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Abstract

:

When a novel infectious disease emerges, enhanced contact tracing and isolation are implemented to prevent a major epidemic, and indeed, they have been successful for the control of severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome (MERS), which have been greatly reduced without causing a global pandemic. Considering that asymptomatic and pre-symptomatic infections are substantial for the novel coronavirus disease (COVID-19), the feasibility of preventing the major epidemic has been questioned. Using a two-type branching process model, the present study assesses the feasibility of containing COVID-19 by computing the probability of a major epidemic. We show that if there is a substantial number of asymptomatic transmissions, cutting chains of transmission by means of contact tracing and case isolation would be very challenging without additional interventions, and in particular, untraced cases contribute to lowering the feasibility of containment. Even if isolation of symptomatic cases is conducted swiftly after symptom onset, only secondary transmissions after the symptom onset can be prevented.
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1. Introduction


Since a major epidemic of the novel coronavirus disease (COVID-19) took off in Wuhan, Hubei province, China, the magnitude of the epidemic quickly sparked globally, leading us to observe a substantial number of cases across borders. By late January 2020, multiple local transmissions have been observed outside of China, bringing the world to judge the feasibility of local containment during the first wave [1]. On 11 March 2020, the World Health Organization (WHO) characterized COVID-19 as a pandemic, as the epicenter expanded to the United States and several countries in Europe. As of 22 September 2020, the geographic spread of COVID-19 has continued to expand, reaching over 31 million confirmed cases and 962 thousand confirmed deaths worldwide. Moreover, community transmission (massive cases without a direct link to a confirmed case) has been a concern for nations failing to control the disease without effective control measures.



Several key characters of COVID-19 transmission have been described, allowing better understanding of complications to control this disease. They include the capability to shed the virus prior to symptom onset [2,3] and the substantial proportion of asymptomatic cases, which in current knowledge, ranges from 15–45% [4,5,6]. Severe acute respiratory syndrome (SARS), caused by a closely related coronavirus (SARS associated coronavirus), is known to have been mostly accompanied by clinical symptoms [7], and in particular, transmissions have happened after the date of illness onset, especially shortly before developing pneumonia [2,8]. Very few asymptomatic infections for SARS have been documented (i.e., the asymptomatic ratio is very small), and asymptomatic individuals have not been documented to contribute to a substantial number of secondary transmissions [9]. For this reason, contact tracing and containment were considered as feasible in controlling the disease [10]. Compared with SARS, published studies have suggested that there is a substantial number of pre-symptomatic transmissions, and moreover, asymptomatic infections are not uncommon, posing a pressing question over the feasibility of containment of COVID-19 [11]. An early case report from China has revealed pre-symptomatic transmission within a family cluster [12]. The viral load among asymptomatically infected individuals has been shown to be comparable to symptomatic individuals, implying that the transmission potential among asymptomatically infected individuals may be substantial [13]. Additionally, 80% of secondary cases may have been caused by a small fraction of infected individuals, indicating high individual variations in the number of secondary transmissions [14].



During the early course of the COVID-19 pandemic, the possibility of containment was discussed by a mathematical model, accounting for pre-symptomatic transmission and asymptomatic infection, even when strong evidence of substantial asymptomatic infection was not yet available [15,16]. Several studies have quantified the difficulty of detecting cases by means of dynamic simulation modelling using empirical contact survey data [17,18]. Rapid detection has also been considered by applying new technology, such as the usage of digital contact tracing devices [19]. However, these studies have not systematically considered the feasibility of containment as the key outcome, and epidemiological parameters have been updated during the course of the ongoing pandemic.



The present study additionally investigates this matter, aiming to examine the feasibility of containment by identifying key factors that determines success within a simple stochastic model. Employing up-to-date parameter values for the natural history that complicates the control of COVID-19 infections, we apply a multi-type stochastic branching process model which allows to quantify the probability of extinction, following an introduction of imported cases. Accounting for the contribution of asymptomatic and pre-symptomatic individuals to secondary transmissions, the present study assesses the probability of a major epidemic given the number of untraced cases found in a location previously free of COVID-19.




2. Methods


A two-type branching process model was used to assess the probability of a major epidemic, assuming that a number of initial cases are untraced. To account for the asymptomatically infected individuals, we classified the type of host into symptomatic and asymptomatic. First, the next generation matrix of symptomatic and asymptomatic individuals can be formulated as


  K =  (      p R     q p R        (  1 − p  )  R     q  (  1 − p  )  R      )  ,  



(1)




where p is the fraction of symptomatic infection (i.e.,    (  1 − p  )    is equal to the so-called “asymptomatic ratio”),  q  is the relative infectiousness among asymptomatically infected individuals compared to symptomatic individuals, and  R  is the value of reproduction number (the average number of secondary cases caused by a single symptomatic infected case in a fully susceptible population) among symptomatic cases.



