
Computational and Structural Biotechnology Journal 20 (2022) 4052–4059
journal homepage: www.elsevier .com/locate /csbj
Path to normality: Assessing the level of social-distancing measures
relaxation against antibody-resistant SARS-CoV-2 variants in a partially-
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Introduction: Two years into the coronavirus 2019 (COVID-19) pandemic, populations with less built-up
immunity continued to devise ways to optimize social distancing measures (SDMs) relaxation levels for
outbreaks triggered by SARS-CoV-2 and its variants to resume minimal economics activities while avoid-
ing hospital system collapse.
Method: An age-stratified compartmental model featuring social mixing patterns was first fitted the inci-
dence data in second wave in Hong Kong. Hypothetical scenario analysis was conducted by varying pop-
ulation mobility and vaccination coverages (VCs) to predict the number of hospital and intensive-care
unit admissions in outbreaks initiated by ancestral strain and its variants (Alpha, Beta, Gamma, Delta
and Omicron). Scenarios were ‘‘unsustainable” if either of admissions was larger than the maximum of
its occupancy.
Results: At VC of 65%, scenarios of full SDMs relaxation (mean daily social encounters prior to COVID-19
pandemic = 14.1 contacts) for outbreaks triggered by ancestral strain, Alpha and Beta were sustainable.
Restricting levels of SDMs was required such that the optimal population mobility had to be reduced to
0.9, 0.65 and 0.37 for Gamma, Delta and Omicron associated outbreaks respectively. VC improvement
from 65% to 75% and 95% allowed complete SDMs relaxation in Gamma-, and Delta-driven epidemic
respectively. However, this was not supported for Omicron-triggered epidemic.
Discussion: To seek a path to normality, speedy vaccine and booster distribution to the majority across all
age groups is the first step. Gradual or complete SDMs lift could be considered if the hybrid immunity
could be achieved due to high vaccination coverage and natural infection rate among vaccinated or the
COVID-19 case fatality rate could be reduced similar to that for seasonal influenza to secure hospital sys-
tem sustainability.

� 2022 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

With more than 290 million reported cases and 5 million asso-
ciated deaths [1], the ongoing Coronavirus Diseases 2019 (COVID-
19) pandemic is the most challenging public health crisis since the
1918 influenza pandemic. Public health authorities worldwide had
been mitigating the pandemic with non-pharmaceutical interven-
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tions (NPIs) and vaccination programs. Social distancing was one of
the primary NPI strategies disrupting diseases transmission by
reducing social contacts [2], but it also delivered a heavy bow to
worldwide socioeconomics. The resurgent epidemic and burden
of severe infections were likely driven by the decline in vaccine
effectiveness (VE) against infection and severe outcomes with
recent variants [3–5], vaccination arrangements ineligible or not
suitable to specific groups (such as children under five [6,7] and
individuals allergic to vaccine [8,9], low vaccination coverage
(VC) in vulnerable subpopulations (such as elderly, individuals
with medical underlying conditions such as immunocompromised
patients), and antibody waning among vaccinated.

The immunity level induced by vaccines or naturally acquired
from the previous epidemic waves in the general population
served as a proxy indicator to inform the subsequent infection con-
trol policies. Low case hospitalization and mortality rates in Omi-
cron outbreak were observed in some populations with high
immunity levels, such as the United Kingdom and Denmark, to
allow them to completely uplift SDMs [10,11]. However, for some
populations with low two-dose vaccine uptakes of less than 40%
among individuals aged 60 or above (such as Bosnia and Herzegov-
ina and Bulgaria) [12], amid Omicron spread, complete relaxation
of the SDMs to level in pre-COVID period could result in the over-
burden of hospitalization and deaths. Before a high population
immunity level is achieved, policymakers should refine SDMs pol-
icy accordingly to reconcile economic activities and hospital sys-
tem capacity against the upcoming pandemic.

