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This study investigated the time-varying effects of vaccines and oral antiviral drugs in preventing
severe COVID-19 complications and mortality in Hong Kong. Utilizing data from hospitalized patients
diagnosed with SARS-CoV-2 between March 15, 2022, and November 30, 2022, the study employed
the Andersen-Gill model with time-dependent explanatory variables to address immortal time bias.
Results demonstrate that both vaccines and oral antivirals offered time-dependent protection, with
vaccines showing significant waning effects after the fourth dose. Oral antivirals were most effective
if administered within five days of diagnosis. Understanding these temporal effects is crucial for
optimizing intervention strategies and improving clinical outcomes. The study also underscores the
importance of considering pharmacodynamics and vaccination schedules in combating COVID-19.

Keywords Comirnaty, CoronaVac, Molnupiravir, Nirmatrelvir, Ritonavir, SARS-CoV-2

The COVID-19 pandemic, caused by the SARS-CoV-2 virus, has posed unprecedented challenges to healthcare
systems globally. As of February 20th, 2024, there have been over 774 million reported COVID-19 cases and
an estimated 7 million recorded deaths worldwide. However, the actual numbers of infections and fatalities are
likely to be much higher than the official figures!~. In Hong Kong, the pandemic has been characterized by
six distinct waves of infection. Hong Kong experienced relatively low SARS-CoV-2 circulation until a major
community outbreak of the Omicron (B.1.1.529) sublineage BA.2.2 began in January 2022, triggering the fifth
wave. Subsequently, the more transmissible BA.4/5 variant emerged in June 2022 and became the predominant
strain by August 2022, resulting in the sixth wave of the pandemic“’ﬁ. From December 31,2021, to January 1, 2023,
the fifth and sixth waves had resulted in a reported 2,863,475 confirmed COVID-19 cases. This evolving public
health challenge has spurred the rapid development of vaccines and the repurposing of existing medications
to treat COVID-19 infections. Oral antiviral agents have emerged as crucial tools in reducing the incidence of
severe complication, slowing down disease progression, and decreasing mortality rates in hospitalized patients.

Oral antivirals (OAVs), such as molnupiravir (Lagevrio) and nirmatrelvir plus ritonavir (Paxlovid), have
gained emergency use authorization from the US Food and Drug Administration for treating non-hospitalized,
mild-to-moderate COVID-19 adult patients at risk of progressing to severe disease. These OAVs have been
extensively studied in randomized controlled trials and real-world studies, consistently demonstrating their
effectiveness in reducing hospitalizations and mortality rates. Their approval provides a novel and promising
treatment option for adult patients with COVID-19%-13. Nirmatrelvir-ritonavir was delivered to Hong Kong
on March 14, 2022, while molnupiravir arrived in Hong Kong a few days earlier. The Hospital Authority began
distributing these antiviral drugs to hospitals on the day after their arrivals'*~16. Doctors will assess and make
clinical judgments based on each patient’s condition before prescribing the appropriate oral antiviral drugs,
aiming to reduce the risk of deterioration and minimize the likelihood of adverse reactions following treatment.

Apart from oral antivirals, vaccination plays a crucial role in combating the ongoing global pandemic. In
Hong Kong, the COVID-19 Vaccination Programme was launched on February 23, 2021. Two types of vaccines
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were used in Hong Kong, namely, Comirnaty (BNT162b2), an mRNA-based vaccine, and CoronaVac (Sinovac),
an inactivated virus vaccine. The Comirnaty vaccine has been found to lower the hospitalization rate and reduce
the frequency of severe outcomes due to the COVID-19 virus'’-2. Both vaccines have shown to be effective in
reducing the chance of developing severe diseases?!"?2..

Although vaccines and antiviral drugs have been used to reduce numbers of infections, complications and
deaths, the virus has exhibited rapid evolution into new variants and subvariants. Decline in vaccine protection
has been observed in various scenarios, especially against infection?®. Observational evidence suggests that
vaccines offer robust and long-lasting protection against severe complication and death**-%”. Some studies have
focused on examining the combined impact of vaccines and antiviral drugs, but they have not taken into account
the time-varying effect of these interventions*®-3°. Therefore, the objective of this study was to investigate the
time-varying effect of vaccines and antiviral drugs in preventing severe complications and death.

