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Abstract

Since the detection of the first case of COVID-19 in Chile on March 3", 2020, a total of 513188 cases,
including ~14302 deaths have been reported in Chile as of November 2" 2020. Here, we estimate the
reproduction number throughout the epidemic in Chile and study the effectiveness of control
interventions especially the effectiveness of lockdowns by conducting short-term forecasts based on the
early transmission dynamics of COVID-19. Chile’s incidence curve displays early sub-exponential
growth dynamics with the deceleration of growth parameter, p, estimated at 0.8 (95% CI: 0.7, 0.8) and the
reproduction number, R, estimated at 1.8 (95% CI: 1.6, 1.9). Our findings indicate that the control
measures at the start of the epidemic significantly slowed down the spread of the virus. However, the
relaxation of restrictions and spread of the virus in low-income neighborhoods in May led to a new surge
of infections, followed by the reimposition of lockdowns in Greater Santiago and other municipalities.
These measures have decelerated the virus spread with R estimated at ~0.96( 95% CI. 0.95, 0.98) as of
November 2" 2020. The early sub-exponential growth trend (p ~0.8) of the COVID-19 epidemic
transformed into a linear growth trend (p ~0.5) as of July 7™, 2020, after the reimposition of lockdowns.
While the broad scale social distancing interventions have slowed the virus spread, the number of new
COVID-19 cases continue to accrue, underscoring the need for persistent social distancing and active case

detection and isolation efforts to maintain the epidemic under control.

Author summary

In context of the ongoing COVID-19 pandemic, Chile has been one of the hardest-hit countries in Latin
America, struggling to contain the spread of the virus. In this manuscript, we employ renewal equation to
estimate the reproduction number (R) for the early ascending phase of the COVID-19 epidemic and by
July 7", 2020 to guide the magnitude and intensity of interventions required to combat the COVID-19
epidemic. We also estimate the instantaneous reproduction number throughout the epidemic in Chile.

Moreover, we generate short-term forecasts based on the epidemic trajectory using phenomenological
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models, and assess counterfactual scenarios to understand any additional resources required to contain the
virus® spread. Our results indicate early sustained transmission of SARS-CoV-2. However, the initial
control measures at the start of the epidemic significantly slowed down the spread of the virus. The easing
of COVID-19 restrictions in April led to a new wave of infections, followed by the re-imposition of
lockdowns in Greater Santiago and other municipalities. Most recent estimates of reproduction number
indicate a decline in the virus transmission. While broad-scale social distancing interventions have slowed
the virus spread, the number of new COVID-19 cases continue to accrue, underscoring the need for

persistent social distancing efforts.
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I ntroduction

The coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), was declared a global pandemic by the World Health Organization (WHO) on March
11™ 2020 [1, 2]. This highly contagious unprecedented virus has impacted government and public
institutions, strained the health care systems, restricted people in their homes, and caused country-wide
lockdowns resulting in a global economic crisis [3-5]. Moreover, as of November 2™, 2020, nearly 46
million COVID-19 cases in 213 countries and territories have been reported, including more than 1.2
million deaths [6]. The social, economic, and psychological impact of this pandemic on much of the

world’s population is profound [7-13].

Soon after its initial rapid spread in China, the first case of novel coronavirus beyond China was reported
in Thailand on January 13", 2020 [14]. The first case in the USA was not identified until January 20",
2020 followed by the detection of the first cases in the European territory on January 24", 2020 [15, 16].
The COVID-19 pandemic has since spread to every continent except the Antarctica. While some
countries like New Zealand and Australia have steadily suppressed the COVID-19 spread, reporting less
than 150 cases per day as of November 2" 2020, other countries like Brazil, India, and the USA still
struggle to contain the increasing number of cases [17]. Subsequently, considerable COVID-19 outbreaks

have occurred in Latin America since late February 2020.

The WHO declared Latin America the new epicenter of the COVID-19 on May 22" 2020 [18]. Latin
America has paid a high toll during the COVID-19 pandemic, with some of the worlds’ highest death
rates [19-21]. While home to less than 10% of the world population, Latin America accounts for about
one-third of all reported global deaths (~370 thousand) [6]. Several socioeconomic, demographic, and
political factors make control of the pandemic in Latin America particularly challenging [22-25]. Most

