ ITS analysis to deduce both the 
abrupt and gradual effects of mobility interventions on CBM among 
the seniors. Additionally, for ITS analysis, we adopt the multilevel 
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model. This model allows us to examine the seniors’ differences in the 
causal effects of mobility intervention policies.

Table 2 lists both dependent and independent variables for the ITS 
in accordance with the modelling specification provided below. For 
the dependent variable, we focused on the daily number of cross-
border flows of seniors between Shenzhen and Hong Kong. We used 
mobility intervention policies for seniors at different stages as 
independent variables and gender, the Spring Festival holiday, 
COVID-19 cases in Hong Kong and Shenzhen, and the day of the 
week as control variables.

We adopted a multilevel mixed-effects model to estimate policy 
effects in an ITS design. We established a two-level model, with Level 
1 comprising time-varying variables and Level 2 comprising socio-
economic characteristics measured at the group level, such as age. The 
Level-1 model is as follows:

Level 1: Time-varying model
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where the subscript i represents the different population groups 
based on age and gender, subscript t represents time (varies from 1 to 
183), and CBMit  is the dependent variable in the ITS model, 
representing the CBM of each age group of seniors between Shenzhen 

and Hong Kong over the research period. Moreover, Dayit  is the daily 
code for each day in the period of study, equaling 1 for the first day 
and 183 for the last; Stageit  represents the intervention of different 
time points, such as human-to-human transmission announcement, 
the highest-level response of the pandemic, which could be a vector 
of dummy variables; Timeit  is a vector of indicator variables that 
equals 0 before the interventions and counts from 1 (1,2, 3…) after the 
implementation of an intervention. Furthermore, we added several 
control variables, and Caseit  is a vector of new cases in Hong Kong 
(HK_Case) and Shenzhen (SZ_Case) at 183 days. We also added the 
Spring Festival holiday dummies (SFHoliday) and weekly dummies 
(Day of Week) to control for the possible holiday and weekly changes 
in CBM over the research period. Notably, due to COVID-19, the 
Spring Festival holiday in 2020 was extended from the regular seven 
days to 10 days (i.e., from January 24 to February 2, 2020). In the 
model, we centralized all control variables.

In detail, b0 represents the CBM on the day before the research 
period (i.e., day 0), given that all other impact factors are controlled 
for, and b1 is the average changing rate of CBM over time. Moreover, 
b2  reflects the abrupt effects (change in level) of mobility intervention 
policies on the change in CBM, and b3  is the change in trend from 
before COVID-19 to after interventions were introduced, thus 
referring to the causal effect in day-to-day trends or the change rate 
by day of each intervention effect. Finally, µit is the error term.

According to the research question, we proposed that the causal 
effects of CBM intervention policies may differ among the senior 
groups. Therefore, the coefficient in Equation 1 is influenced by age, 

TABLE 1  The five stages with different virus-spread status and mobility intervention policies in Shenzhen and Hong Kong.

Stages Time 
windows

Major mobility intervention policies and their mobility effects

Stage #0: Before 

COVID-19

2019/12/01–

2020/01/14

Although Hong Kong initiated a severe response level to the COVID-19 pandemic on January 4, 2020, which included enhanced health 

measures for individuals arriving from Wuhan at the port, no policy was formulated at this stage to interfere with cross-border mobility 

between Shenzhen and Hong Kong.

Stage #1: 

Warning Stage

2020/01/15–

2020/01/23

This stage commenced on January 15 when China’s National Health Commission issued the first edition of the COVID-19 diagnosis 

and treatment plan. Concurrently, the Hong Kong Food and Health Bureau declared that the virus’s limited human-to-human 

transmission could not be disregarded. Following the eruption of the pandemic in mainland China, on January 20 it was confirmed 

that the COVID-19 virus could be spread through human contact. This resulted in the implementation of more stringent policies in 

Shenzhen and Hong Kong to curb propagation of the virus, leading to a significant decrease in population mobility compared with that 

in the previous stage. In summary, the early measures for pandemic prevention and control centered on publicizing information and 

directing public opinion.