Methods

Study design and study population

In this territory-wide study, we utilized electronic medical records from the Clinical Management System of
Hong Kong Hospital Authority, vaccination records (including vaccination types and dates) from the Hong
Kong Department of Health, and COVID-19 confirmed case records from the Hong Kong Centre for Health
Protection. The datasets were match-merged using unique pseudo identifiers. The electronic medical records
contained important variables such as age, gender, history of hospital admission, chronic diseases, and other
relevant information. By combining and analyzing these datasets, we aimed to gain comprehensive insights
into the relationship between vaccination status, medical history, and COVID-19 outcomes in Hong Kong. The
study was conducted in accordance with the Declaration of Helsinki. The need to obtain informed consent for
this retrospective study was waived by the Institutional Review Board of the University of Hong Kong/Hospital
Authority Hong Kong West Cluster (HKU/HA HKW IRB) (Reference No.: UW 20-341 and date of approval:
17/2/2022).

Outcomes and follow-up period

The main objective of this study was to examine the time-varying protective efficacy (PE) of vaccines and
antiviral drugs on complications or death among hospitalized COVID-19 patients. Complications were defined
as the progression of the disease into a serious, critical, or fatal case. This definition is based on a combination
of factors, including mortality, the need for oxygen supplementation at a rate of >3 L per minute, admission to
the intensive care unit, intubation, the requirement for extracorporeal membrane oxygenation, or experiencing
shock?. Our study population comprised of patients who were admitted to the hospital between March 15, 2022,
and November 30, 2022, and had a confirmed diagnosis of SARS-CoV-2 infection. This timeframe aligns with
the introduction of antiviral drugs in Hong Kong?"?2. Notably, we did not take into account the administration
of antivirals prior to hospitalization. It is important to note that we assumed individuals would not progress
to severe cases or death within two weeks of their last vaccination. The follow-up period for each hospitalized
patient in the study began on the date of confirmed diagnosis or two weeks after receiving vaccination, and it
continued until the time to occurrence of the primary outcome of interest, discharge from hospital or end of the
observation period.

Explanatory variables

The risk set was organized and analyzed based on calendar days, which helped to address the concern of
immortal time bias. We also took into account the changes over time in key variables, such as the status of oral
antiviral treatment and the duration since the last vaccination. Specifically, if an oral antiviral was prescribed, we
further distinguished whether the prescription was given within 5 days of confirmed diagnosis or not. Regarding
vaccination, we included one-dose, two-dose, three-dose, and four-dose regimens as exposures of interest. We
also examined different vaccine types, specifically Comirnaty and CoronaVac. Alongside these variables, we
included other predictors in our analysis, namely age, gender and Charlson Comorbidity Index (CCI).

Statistical analysis

We adopt the Andersen-Gill model, which is an extension of the Cox model for analysis of recurrent events
Let day 1 be March 15, 2022, and so on. The hazard function of the outcome event for subject i on day ¢ then
takes the form

29-32

Ai () = Ao (t) exp [achi (t) — 2z (£) Vi (t) + w3 () Os (t)} fort =1,2,...,260,

where Ag(t) > 0 is an unspecified baseline hazard function, ; (¢) is a vector of covariates that includes age,
gender, CCI with the corresponding vector of regression coeflicients cv, z;(¢) is the vaccination status with
z; (t) = 0 if the subject had not received any vaccination before day ¢ and z; (¢t) = 1 otherwise, V; (¢) is the
function of the time-varying vaccination effect which is expected to wane over time, w;(¢) is the oral antiviral
prescription status with w; (t) = 0 if the subject had not been prescribed an antiviral drug on or before day ¢ and
w;(t) = 1 otherwise, O; (t) characterizes the time-varying effect of the OVA which is further elaborated below.

Let d be the day of receiving the last vaccination. The time-varying vaccination effect V'(¢) is estimated
separately for different number of doses received on day ¢ using a modified exponential decay function® given

by

lim V (t) = Ae” B4 for A B,C > 0,

a—b
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where (¢t — d — 14)is based on the assumption that it takes 14 days for the protective effects of the vaccination
to reach its peak®3. This function has the advantage that the three parameters A, B and C, are interpretable,
representing the dose effect immediately after each vaccination, the rate of waning and shape of trajectory,
respectively.