Here, we used Hong Kong, a densely populated international
city in China with a very strong social connectivity of 14.1 daily
social-encounters during winter season [13], low COVID-19 vac-
cine uptake rate among the elderly aged 80, or over of 30% [14]
and less than 0.2% of the population infected in the previous epi-
demic waves [15], as an example to examine the optimal SDMs
relaxation level in a partially-vaccinated population during an epi-
demic. We explored the outbreak scenarios initiated by importa-
tion of different SARS-CoV-2 variants without overwhelming the
capacity of the hospital system.
2. Methods

2.1. The computational model

A deterministic population-based age-stratified compartmental
model was developed based on the Susceptible-Exposed-Infec
tious-Removed (SEIR) framework. The model simulated the trans-
mission of the SARS-CoV-2 virus and its variants due to importa-
tion cases in the Hong Kong population stratified in 5 age groups
(0-4, 5-19, 20-39, 40-64, and 65 years or over) to account for differ-
ential age-dependent susceptibility to COVID-19 infection and pat-
terns of social-encounters which differentiated likelihood of their
virus exposure in the community. To quantify the social interaction
level among the general population during the COVID-19 period,
we employed the age contact mixing patterns from a local longitu-
dinal study [13] and retrieved the time series data of a composite
population mobility measure, the Apple Mobility Index ðmobt) [16],
which measured the change in volume of people walking in their
communities, as a proxy of measuring the social interactions
among the general population. Similar to a previous epidemiolog-
ical study [17], we used mobt to quantify the effects of SDMs.

Susceptible-individuals were classified into 7 statuses depend-
ing on their vaccine choices (BNT162b2 or Coronavac) and number
of doses received. Upon being infected, susceptible-individuals
become exposed (E) but not yet being infectious. Exposed-
individuals became infectious after a latent period. A portion of
infectious-individuals were subclinical (IS); they were infectious
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but without noticeable symptoms. A portion of infectious-
individuals entered the pre-clinical infectious status IP followed
by the clinical infectious status IC . We assumed subclinical infec-
tions were 50% as infectious as preclinical and clinical infections
based on results from a prior study [18]. A portion of clinical
infectious-individuals and subclinical infectious-individuals were
confirmed at hospitals (H) and were isolated from the community.
Individuals with undetected clinical infectious status (ICN) and
undetected subclinical infectious status (ISN) would subsequently
enter a removed status (R) due to self-isolation or recovery. We
assumed all recovered-individuals were not re-infected within
the study period. The vaccine-induced antibodies wanes over time
depending on the vaccine choices and dosages received. The details
of the model were summarized (Fig. 1 and Supplementary
Appendix).

2.2. Model fitting and scenario evaluations

We defined the period of the second epidemic wave in Hong
Kong from 5th July to 31st August 2020. This wave had the lowest
mean population mobility of 0.44 among the first three epidemic
waves up to the end of 2021. All local confirmed infections were
hospitalized for isolation with mean hospital stay of 15 days, mean
ICU stay of 17 days during this epidemic wave [19]. We fitted the
model to the incidence of this wave with the respective mobt

(Fig. 2C) to estimate some epidemic transmission parameters in
Table S4 using a Markov chain Monte Carlo approach.

With the parametrized model, we simulated the epidemic initi-
ated independently by each of ancestral strain and its five variants
(Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and
Omicron (B.1.1.529)) to evaluate the interplay between two deter-
minants: (a) the proportion of the general population receiving the
first COVID-19 vaccine dose (hereafter, denoted as VC) (65%, 75%,
85%, and 95%) and (b) mobt (from 0.1 to 1) to reflect the potential
SDMs relaxation among the general population. We defined the
proportion of 2-dose recipients receiving boosters (BC) in the base-
line scenario was 30 % and the simulation period was 365 days. We
incorporated the variant-specific transmissibility and severity into
the model (see Supplementary Appendix section 3). Variant-
specific vaccine effectiveness against infection and severe disease
was taken into consideration (Supplementary Appendix Table S2
and S3). There were four key model assumptions. First, the simu-
lated epidemic kicked off with only one dominant variant spread-
ing in the community on 1st January 2022 at a baseline VC of 65%
(Table S1). Six months had passed from the mean month of popu-
lation receiving their second vaccine dose of July 2021 [20] at the
beginning of epidemic. We featured the waning of neutralizing
antibodies by discounting the variant-specific VE against infection
and severe infection at 2 weeks after second doses with scaling fac-
tors (i.e., s1 � s4, Supplementary Table S2 and Table S3). The wan-
ing of boosting antibodies was also characterized with a constant
rate (see below). The vaccine-dose-variant-specific VE against
infection and severe infection were summarized (Supplementary
Table S2 and Table S3). Second, VC and proportion of 2-dose recip-
ients receiving boosters (BC) remained constant in the simulated
epidemic. The baseline BC was assumed to be 30%. Third, we
assumed a closed system with a constant 7.5 million population
throughout and no hospital burden contributed by imported cases.
Fourth, only a proportion of infections was identified or reported
(i.e., detection rate of clinical and subclinical cases ranging from
29% to 95% and 7% to 53% respectively. Of newly confirmed cases,
only 8% of them were required to be hospitalized for treatments
(see Supplementary Appendix).