Stage #2: 

Freezing Stage

2020/01/24–

2020/02/23

Since Guangdong’s first-level response to a major public health emergency on the evening of January 23, Shenzhen and Hong Kong 

raised pandemic prevention and control to the highest level, suspending the operation of 10 port control stations and keeping only 

three open. On February 8, Hong Kong mandated a 14-day quarantine for most mainland visitors. Through mandatory measures, 

Shenzhen and Hong Kong controlled population mobility, reduced contact, lowered the risk of close contact, and shortened the 

effective transmission period of the infected. As a result, there was minimal daily mobility between Shenzhen and Hong Kong. On 

February 9, Shenzhen required a health code for entry and exit, which further restricted senior from traveling due to digital pandemic 

prevention measures.

Stage #3: 

Adjustment 

Stage

2020/02/24–

2020/04/29

Guangdong Province made the decision on February 24 to change from a first-level to a second-level response to a major public health 

emergency. Shenzhen’s pandemic prevention and control measures had been effective during this period, but Hong Kong had seen a 

surge in confirmed cases. As of midnight on March 19, all overseas visitors to Hong Kong, regardless of their residency status, were 

required to undergo 14 days of mandatory quarantine or medical surveillance.

Stage #4: 

Recovery Stage

2020/04/30–

2020/05/31

Public services were restored by the Immigration Department of Hong Kong on April 30, and mandatory quarantine was lifted for 

cross-border students, businesspeople, and professionals. Shenzhen and Hong Kong efficiently managed the COVID-19 outbreak, and 

due to their close economic and social ties, they eased mandatory quarantine requirements for specific groups through a series of 

exemption policies. However, the travel aspirations of seniors were not fulfilled during this period.
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FIGURE 1

Seniors population flows between Hong Kong and Shenzhen during the first wave of the COVID-19 outbreak.

and its functional relationship is given by the Level-2 model 
as follows:

Level 2: Time-invariant model considering age difference among 
the senior group:

	 00 02 0 ,β ς ς δ= + + + ∗ +oi i i iGender Gender01 03i iAge Ageς ς …	(2)

	
bb VVqi q iAge= + + =( )Vq qi q0 1 51 d , ~

	 … (3)

The vector Agei  consists of two dummy variables representing 
three different senior population groups: early old age (55–59), middle 

old age (60–64), and old age (65 and older), with early old age as the 
reference group. In Equation 2, Genderi is a dummy variable, where 0 
represents male and 1 represents female; V00 represents the mean of 
boi parameters for males in the early-old-age group indicating the 
average number of CBM for males in this group; VV01  is the difference 
in the average CBM between males in the middle-old-age or old-age 
groups and males in the early-old-age group; V02 is the difference in 
the means of CBM between males and females of early old age; VV03  
reflects the gender difference in the means of CBM from early old age 
to middle old age or old age; Vq0 are the mean values of bbqi  in the 
different groups; and dd i  is a random term that represents unobserved 
idiosyncratic differences among groups.

TABLE 2  Description of variables.

Variables Description Mean St. dev.

Dependent variable

CBM CBM flow of seniors from Hong Kong to Shenzhen 30.15 21.05

Independent variables

Day Daily code for each day in the period of study 92 52.85

Stage

Stage #1 The intervention at the time point of the Warning Stage 0.05 0.22

Stage #2 The intervention at the time point of the Freezing Stage 0.17 0.38

Stage #3 The intervention at the time point of the Adjustment Stage 0.36 0.48

Stage #4 The intervention at the time point of the recovery Stage 0.17 0.38

Time

Time #1 Daily code for each day after the intervention of the Warning Stage 0.20 1.04

Time #2 Daily code for each day after the intervention of the Freezing Stage 2.54 6.73

Time #3 Daily code for each day after the intervention of the Adjustment Stage 11.72 19.36

Time #4 Daily code for each day after the intervention of the recovery Stage 2.71 7.04