Since we do not have the exact or approximate time required for the antiviral drugs to take effect, we use the
4-parameter pharmacokinetic/pharmacodynamic (PK/PD) function to estimate the trajectory of the efficacy.
Not only does this approach provide biomedical interpretation, but it also enables a non-monotonic, non-linear
estimation of the time-varying effects and the estimation of the peak level of PE?. Let p be the day of receiving
the antiviral drug treatment. The time-varying antiviral drug effect on day ¢ using a PK/PD function can be
expressed as:

O(t)zvln(ﬁ)_ln{ﬁv+ [%

-
(ef(tfp) - ef"(tfp))} } +46 (1 - ef’“(tfp)) Jfor k,v, 8 >0,k # 1.
A large [ value indicates a lower level of protection, a large x value indicates a quicker rise of

Py (e_(t_p) — e_"(t_p)) and therefore O (¢), and a large v value indicates a more sigmoid shape of the

trajectory. A large § value with a negative sign indicates a robust, long-lasting protective effect over time, while a
large positive ¢ value indicates a strong rebound effect.
The PE of vaccine can be expressed as

PEy (t) =1 —exp[-V (1)],

and that of the oral antiviral drug as

PEo (t) =1—exp[O(t)].
The estimates for the parameters are obtained by maximizing the Breslow-type partial likelihood function.

Results
We identified a total of 48,984 hospitalized patients with confirmed diagnoses of SARS-CoV-2 infections
between March 15, 2022, and November 30, 2022. Among these patients, 38,290 individuals met the inclusion
criteria, of which 9,512 and 10,851 received molnupiravir and nirmatrelvir-ritonavir, respectively (Fig. 1).
Among the 20,363 patients who received oral antiviral treatments, 8,608 were 80 years or above, 8,972 between
60 and 79, and 2,783 below 60 and above 18 (Supplementary Table 1). In this study, 9,661 patients had not taken
any vaccination. 549, 2,712, 5,044, and 407 patients received one, two, three, and four doses of Comirnaty,
respectively, and 3,358, 6,531, 9,033, and 968 patients, respectively for CoronaVac. The daily numbers of severe
complication cases and death cases are shown in Supplementary Fig. 1.

48,984 patients with confirmed diagnosis
of COVID-19 and hospitalized between
March 15, 2022 and November 30, 2022

10,694 excluded

1,421 patients received both types of antivirals

167 patients developed severe symptoms before receiving nirmatrelvir-ritonavir

195 patients developed severe symptoms before receiving molnupiravir

1,392 patients were admitted and discharged on the same day

1,807 patients received vaccines other than CoronaVac or Comirnaty, or
received multiple types of vaccines

5,712 patients were under the age of 18

Y

38,290 hospitalized patients
for study

Fig. 1. Study Selection.
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We categorize the patients into three age groups, namely 18-59, 60-79, and 80 or above, with 18-59 set as the
reference group. The Charlson Comorbidity Index (CCI) is categorized into 4 groups, namely 0, 1-4, 5-6, and
7-14, with 0 being the reference group.

The estimation results for these time-constant variables are shown in Table 1. The time-varying effect of
vaccines and oral antiviral drugs are plotted in Fig. 2 and Fig. 3.

For patients aged between 60 and 79, and those aged above 80, they share a relatively higher risk than adult
patients aged below 60, with hazard ratios 2.292 (95% CI 1.954 to 2.689, p<0.001) and 3.644 (95% CI 3.121 to
4.255, p<0.001) against severe complications, respectively. The corresponding hazard ratios against death are
2.659 (95% CI2.187 t0 3.233, p<0.001) and 4.941 (95% CI 4.087 t0 5.973, p <0.001). In both severe complications
and death, male patients have a significantly higher risk compared to female patients, with respective hazard
ratios 1.220 (95% CI 1.138 to 1.308, p<0.001) and 1.192 (95% CI 1.108 to 1.283, p<0.001).

The CCI index is the most widely used scoring system for comorbidities. Compared to patients with a CCI
index of zero, the hazard ratios against severe complications are 1.517 (95% CI 1.410 to 1.633, p<0.001), 2.397
(95% CI 1.910 to 3.007, p<0.001), and 2.398 (95% CI 2.028 to 2.836, p <0.001) for CCI index values of 1-4, 5-6,
and 7-14, respectively. Compared to patients with a CCI index of zero, the hazard ratios against death are 1.588
(95% CI 1.469 to 1.717, p<0.001), 2.778 (95% CI 2.214 to 3.486, p<0.001), and 2.843 (95% CI 2.404 to 3.362,
p <0.001) for CCI index values of 1-4, 5-6, and 7-14, respectively.

Although the time-constant model can provide good estimation of the vaccination effects, a generalized
likelihood ratio test indicates that the time-varying model offers a significantly better fit (with p <0.001) to the
data compared to the time-constant model, regardless of whether we are studying complications or mortality.