Parameter values are partly empirically known. The proportion of symptomatic individuals (p) was set to be 0.6 as a baseline, because the asymptomatic ratio has been empirically estimated to range from 30 to 40%, for example, among passengers on the evacuation flights from Wuhan to Japan [4]. As part of the sensitivity analysis, we varied the value of p as 0.3 and 0.9, accounting for the possibility that the asymptomatic ratio ranges from 10% to 70% (Supplementary Figures S1–S3). The value of  q , relative infectiousness, has not been explicitly quantified, and here we varied this value from 0.25 to 0.90, considering that the transmissibility (viral shedding) among asymptomatic individuals may be slightly lower than symptomatic cases and the absence of symptoms, such as coughing and sneezing, could reduce the droplets emitted. The basic reproduction number was varied from 1.5 to 3.5, given the wide range of estimates due to an ongoing pandemic [20].



In addition to the next-generation matrix (1), contact tracing and isolation can be implemented, and they can influence secondary transmissions from symptomatic individuals. Here, we pessimistically assume that the contract tracing reduces secondary transmission only among symptomatic cases: in reality, a part of transmissions from asymptomatic individuals may also be reduced, and thus, our exercise is regarded as yielding pessimistic scenarios. For simplicity, we ignore detection of asymptomatically infected individuals via active PCR testing. The next-generation matrix with interventions is rewritten as


   K ′  =  (       (  1 − s  )  R + α s p R     q p R        (  1 − s  )  R + α s  (  1 − p  )  R     q  (  1 − p  )  R      )  ,  



(2)




where α is the success rate of contacts traced and isolated, measured as the relative reduction in secondary transmissions only among symptomatic cases. Since approximately 40% (i.e., (  1 − s ) = 0.4  ) of transmission occurs prior to the symptom of onset, the relative reduction in secondary transmission due to successful contact tracing and isolation may only affect approximately 60% (i.e.,   s = 0.6  ) of the secondary transmission from symptomatic individuals [3,21,22]. When interventions were in place, we assumed that all traced contacts were isolated.



Subsequently, the effective reproduction number under the intervention is calculated as


   R i  = ρ  (  K ′  )  ,  



(3)




where   ρ  ( · )    stands for the largest eigenvalue. The probability of extinction π given a single infected case can be modeled as a multitype branching process of symptomatic and asymptomatic individuals as a probability-generating function of a negative binomial distribution [23]. The negative binomial distribution allows to incorporate the individual variation in infectiousness, varying the parameter  k . Imposing an assumption for the success rate of contract tracing, finding the nonnegative root of the two quadratic equations with two unknown parameters, we were able to obtain the type-specific extinction probability from:


   π 1  =    (  1 +    (  1 − s  )  + α s p  k  R  (  1 −  π 1   )   )    − k      (  1 +    (  1 − s  )  + α s  (  1 − p  )   k  R  (  1 −  π 2   )   )    − k   ,  



(4)






   π 2  =    (  1 +   q p  k  R  (  1 −  π 1   )   )    − k      (  1 +   q  (  1 − p  )   k  R  (  1 −  π 2   )   )    − k   ,  



(5)




where π1 is the extinction probability given that a single symptomatic case is introduced, while π2 is the extinction probability given that an asymptomatically infected individual invades the new location. Throughout the main text, we assumed the overdispersion parameter of the offspring distribution   k = 1   (geometric distribution) as a baseline for the comparison of the type-specific heterogeneity (e.g., [24]), and the possibility of superspreading (individual variation in the number of secondary cases produced) was also considered in the Supplementary Figure S4 [25,26,27].



Here, we define the major epidemic as the chains of transmission that took off from stochastic fluctuations. In other words, the major epidemic is regarded as the large epidemic that does not probabilistically decline to extinction without extensive interventions [28]. One minus the probability of a major epidemic is equal to the probability of extinction. Taking the product of the two with the weight of the number of cases, the probability of a major epidemic is calculated as


  Pr  (  m a j o r   e p i d e m i c  )  = 1 −  π 1  α p N    π 2   (  1 − p ) N     ,  



(6)




where N is the total number of initially introduced cases, including asymptomatic infections. Of these, pN is symptomatic and (1 − p)N is asymptomatic. Out of pN symptomatic cases, αpN cases remain untraced. We considered the initial number of N to vary from 1, 5, 10, 15 to 20, and computed the probability of a major epidemic.