Using maximum hospital beds of 1990 and ICU beds of 373 as
sustainable occupancy threshold to maintain the COVID-19 associ-



Fig. 1. SEIR model schematic. Individuals were classified into the following infection classes: susceptible (including vaccinated and unvaccinated individuals), exposed (but
not yet infectious), infectious (including preclinical, clinical, and subclinical infections), and recovered (including hospital confirmed, recovered, and removed individuals).
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ated burden in hospital capacity in Hong Kong (see Supplementary
Material), scenarios were defined as ‘‘unsustainable” if either crite-
rion is true: 1) any 15-day moving averages (Mas) of newly hospi-
tal admissions (hereafter, metric A); 2) any 17-day Mas of the
number of cases in ICU (hereafter, metric B) in the simulated epi-
demics were larger than the respective sustainable threshold or
vice versa. We defined mobt to be optimal at a specific VC if both
metric A and B were comparable to the sustainable threshold.

A suite of sensitivity analyses were conducted by 1) increasing
BC from 30% to 40% and 50%; 2) varying the maximum daily hos-
pital or ICU bed capacity by 1.3, 2 and 3 times boost for the poten-
tial construction of a mega makeshift hospital with the support of
the Central government of China [21] and 30% reduction for
increase in hospital admissions due to other disease; 3) reducing
the COVID-19 severity equivalent to that of seasonal influenza with
hospitalization rate of 0.75% [22] and case fatality rate of 0.1% [23]
and 4) increasing the baseline population infection induced immu-
nity by assuming 68% of the population had been infected with
Omicron (1,280,000 reported cases [15] with a case reporting rate
of 25%) at the start of the simulation.
3. Results

3.1. Model fitting to epidemic wave 2

Our model successfully reproduced the epidemic curve of the
second epidemic wave in Hong Kong (Fig. 2A). The scale factor
(kt) inversely reflected the efficiency of contact tracing. The factor
decreased initially in the second epidemic wave and stayed at low
levels, indicating a high contact-tracing efficiency, after 5th August
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(Fig. 2B). mobt decreased before 2nd August and then increased
afterwards (Fig. 2C). Our fitted model suggested undetected clini-
cal cases had additional 3.06 days (95% CI: 2.06, 3.94) of being
infectious than detected clinical cases (Table S5). The detection
rate of subclinical cases gradually increased from 47% to 56% in
the entire epidemic (Fig. 2D).
3.2. Scenario analysis