From the plots of the estimated vaccine PE trajectory in Fig. 2, it is clear that receiving more doses of
vaccination was associated with a reduced risk of complications and death overall. Moreover, the PEs are rather
stable over time suggesting that the vaccines offer robust and long-lasting protection against severe complications
and death. Waning effects of the two types of vaccines become apparent only in the fourth dose. We fit the
model again by assuming no waning vaccine effect that the PE is constant over time to compare the two sets of
estimates. The results are summarized in Table 2 where we report the peak PE level at £ = 0.5 month and the PE
level at 6 months for each vaccine type and number of doses.

The two sets of PEs are very similar in the cases where the number of doses is 1, 2, or 3, which is expected
because there was little waning. For the case with 4 doses, the estimated time-constant PE can be seen as the
average of the PEs over time. Therefore, both time-varying and time-constant vaccine effect approaches are
reasonable in this application when evaluating the protective efficacy of vaccines against complications or death,
but the time-varying approach would be more informative in guiding informed decision.

The estimated trajectory presented in the left panel of Fig. 3 reveals the time-varying effects of antiviral
drugs taken within 5 days of confirmed COVID-19 diagnosis. For this group of patients, the protective efficacy
against complications reaches a maximum of 0.438 and 0.634, respectively for molnupiravir and nirmatrelvir-
ritonavir at around 5 days since prescription of the antiviral drugs. However, the efficacy then decreases to
0.047 for molnupiravir and 0.489 for nirmatrelvir-ritonavir after 28 days. Outside the 5-day window, the time-
varying protective efficacy remains stable at 0 for both drugs. Regarding the time-varying effects against death,
for patients who took antiviral drugs within 5 days of confirmed COVID-19 diagnosis, the PE for molnupiravir
reaches a maximum of 0.657 after 1 day and then drops to —0.103 after 28 days. For nirmatrelvir-ritonavir, the
maximum protection is achieved at day 3 since prescription with a maximum PE of 0.778, followed by a decline
to 0.313 after 28 days. Outside the 5-day window, the PE remains at 0 for molnupiravir, while for patients who
took nirmatrelvir-ritonavir, the PE increases to 0.140 one day after prescription and then decreases to —0.789
after 28 days. When assuming time-constant effect for oral antivirals, the PE against complications is 0.540 (95%
CI 0.482 to 0.591, p<0.001) and —0.032 (95% CI —0.718 to 0.380, p=0.904) for nirmatrelvir-ritonavir, within
and outside 5 days respectively, and 0.249 (95% CI 0.186 to 0.308, p<0.001) and —0.014 (95% CI -0.346 to
0.236, p=0.924) for molnupiravir, within and outside 5 days respectively. For the PE against death, nirmatrelvir-
ritonavir provides 0.622 (95% CI 0.566 to 0.670, p <0.001) and —0.508 (95% CI —1.300 to 0.012, p=0.057) within
and outside 5 days, respectively, and molnupiravir provides 0.313 (95% CI 0.251 to 0.369, p <0.001) and 0.038
(95% CI —0.277 to 0.276, p=0.787) within and outside 5 days, respectively. We summarize the results based on
the time-varying and time-constant model in Table 3.

We report the maximum PE level and the time to reach the peak as well as the PE level at t = 28 day based
on the time-varying model. It is easy to see that the time-constant PE estimate can be regarded as the average
of the time-varying PE over time. These findings emphasize the dynamic nature of the protective effects of

Against Severe Complications Against Deaths
Variable Estimate | p value | Hazard ratio™ | Estimate | p value | Hazard ratio™
Age 60-79 years 0.829 0.000 2.292 0.978 0.000 2.659
Age 80 years and above | 1.293 0.000 3.644 1.598 0.000 4.941
Male gender 0.199 0.000 1.220 0.176 0.000 1.192
CC'index 1-4 0.417 0.000 1.517 0.463 0.000 1.588
CCI" index 5-6 0.874 0.000 2.397 1.022 0.000 2.778
CCI" index 7-14 0.875 0.000 2.398 1.045 0.000 2.843

Table 1. Estimation Results Based on the Andersen-Gill Model. *Hazard ratio is calculated by comparing the
current level of the variable with the corresponding reference level. TCharlson Comorbidity Index.
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Fig. 2. Time-varying Effects of Different Types of Vaccines Against Severe Complications and Deaths (Upper:
PE Against Severe Complications; Lower: PE Against Deaths; Shaded bars indicate pointwise 95% CIs based on
the fitted model).

the oral antiviral drugs over time. The observed variations in PE within 28 days after prescription underscore
the importance of considering the temporal aspects of pharmacodynamic relationships when evaluating the
potential impact of these interventions on clinical outcomes.