3. Results


Figure 1 shows the effective reproduction number    R i    varied by the proportion of symptomatic cases traced (Equation (3)). Overall, for Ri to take the value below 1, a greater proportion of contacts must be traced as R0 increases. Assuming that the proportion of asymptomatic individuals was 40% as a baseline with 25% reduction in transmission among asymptomatic cases (q = 0.75), the probability of extinction given a symptomatic or asymptomatic individual with α = 0.25 (i.e., 75% of secondary transmissions were prevented by contact tracing and case isolation) and the reproduction number R among symptomatic cases at 2.5 was 32.0% and 38.8%, respectively (Equations (4) and (5)). Under these assumptions, even with 90% of symptomatic cases traced and isolated, the    R i    is not below the value of 1 (Ri = 2.02), indicating the difficulty of containment when asymptomatic individuals persist in their capacity to transmit to susceptible individuals (Figure 1D).



Figure 2 shows the probability of a major epidemic given by the number of untraced symptomatic cases and the reproduction number, R among symptomatic cases (Equation (6)). If the success rate of contacts traced and isolated ( α ) is high, the probability of a major epidemic may be high even by the time of observing one untraced case. Even if the reproduction number is 1.5, and even if 90% of symptomatic individuals are traced and isolated, the probability of a major epidemic exceeds 80% (Figure 1D).



In reality, the    R i    may decrease after generations, since awareness of the disease will encourage non-pharmaceutical interventions to be implemented (e.g., wearing masks and washing hands) [29]. Sometimes, unnecessary risky contact may be avoided upon recognition of the epidemic. Such an impact has been empirically observed historically (e.g., [30])). To incorporate such a temporal effect of social behavior, one can formulate the time-varying reproduction number   R  ( t )    as,


  R  ( t )  =  R i  exp  (  − δ t  )  ,  



(7)




where  δ  is the rate of decay due to increased awareness. While such an effect cannot be completely ignored, empirically quantifying the population effect of social behavior at the beginning of disease introduction has not been capable in any location, and thus is not considered in the present analysis. Thus, we note that in the present study,    R i    may be overestimated compared to the reality.



Figure 3 shows the probability of a major epidemic given by the number of untraced symptomatic cases and the relative transmissibility among asymptomatic individuals ( q ) (Equation (6)). Overall, the probability of a major outbreak will increase with the number of untraced symptomatic cases introduced to the population (Figure 3). If q is as high as 90% (i.e., q = 0.9), the containment of COVID-19 would be very challenging, with the baseline assumption that 40% are asymptomatic and R = 2.5 (Figure 3A–D). For instance, regardless of the relative infectiousness of asymptomatic individuals, provided that 75% of symptomatic individuals were traced and isolated, with the presence of three untraced symptomatic cases, the probability of a major epidemic exceeds 97% for all values of q (Figure 3C).




4. Discussion


The present study examined the probability of a major epidemic given by a certain number of untraced symptomatic cases. We were motivated to conduct this experiment because only the number of traced symptomatic cases are recorded in a timely manner, while other aspects, especially asymptomatic infections, are unobserved. As the value of Ri was above the value of one (Figure 1), the probability of a major outbreak will increase with the number of untraced symptomatic cases introduced to the population (Figure 2 and Figure 3). A broad range of asymptomatic ratios and relative infectiousness among asymptomatic cases was assumed, and they were shown to complicate the containment strategies of COVID-19. Moreover, since approximately 40% of secondary transmissions can occur prior to symptom onset, contact tracing and case isolating only after illness onset is difficult to prevent the epidemic to take off. Thus, our result emphasizes the value of active contact tracing among close contacts of an infected individual to identify and isolate asymptomatic and pre-symptomatic cases. Considering that the probability of successful containment by contact tracing and case isolation is determined by detailed ingredients of the next generation matrix, and thus basic reproduction number R, updating the estimated value of the R in real time is thus considered to be critical to judge the feasibility of containment in a timely manner.