Age
Middle-old age dummy 1: Seniors aged 60–64; 0: other old groups. 0.33 0.47

Old age dummy 1: Seniors aged 65 and older; 0: other old groups. 0.33 0.47

Control variables

Case
HK_case New COVID-19 cases in Hong Kong 5.92 12.54

SZ_case New COVID-19 cases in Shenzhen 2.48 7.37

SFHoliday Spring Festival holiday dummies (1: from January 24 to February 2, 2020; 0: other days.) 0.07 0.25

Day of Week Weekly dummies, includes Monday to Saturday 0.14 0.35

Gender dummy 1: Female; 0: Male. 0.50 0.50
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4 Results

Table 3 presents the estimated results of the CBM of seniors from 
Hong Kong to Shenzhen in the ITS model. The results indicate 
significant differences in the CBM among the senior groups. Before 
the pandemic, CBM between Shenzhen and Hong Kong was dominant 
in the early-old-age group (90.66 person-times/day, p < 0.01), followed 
by the old-age group (50.88 person-times/day, p < 0.01) and the 
middle-old-age group (47.17 person-times/day, p < 0.01). At the same 
time, we observed a slight downward trend in the CBM of seniors: 
0.11 person-times/day (p < 0.01).

Figure  2 illustrates the estimated effects of mobility 
intervention policies on the CBM of seniors from Hong Kong to 
Shenzhen during the research period in the ITS model. At the start 
of the warning stage on January 15, there was no significant 
instantaneous effect of early information dissemination and 
guidance about COVID-19 on CBM among seniors. However, the 
policies implemented during this stage, which encompassed 
information dissemination and the shaping of public opinion, led 
to a sustained decline effect, with a rate of-4.53 person-times/day 
among the early-old-age group (p < 0.01), −2.37 person-times/day 
among the middle-old-age group (p < 0.01), and-2.2 person-times/
day among the old-age group (p < 0.01). Specifically, during the 
warning stage, the CBM of the early-old-age group decreased by 
5.43% per day (calculated as [−4.53–0.11]/[90.66–0.11*46], where 
46 represents the number of days counted from the initial date). 
For the middle-old-age group, CBM decreased by 5.91% per day, 
and for the old-age group, flows decreased by 5.05% per day. This 
indicates that the continuous impact of human-to-human 
transmission on reducing CBM is weakest for the old-age-group 
and strongest for the middle-old-age group.

During the freezing stage, which commenced on January 24, after 
Guangdong Province issued a first-level response, the CBM of seniors 
from Hong Kong to Shenzhen abruptly and significantly decreased. 
However, the immediate reduction effects of the first-level response 
on CBM varied among the senior groups. Particularly, the CBM of the 
middle-old-age group reduced immediately by 30.10 person-times 
(i.e., −54.68 + 24.58, p < 0.01). This reduction represents a substantial 
73.20% decrease from the expected flow on January 24, based on the 
pre-pandemic trend (i.e., − 30.10/[90.66–43.49 − 0.11*55] = 73.20%, 
where 55 represents the number of days counted from the initial day). 
Similarly, the flow of the old-age group also drastically decreased by 
73.20% (p < 0.01). By contrast, the flow of the early-old-age group 
experienced the smallest immediate reduction, at 64.61% (p < 0.01). 
These findings indicate that the first-level response policy had the 
strongest abrupt effect on CBM among the middle-old-age and 
old-age groups, while its effect on the early-old-age group was 
relatively weaker. Despite the tightening of intervention policies for 
CBM, some older population groups may still have had strong cross-
border needs, such as medical treatment.