Discussion
The findings of this study contribute to a deeper understanding of the time-varying effects of vaccines and oral
antiviral drugs in preventing severe complications and mortality associated with COVID-19 infections. The
analysis revealed that both interventions exhibited dynamic PE over time, underscoring the critical importance
of considering the temporal aspects of these interventions in mitigating the impact of the pandemic.

The results demonstrate that multiple doses of CoronaVac and Comirnaty vaccines provide substantial
protection against severe outcomes and death, suggesting potential benefits of additional boosters for certain
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Fig. 3. Time-varying Effects of Different Types of Antivirals Against Severe Complications and Deaths Within
and Outside 5 Days (Upper: PE Against Severe Complications; Lower: PE Against Deaths; Shaded bars indicate
pointwise 95% Cls based on the fitted model).

vaccine types. However, an exponential decay in efficacy was observed within six months of the fourth dose for
both vaccines, indicating a possible need for periodic boosters to maintain optimal protection.

The analysis of the oral antiviral drugs, molnupiravir and nirmatrelvir-ritonavir, revealed distinct time-
varying patterns in their PE. Taking the drugs within 5 days of confirmed COVID-19 diagnosis was found
to be more effective than outside this 5-day window. For patients receiving the antiviral drugs within 5 days
of confirmed diagnosis, both drugs exhibited maximum protection within the first 5 days since prescription,
followed by a gradual decline in efficacy over the subsequent 28 days. In contrast, low or even negative effects
would occur for patients who took the antiviral drugs outside the 5-day window of confirmed diagnosis. This
finding underscores the critical importance of early intervention with these therapies to optimize their potential
benefits in preventing severe COVID-19 outcomes. The observed variations in PE over time highlight the
necessity to consider the temporal dynamics of pharmacological interventions when evaluating their impact on
clinical outcomes.

The results of this study have important implications for public health policies and clinical practice. The
observed time-varying effects of vaccines and antiviral drugs underscore the need for tailored vaccination
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Table 2. Time-varying Effect and Time-constant Effect of Vaccine. *Protective efficacy (PE(t)) ¢ months after
its administration based on the time-varying model. tProtective efficacy (PE) based on the constant effect
model.
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Table 3. Time-varying Effect and Time-constant Effect of Antiviral Drug. *Protective efficacy (PE(t)) ¢ days
after its administration based on the time-varying model. tProtective efficacy (PE) based on the constant effect

model.
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schedules and treatment protocols. Regular monitoring and adaptive vaccination strategies may be necessary to
maintain optimal protection levels and mitigate the impact of emerging SARS-CoV-2 variants. For oral antivirals

it is well established that their effectiveness will be highest if given early in the course of disease®..

The strengths of this study include its use of a comprehensive, territory-wide dataset capturing real-world
COVID-19 management in Hong Kong. The ability to link vaccination, oral antiviral usage, and clinical
outcome data allows for a comprehensive evaluation of the synergistic effects of these interventions. However,
the observational nature of the data may be subject to residual confounding, and the findings may be specific
to Hong Kong’s epidemiological context and predominant viral lineages during the study period. Further
research in diverse settings would be valuable to confirm the generalizability of these results. Additionally, when
considering age and the CCI, different categorization standards may be adopted, while smoothing splines could
be an alternative that however would add further complexity to the model. CCI may only partially capture the
risk of severe SARS-CoV-2 infections.

In conclusion, this study provides crucial insights into the time-varying effects of vaccines and oral antiviral
drugs in preventing severe COVID-19 outcomes in Hong Kong. The findings highlight the dynamic nature of
these interventions and the importance of considering temporal aspects in their implementation and evaluation.
Continued research and adaptation of public health strategies will be crucial in the ongoing battle against the
COVID-19 pandemic.

Data availability

The data that support the findings of this study are available from the Hospital Authority and the Department
of Health of the Government of the Hong Kong Special Administrative Region but restrictions apply to the
availability of these data, which were used under license for the current study, and so are not publicly available.
Data are however available from the corresponding authors upon reasonable request and with permission of the
Hospital Authority and the Department of Health of the Government of the Hong Kong Special Administrative
Region.
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