While achieving 90% contact tracing and isolation among symptomatic cases may be impossible, there can be a scenario in which the probability of a major epidemic is very high, even when there is only a single untraced case (Figure 3D). That is, there can be a substantial number of asymptomatically infected individuals who are fully untraced, with comparable size to the total volume of symptomatic cases, and they may possess a comparable transmissibility to symptomatic cases. We have shown that the transmissibility among asymptomatic individuals would be a key parameter to determine whether containment is feasible. Even if isolation of symptomatic cases is conducted swiftly after the symptom onset, only secondary transmissions after the symptom onset can be prevented, and also, the presence asymptomatic cases continues to maintain the value of    R i    high enough for the epidemic to take off. In addition to published studies on contact tracing of COVID-19 with and without digital tracing applications [15,16,17,18,19], the present study is the first to have explicitly modeled the probability of extinction with an introduction of a single symptomatic or asymptomatic case.



Because controlling the disease by case-isolating focuses on symptomatic confirmed cases, asymptomatic cases are fully uncontrolled without quarantine measures. Our analysis highlighted the importance of identifying potential asymptomatic cases by means of active contact tracing. By rapidly identifying and isolating the asymptomatic contacts, the combination measures will help to decrease the probability of a major epidemic. Thus, developing a rapid diagnostic testing kit for COVID-19 is deemed important to ensure that cases can be isolated before producing additional generations of cases.



Several limitations of this study must be noted. First, while the model scenarios relied on how well symptomatic cases are traced, actual validation of this proportion in real time was not feasible, as the ascertainment rate may be quite low during an exponential growth phase of the epidemic [31]. Second, the model assumed that when contact tracing is achieved, this case will not produce any secondary cases, while in reality, secondary transmission may occur before case identification and during the process of isolation. Moreover, the model could not account for possible reduction in asymptomatic transmissions due to contact tracing, while we have successfully quantified the importance to enhance timely active surveillance to identify asymptomatic and pre-symptomatic cases. Third, in the case where a location has the capacity to conduct active surveillance of close contacts of an infected individual, isolation of asymptomatic cases may be achieved, which would contribute to the extinction of the disease. However, in our present analysis, we did not consider the effect of isolating asymptomatic individuals, as we focused on the number of untraced symptomatic cases because we believed it would complicate the interpretation.



Despite the number of these simplicities, we believe that our model still captures the essence to describe the difficulty of containment of COVID-19. In conclusion, containment of COVID-19 is more challenging than SARS and MERS. Collating published evidence of the natural history of COVID-19 to the present day, a simple model can help quantify the probability of a major epidemic. As the new technology is developed to rapidly identify both symptomatic and asymptomatic cases, the feasibility of containment may be improved with active surveillance in the future.
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Figure 1. The effective reproduction number, given different effectiveness of contact tracing among symptomatic cases    (   R i   )    and the basic reproduction number (   R 0   ). The probability of a major epidemic was estimated with different effectiveness levels of contact tracing (25% (  α = 0.75  ), 50% (  α = 0.5  ), 75% (  α = 0.25  ) and 90% (  α = 0.1  ) for panels A–D) among symptomatic cases. Colored circles classify the relative infectiousness of asymptomatic individuals compared with symptomatic individuals, varied from 0.25−0.90. The asymptomatic ratio was assumed at 40% (i.e., p = 0.6). Equation (3) was used to compute the eigenvalue. 
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Figure 2. Probability of a major epidemic, given the number of untraced symptomatic cases and the reproduction number, R. Equation (6) in the main text was used. The probability of a major epidemic was estimated given different levels of success in contact tracing (25% (  α = 0.75  ), 50% (  α = 0.5  ), 75% (  α = 0.25  ), and 90% (  α = 0.1  ) for panels A–D) among symptomatic cases. Colored lines classify the reproduction number among symptomatic cases varied from 1.5–3.5. The relative infectiousness among asymptomatic individuals was assumed to be 75% (q = 0.75). The asymptomatic ratio was assumed as 40% (i.e., p = 0.6). The number of untraced symptomatic cases is below 1 in Figure 2D. 
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Figure 3. Probability of a major epidemic, given the number of untraced symptomatic cases and the relative infectiousness of an asymptomatic individual ( q ). Equation (6) in the main text was used. The probability of a major epidemic was estimated given different rates of success in contact tracing (25% (  α = 0.75  ), 50% (  α = 0.5  ), 75% (  α = 0.25  ), and 90% (  α = 0.1  ) for panels A–D) among symptomatic cases. Colored circles and lines classify the relative infectiousness of asymptomatic individuals compared to symptomatic individuals ( q ), which was assumed to vary from 0.25–0.90. The reproduction number among symptomatic cases was assumed as R = 2.5. The asymptomatic ratio was assumed as 40% (i.e., p = 0.6). The number of untraced symptomatic cases is below 1 in Figure 3D. 
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