During the adjustment stage, which started on February 24, 
when Guangdong Province lowered its response level from the first 
to the second level, the CBM of the senior groups showed varying 
levels of immediate and gradual recovery. Figure 2 illustrates that 
there were significant abrupt reductions in the CBM of seniors 
from Hong Kong to Shenzhen on February 24 compared with the 
counterfactual scenario (i.e., if there were no pandemic). 
Specifically, the flow of the early-old-age group decreased 

instantaneously by 54.86% (calculated as 44.55/[90.66–0.11*86], 
where 86 represents the number of days counted from the initial 
date), that of the middle-old-age group decreased by 73.19% (i.e., 
[−44.55 + 16.95] = −27.60 person-times), and that of the old-age 
group decreased by 61.34% (i.e., [−44.55 + 19.15] = −25.40 person-
times). However, during this stage, less reduction indicated a 
better recovery, which means that the early-old-age group 
exhibited the best recovery after the second-level response policy 
was issued, while the middle-old-age group experienced the lowest 
recovery. Furthermore, the negative effects of the second-level 
response policy were weakened over days with an upward change 
rate of 0.38 person-times in the early-old-age group (p < 0.01). The 
recovery in CBM among the old-age group was also reinforced by 
0.25 person-times over days (i.e., 0.38–0.13, p < 0.01). Meanwhile, 
the trend of CBM recovery for the middle-old-age group compared 
with that of the early-old-age group did not show a 
significant difference.

During the recovery stage, which began after Hong Kong’s 
Immigration Department resumed public services on April 30, the 
CBM of seniors from Hong Kong to Shenzhen abruptly and 
significantly increased in the early-and middle-old-age groups 
compared with that in the previous adjustment stage. However, it 
has not yet returned to pre-pandemic levels. Compared with the 
counterfactual no-pandemic scenario, the CBM of the early-old-age 
group decreased by 11.01% (i.e., 8.14/[90.66–0.11*152, p < 0.01], 
where 152 represents the number of days counted from the initial 
day), and the CBM of the middle-old-age group decreased by 
10.87% (p < 0.01). In addition, the decline effects for the old-age and 
early-old-age groups did not show a significant difference. 
According to the results, the middle-old-age group displayed the 
best recovery. Overall, these findings suggest that the older adults 
did not resume CBM promptly during the recovery stage, possibly 
due to slow information reception and limited familiarity with 
digital reporting appointments (37). Additionally, some older adults 
likely experienced anxiety or fear related to the pandemic, which 
could have also contributed to their hesitation to resume cross-
border travel (38).

Table 4 lists the senior groups that were most and least affected 
by the changes in each period. Based on the results of the ITS 
model, the mobility intervention policies implemented during the 
warning and freezing stages demonstrated noteworthy negative 
impacts on CBM, whereas the policies enacted during the 
adjustment and recovery stages yielded positive effects. As a result, 
the assessment of policy impacts in the first two stages focuses on 
the extent of CBM decline among the senior groups, while the 
evaluation in the latter two stages measures the level of CBM 
recovery. For instance, the early-old-age group was less sensitive to 
the freezing stage policy but reacted more to the adjustment stage 
policy. The middle-old-age population, except for having the 
smallest response to the adjustment stage policy, was most affected 
by other policies. The old-age group was the most affected group 
during the freezing stage, but was the least affected by the warning 
and recovery stage policies. Moreover, we also found that while the 
CBM flows of female seniors were consistently smaller than those 
of men, these gender-based differences in CBM decreased with an 
increase in age. We also explored the sensitivity analysis to test the 
robustness of our results. The results of the ITS model from 
Shenzhen to Hong Kong are in the Supplementary Table S1.
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TABLE 3  Estimated coefficients of variables in the ITS model (Dependent variable: daily CBM volume from Hong Kong to Shenzhen).

CBM From Hong Kong to Shenzhen

Variables Coef. St.Err. p value

Pre-pandemic level and trend

Day (the trend over time) -0.11 *** 0.03 0.00

Early old age (55–59, as reference, the level on day 0) 90.66 *** 1.18 0.00

Middle old age (60–64, compared to early old age) −43.49 *** 1.08 0.00

Old age (65+, compared to early old age) −39.79 *** 1.08 0.00

The abrupt effects on CBM flows during four stages among three senior groups

Stage #1: Warning Stage

Early old age (as reference, the level change in the Stage #1) −5.60 3.42 0.10

Middle old age (compared to early old age) 5.01 4.09 0.22

Old age (compared to early old age) 5.40 4.09 0.19

Stage #2: Freezing Stage

Early old age (as reference, the level change in the Stage #2) −54.68 *** 2.74 0.00