3.2.1. Baseline vaccination coverage of 65 %
Given the baseline scenario at VC of 65% and BC of 30%, full

SDMs relaxation (mobt = 1) with mean daily social-encounters of
14.1 contacts/day as in the pre-COVID period was feasible without
overwhelming the hospital capacity in both hospital and ICU
admission for outbreaks initiated by ancestral strain, Alpha and
Beta variant (Fig. 3). There were 1880853, 4,373,429 and
4,911,424 infections due to ancestral strain, Alpha and Beta vari-
ants and the respective ICU admissions rates were 0.20%
(n = 3,768), 0.51% (n = 22,428) and 0.30% (n = 14,878) (Fig. 4B).
At this VC level, when mobt dropped to 0.44 as observed in wave
2, epidemics driven by Gamma and Delta would not collapse the
hospital system. However, for Omicron under this scenario, an
additional 390 daily hospital beds and 10 ICU beds for 26 days
could ensure the hospital system functions properly. Varying levels
of SDMs tightening were required such that the optimal meanmobt

had to be reduced to 0.9, 0.65, and 0.37 or optimal mean daily
social-encounters (hereafter, denoted as contacts) to 12.7, 9.17
and 5.22 for Gamma, Delta and Omicron associated outbreaks,
respectively. The estimated total number of infections and
infection-ICU admissions rates under the scenario of the optimal



Fig. 2. Overview of the epidemic curve estimates, population mobility, and estimates of time-varying parameters in the model fitting process during the second epidemic
wave. (A) Observed and fitted daily number of new cases. Black points and blue curve embedded by blue shaded region represented the observed data and mean model fitted
estimates and corresponding 95% credible intervals. (B) Estimated time-varied scale factor representing the contact-tracing efficacy. The green curve embedded with light
green shaded areas represented mean estimates and corresponding 95% credible intervals. (C) Daily population mobility index. (D) Estimated probability of a sub-clinical case
reported by hospitals. The dark orange curve embedded by the light orange shaded region represented the mean estimates and corresponding 95% credible intervals. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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mobt at baseline VC by variants are Gamma, 4,839,632 and 0.44%
(n = 21,181); Delta, 4,503,601 and 0.57% (25,517) and Omicron,
5,021,508 and 0.27% (n = 13,636) (Fig. 4B).
3.2.2. Vaccination coverage of 75 %, 85 %, and 95 %
Increasing VC from 65% to 75% and 95% allowed complete SDMs

relaxation in Gamma and Delta-driven epidemic, respectively.
However, SDMs still needed to be exercised during the Omicron
spread even VC was up to 95%. Complete SDMs relaxation at VC
of 95% resulted in 6,961,525 Omicron infections, which accounted
for 92.8% of the population and 0.07% infection-ICU admission rate.
The hospitals would be unsustainable for 33 days, with an average
of 1572 daily cases overburdened for hospitalization but no over-
burden for ICU. VC improvement from 65% to 95% only allowed less
prominent SDMs relaxation for epidemic driven by Omicron with a
21.8% increase in optimal mobt from 0.37 (5.22 contacts) to 0.44
(6.20 contacts). In other words, at a high VC of 95%, for the
Omicron-initiated epidemic, achieving the lowest level of the
mobility index of 0.44, barely avoid the overburden of the hospital
system. However, the benefit of increasing population VC was
highlighted by decreasing ICU admission rates among Omicron-
associated infections from 0.27 to 0.067%.
3.3. Sensitivity analysis

Our findings were sensitive to daily hospital bed capacity.
Under the baseline scenario, surge in capacity by 30% allowed
entire SDMs relaxation for epidemic driven only by pre-Gamma
and Gamma variants. There were some rooms of SDMs relaxation
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for Omicron-associated epidemics in terms of an increase in opti-
mal mobt from 0.44 to 0.53 (Figure S1F). Entire SDMs relaxation
was not feasible for Delta and Omicron-associated epidemic (Fig-
ure S2) even the baseline daily capacity in hospital and ICU beds
was doubled. The optimal mobt increased from 0.65 to 0.82 for
Delta and from 0.37 to 0.62 for Omicron. Complete SDMs relax-
ation became feasible for epidemics triggered by Delta and Omi-
cron variants if hospital capacity was tripled (Figure S3). On the
contrary, further SDMs restriction had to be implemented at 70%
of baseline hospital or ICU admission capacity by decreasing opti-
malmobt from 0.44 (Fig. 3F) to 0.39 (Figure S4F) even at a very high
VC of 95%.