Middle old age (compared to early old age) 24.58 *** 2.47 0.00

Old age (compared to early old age) 21.87 *** 2.47 0.00

Stage #3: Adjustment Stage

Early old age (as reference, the level change in the Stage #3) −44.55 *** 2.45 0.00

Middle old age (compared to early old age) 16.95 *** 1.85 0.00

Old age (compared to early old age) 19.15 *** 1.85 0.00

Stage #4: Recovery Stage

Early old age (as reference, the level change in the Stage #4) −8.14 * 4.39 0.06

Middle old age (compared to early old age) 4.83 ** 2.44 0.05

Old age (compared to early old age) 2.66 2.44 0.28

The gradual effects on CBM flows during four stages among three senior groups

Stage #1 × Time #1: Warning Stage

Early old age (as reference, the slope change in the Stage #1) −4.53 *** 0.68 0.00

Middle old age (compared to early old age) 2.16 *** 0.84 0.01

Old age (compared to early old age) 2.33 *** 0.84 0.01

Stage #2 × Time #2: Freezing Stage

Early old age (as reference, the slope change in the Stage #2) 0.04 0.13 0.78

Middle old age (compared to early old age) −0.09 0.13 0.49

Old age (compared to early old age) −0.03 0.13 0.81

Stage #3 × Time #3: Adjustment 

Stage

Early old age (as reference, the slope change in the Stage #3) 0.38 *** 0.05 0.00

Middle old age (compared to early old age) −0.01 0.04 0.88

Old age (compared to early old age) −0.13 *** 0.04 0.00

Stage #4 × Time #4: Recovery Stage

Early old age (as reference, the slope change in the Stage #4) 0.05 0.11 0.61

Middle old age (compared to early old age) 0.05 0.12 0.71

Old age (compared to early old age) 0.15 0.12 0.24

Control Variables

Gender

Early old age (the difference between male and female) −38.74 *** 0.96 0.00

Middle old age (compared to early old age) 18.91 *** 0.96 0.00

Old age (compared to early old age) 22.10 *** 0.96 0.00

Holiday −0.57 1.07 0.60

HK_Cases −0.03 0.02 0.16

SZ_Cases −0.11 ** 0.05 0.02

Monday 1.83 ** 0.73 0.01

Tuesday 2.52 *** 0.73 0.00

Wednesday 3.28 *** 0.73 0.00

Thursday 2.90 *** 0.73 0.00

Friday 4.46 *** 0.73 0.00

(Continued)
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5 Conclusions and discussion

This study takes the CBM between Shenzhen and Hong Kong as 
an example and divides the research period from December 2019 to 
May 2020 into the following five stages based on the four 
implementation statuses of mobility intervention policies and the 
spread of the virus: the pre-COVID-19 stage, the warning stage, the 
freezing stage, the adjustment stage, and the recovery stage. Using 
anonymous mobile phone trajectory data from China Unicom at the 
Shenzhen-Hong Kong border, this study explores the causal effects of 
different mobility intervention policies among the senior groups and 
the disparities in these individuals’ responses to mobility intervention 
policies through ITS analysis.

Regarding CBM between Shenzhen and Hong Kong during the 
first wave of COVID-19 pandemic, there were age-related differences 
in how older individuals responded to mobility intervention policies 
in different stages. Overall, the 55–64 senior group was the most 
affected group by the impact of mobility intervention policies. This 
finding indicates that this group, compared with the 65+ senior group, 
had stronger adaptability to changes in mobility intervention policies, 
with a more substantial reduction in mobility during stringent 
restrictions and a subsequent increase in CBM following the 
implementation of recovery policies. This may be attributed to the fact 
that the age group of 55–64 relies more on CBM for various purposes, 
such as work, family visits, and leisure activities, which results in more 
pronounced responses to policy changes.