Keeping VC of 65% and both daily capacity in hospital and ICU
beds at the baseline level, increasing BC from 30% to 40% and
50%, optimal mobt for epidemic triggered by Gamma, increased
from 0.9 to 0.92 and 0.94; by Delta, increased from 0.65 to 0.66
and 0.67 and by Omicron, increased from 0.37 to 0.39 and 0.41
(Figure S5 and S6). In an almost fully vaccinated population (say
95%) with BC of 50%, strong SDMs (mobt � 0:51) were still neces-
sary to control the Omicron-associated epidemic.

Under the baseline scenario at VC of 65%, adjusting the severity
of COVID-19 on par with that of influenza or varying the initial
baseline Omicron-infection induced immunity to 68%, allowed a
complete SDMs relaxation for omicron wave without collapsing
the hospital system (see Supplementary Material and figure S7A).
Increasing the VC from 65% to 90% and BC from 30% to 68% (actual
BC at mid-July 2022 [14], the estimated cumulative omicron cases
could decrease from over 1,000,000 (Figure S7B) to less than 2500
(Figure S8B).



Fig. 3. Representation of sustainable or unsustainable scenarios under combinations of vaccination coverage and population mobility index in epidemic initiated by ancestral
strain (A) or its variants including Alpha (B), Beta (C), Gamma (D), Delta (E), and Omicron (F). Using the maximum daily number of hospital admissions and admissions in ICU
as a sustainable threshold to maintain the burden in hospital capacity in Hong Kong, scenarios were defined as ‘‘unsustainable” if either of two criteria: 1) any 15-day moving
averages (Mas) of newly hospital admissions (hereafter, metric A); 2) any 17-day Mas of number of cases in ICU (hereafter, metric B) in the simulated epidemics were larger
than the respective sustainable threshold or vice versa.
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4. Discussion

4.1. Principal findings

This study provided a mathematical framework featuring sev-
eral key components including age-mixing patterns, population
mobility, VC and BC to study the transmission dynamics of differ-
ent circulating variants in Hong Kong, a city with very low number
of infection in the previous epidemic waves [23]. The reduction in
VE against infection was also considered due to antibody waning in
the simulation process. We first fitted our model to mimic the
transmission dynamics of the historical epidemic wave in Hong
Kong. With the parameterized model, we evaluate the potential
impact of the epidemic on our healthcare system by estimating
the total hospital and ICU admissions in outbreaks initiated by
ancestral strain and its variants under different hypothetical sce-
narios. Optimal levels of SDMs implemented were determined
such that the hospital system in Hong Kong was not overburdened.
High effectiveness of two vaccines against infection or severe
infection due to ancestral strain, Alpha, Beta, Gamma and Delta
variants ranging from 88% to 100% [3,4,24], allowed complete
SDMs lift on outbreaks triggered by these variants if population
VCs were 95%. However, we cannot afford to have complete SDMs
relaxation to maintain the comparable size of infection initiated by
the highly transmissible Omicron variant even in an almost full VC
population (say 95%). Consistent with prior studies [25,26], our
findings suggest the spread of more transmissible variants such
as Omicron or Delta substantially decreased the net vaccination
benefit of reducing infections. The marginal benefit in boosting
the coverage in terms of additional rooms for SDMs relaxation
was less prominent to the epidemic initiated by Omicron than
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other variants. Increasing maximum daily hospital or ICU bed
capacity could allow more SDM relaxation, but it is sensitive to
the criteria to define the cases to be admitted to the hospitals for
treatment.
4.2. Implications