TABLE 3  (Continued)

CBM From Hong Kong to Shenzhen

Variables Coef. St.Err. p value

Saturday 2.22 *** 0.73 0.00

Mean dependent var 30.152 SD dependent var. 21.053

Number of obs 1,098 Chi-square 10502.763

Prob > chi2 0.000 Akaike crit. (AIC) 7313.644

Robust standard errors in parentheses: *** p < 0.01, ** p < 0.05, * p < 0.1.

FIGURE 2

Estimated causal effects (abrupt and gradual) of the intervention policies on cross-border flows among the different senior groups.

TABLE 4  Comparison of policy impacts among the senior groups.

Time point of 
period change

Warning stage 
(2020/01/15–
2020/01/23)

Freezing stage (2020/01/24–
2020/02/23)

Adjustment stage 
(2020/02/24–
2020/04/29)

Recovery stage 
(2020/04/30–
2020/05/31)

Most Affected Age Group Middle old age (age 60–64) Middle old age (age 60–64), Old age (age 65+) Early old age (age 55–59) Middle old age (age 60–64)

Least Affected Age Group Old age (age 65+) Early old age (age 55–59) Middle old age (age 60–64) Old age (age 65+)
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By contrast, the 65+ age group was less affected by mobility 
intervention policies. This tendency could be attributed to several 
factors. Firstly, it may be  due to reduced sensitivity among 
individuals aged 65 and above in acquiring and comprehending 
new policies. Furthermore, their strong emphasis on physical 
health may lead them to prioritize conservative travel strategies 
aimed at reducing infection risks. In line with this, Choe et al. (29) 
similarly proposed that during the pandemic, more physically 
active older individuals were more likely to experience a reduction 
in their daily activity levels, while those of older age experienced a 
lesser decline in their mobility. Furthermore, Perracini et al. (38) 
also found that seniors under the age of 70 were significantly more 
affected by pandemic prevention and control policies compared to 
those aged 70 and older, attributing this difference to their higher 
employment rates.

This study provides the first estimation of the causal effects of 
mobility intervention policies on the daily CBM of older individuals 
between Shenzhen and Hong Kong. Although Shenzhen and Hong 
Kong established unified requirements and regulations in emergencies, 
effectively reducing CBM in different senior groups, there is still a lack 
of exploration into the differences in policy responses and activity 
patterns among the senior groups. Furthermore, this study 
underscores the importance of formulating age-specific policies, 
providing valuable insights for future research and policy 
development. For instance, since individuals aged 55–64 often have 
more frequent commutes and may frequently find themselves in 
caregiving and work roles, it is advisable for the governments of 
Shenzhen and Hong Kong to collaborate and ensure policy 
coordination to reduce inconveniences for older individuals 
commuting across the border. Additionally, heightened attention to 
psychological health, addressing feelings of solitude and social 
isolation due to mobility constraints, is essential. Furthermore, there 
is a need to provide tailored health services and information to 
individuals aged 65 and above. This will assist them in better 
comprehending and adapting to new policies and measures, as well as 
in accessing essential cross-border medical services and support.

However, the study has several limitations. Firstly, the data in 
this study originated from China Unicom. While it is one of the 
major telecom operators in mainland China and Hong Kong, it 
does not encompass data from other carriers. Hence, our analysis 
cannot represent all cross-border travel behaviors of the older 
adults in Shenzhen and Hong Kong. Although this study could 
determine how the CBM of the older adults is affected by mobility 
intervention policies, the underlying reasons and corresponding 
policies must still integrate multi-source data. Secondly, due to the 
data limitation, this study did not compare the CBM of the older 
adults with that of other age groups, which could reveal distinctive 
CBM traits among the older adults during the pandemic. 
Furthermore, although age is closely related to health issues and 
serves as a practical criterion for swift policy development in 
emergencies, it is essential to consider the underlying factors 
behind age, such as health conditions, basic living conditions, and 
medical records. Future studies should therefore aim to expand 
data sources, conduct cross-age comparisons, consider the factors 
associated with age, and explore the reasons and mechanisms 
behind the policies in depth. Such investigations would enhance 
current understanding of the factors affecting the CBM of the older 
adults and thus provide more targeted recommendations and 

guidance for future pandemic prevention and control as well 
as policymaking.
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