Our findings had two public health implications. First, we sug-
gest redirecting the immunity-enhancing strategies. With the
emergence of antibody-resistant SARS-CoV-2 variants such as
Delta and Omicron and the waning of vaccine-induced antibodies,
further SDMs relaxation became impractical even vaccine coverage
for two doses in the population was up to 95%. Maintaining SDMs
or even more stringent SDMs than previous waves to epidemic
triggered by Omicron (optimal mobt<0.44, the lowest level in the
previous wave) may be a short- to medium-term policy until the
community has built a protective shield against severe infection
and mortality with vaccination and revaccination. Compared to
the baseline scenario (VC = 65%), VC of 95% with 50% of two-dose
recipients receiving boosters in sensitivity analysis could increase
the optimalmobt from 0.32 to 0.45 and decrease the infection fatal-
ity rate to 0.024% (40% of infection ICU admission rate [27]) which
was slightly higher than that of seasonal influenza [32]. In this con-
nection, the government should prioritize to speed up the vaccina-
tion coverages among children and elderly as well as the prompt
administration of booster in the general population. The overall
community protection level could also be improved by reducing
the vaccine intervals between the second and third dose, expand-
ing vaccine eligibility to sub-groups such as children aged 5 to
11 [28], and addressing the vaccine hesitancy of the elderly resid-
ing in nursing home [29].



Fig. 4. Estimated number of hospital (A) and ICU (B) admissions under different scenarios of vaccination coverage and population mobility index for epidemic initiated by
ancestral strain and its variants including Alpha, Beta, Gamma, Delta, and Omicron.
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Second, contact tracing can be replaced by more stringent
SDMs. The contact-tracing measure efficiently limited the disease
transmission caused by the ancestral strain but not the Omicron.
The increase in contact-tracing efficiency during the second epi-
demic in our model-fitting suggested effective contact tracing sub-
stantially reduced the transmission and thus infections [30]. This
allowed more relaxed SDMs while keeping the effective reproduc-
tion number below 1, as observed later in that epidemic wave.
However, the large number of infections from the simulated epi-
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demic triggered by Omicron suggested that contact tracing was
no longer a practical tool due to its short generation time and high
transmissibility nature. The uplift in social contacts due to SDMs
relaxation will challenge the sustainable tracing level, which fur-
ther escalates the spread of the disease. In this situation, active
case surveillance with a large number of infections in the commu-
nity, including the district or city-wide level lockdown with man-
date testing, could be an option.
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5. Limitations

Our study has a few limitations. First, the population mobility
index was the proxy of SDMs level by assuming social contacts
to be proportional to population mobility. Further studies can
explore the temporal variation of a number of contacts under the
implementation of SDMs during the pandemic and its relationship
with the population mobility index. Second, we assumed the age-
mixing patterns remained the same as the pre-COVID-19 pandemic
period. Social-contact mixing among individuals from different age
groups may be different with the NPIs in place. Our model did not
feature subpopulations with high risk of severe illness who may
not adequately respond to the first two doses of vaccine such as
individuals with severe immunocompromised, and the number of
ICU admissions may be underestimated. Third, we assumed the
proportion of two-dose and booster recipients remained constant
throughout the epidemic, which may not be realistic. During the
ongoing outbreak, the high infection rate might strengthen the
urgency to be vaccinated [31] and revaccinated, which may
improve the community protection level and thus the VE against
infection and severe outcomes. Last but not least, we had not con-
sidered the potential disease burden of infections or severe infec-
tions contributed by other respiratory diseases such as influenza
and RSV during the winter season, which may reduce the capacity
of hospital and ICU admission for COVID-19 cases in the hospital
system in Hong Kong.
5.1. Conclusion

With less established community-level immunity against
antibody-resistant variants, to avoid the collpase of the hospital
systems, populations could adopt SDMs coupled with assorted
measures of step-up testing, district lockdowns, mandatory city-
wide tests, and effective contact tracing followed by quarantine
of close contacts simultaneously in the short to medium transition
period. Similar to influenza, COVID-19 is likely to be endemic. To
seek a path to normality, speedy vaccine and booster distribution
to the majority across age groups and vulnerable subpopulations
would be a first viable step to Hong Kong to restore to the high
overall protection level against infection hospitalization, and mor-
tality. Second, the community level immunity would be further
consolidated with natural infections on vaccinated individuals dri-
ven by the latest variant. Subsequently, the hybrid immunity could
confer robust immunity against other new COVID-19 variants.
Afterwards, the border reopening to overseas visitors and gradual
or complete SDMs lift could be considered if the case fatality rate
of COVID-19 could be reduced with other community mitigation
measures such as mask wearing to an acceptable level similar to
that for seasonal influenza.
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