countries in the region are now facing the stark social and economic costs imposed by large-scale non-
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80  pharmaceutical interventions while largely failing to control the epidemic's spread [13, 24, 26]. Despite
81  these unique conditions, the region has received relatively little attention from researchers globally [19].
82  As of November 1%, 2020, the highest number of cases have been reported in Brazil (5,516,658), followed
83 by Argentina (1,157,179), Colombia (1,063,151), Mexico (918,811), Peru (900,180) and Chile (510,256)
84  [17, 27]. Adjusted by population, Chile’s COVID-19 outbreak is among the worst globally, with more
85  than 26,000 cases and 980 deaths per million inhabitants [28].
86
87  The first case of SARS-CoV-2 in Chile was identified on March 3™, 2020. While the initial cases were
88  imported from southeast Asia and Europe, the COVID-19 case counts have expanded in this country,
89  placing Chile in phase 4 of the pandemic on March 25", 2020 [28, 29]. Chile was the fifth country in
90 Latin America after Brazil, Mexico, Ecuador and Argentina to report COVID-19 cases. The first six
91 imported cases were reported in Talca and in the capital of Chile, Santiago [28]. However, since the early
92  phase of the outbreak, Chile has employed an agile public health response by announcing a ban on public
93  health gatherings of more than 500 people on March 13", 2020, when the nationwide cumulative case
94 count reached 44 reported cases [30].
95
96 Moreover, the Chilean government announced the closure of all daycares, schools, and universities on
97  March 16", 2020. These closures were followed by the announcement to close country borders on March
98 18" 2020, and the declaration of national emergency on the same date, accompanied by several concrete
99 interventions to further contain the outbreak in the region [31]. In particular, these included a night-time
100  curfew in Chile starting on March 22", 2020, and localized lockdowns (i.e., intermittent lockdowns at the
101  municipality level depending on total cases and case growth) starting on March 28", 2020 in two
102  municipalities in Southern Chile and seven municipalities in Santiago [32]. These initial containment
103  strategies kept the COVID-19 case counts lower than regional peers; Brazil, Peru, and Ecuador until the
104  end of April 2020. However, the government started to ease the COVID-19 restrictions in late April by

105  reopening the economy under the “Safe Return” plan, including the televised opening of some businesses
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106  and stores, as new infections had reduced between 350-500 per day by the end of April, implying an only
107  apparent flattening of the COVID-19 curve [33-35]. Moreover, imposing and lifting lockdowns in small
108  geographical areas (municipalities) proved unsuccessful in areas with high interdependencies such as the
109  Greater Santiago [36] . This strategy resulted in a new wave of infections; with the virus spreading from
110  more affluent areas of Chile to more impoverished, crowded communities, forcing the government to
111 reimpose lockdown measures in Santiago in mid-May (Figure 1) [23, 37, 38]. By mid-July, the
112 government implemented the “step by step” strategy, considering five stages of gradual opening, at the
113  municipality level, based on the periodic monitoring of epidemiological and health system indicators. The
114  case counts continued to increase, averaging ~4943 cases per day in June 2020, and started to decline
115  thereafter. The mid-June peak of infections resulted in intensive care units (ICU) reaching saturation
116  levels of 89% nationally and 95% in the Metropolitan Region [39]. Thus far, Chile has accumulated
117 513,188 reported cases including 14,302 deaths as of November 2" 2020. The majority (~52%) of
118 COVID-19 cases are concentrated in Region Metropolitana (mostly in Chile’s capital, Santiago), with
119 297,423 reported cases, followed by 30,498 cases in Valparaiso located in coastal central Chile, and
120 30,934 cases in Biobio located in southern Chile [40, 41]. Moreover, the crude case fatality rate in Chile
121  (~2.8%) resonates with the global average case fatality rate (2.6%) [17, 42].

122

123 In this study, we estimate the transmission potential of COVID-19, including the effective reproduction
124 number, R, during the early transmission phase of the COVID-19 epidemic in Chile and around the mid
125  of the epidemic, by July 7", 2020. We also estimate the instantaneous reproduction number throughout
126  the epidemic in Chile. The reproduction number can guide the magnitude and intensity of control
127  interventions required to combat the COVID-19 outbreak [43, 44]. We examine the effectiveness of
128  control interventions in Chile (see Table 1) on the transmission rate. To do this, we conduct short-term
129  forecasts using phenomenological growth models calibrated using the early trajectory of the epidemic and
130 by the mid of the epidemic (as of July 7", 2020) [45] to anticipate additional resources required to contain

131  the epidemic. These phenomenological growth models are useful in capturing the epidemic’s empirical
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132  patterns, especially when the epidemiological data are limited, and significant uncertainty exists around
133 infectious disease epidemiology [46]. These models provide a starting point for forecasting the epidemic
134  size and characterizing the temporal changes in the reproduction number during the epidemic [47].

135

136  Figure 1: Timeline of the milestones of the COVID-19 pandemic in Chile as of November 2", 2020.

137

138  Table 1: Timeline of the implementation of the social distancing interventions in Chile as of November

139 2™ 2020.

140
Date Control interventions
March 13", 2020 Ban on large social gatherings implemented in Chile [30]
March 16", 2020 Closures of daycares, schools, and universities in Chile [32, 48]

Mandatory quarantine of high-risk individuals returning from Iran, China,

West Europe and South Korea

March 18" 2020 Declaration of national emergency (14)

Closure of country borders (14)

Telework implemented

March 19", 2020 Closure of mall and department stores with the exception of supermarkets,

pharmacies, banks and grocery stores

March 21%, 2020 Closure of non-essential business including theatres, restaurant, bars and

gyms
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March 22", 2020 Night time curfew implemented [32]

March 26", 2020 Intermittent lockdown initiated (implemented at municipality level) [32]
April 8", 2020 Orders on mandatory use of facemasks in public transport [49]

April 17", 2020 Orders on mandatory use of facemasks in all public spaces [60]

April 30", 2020 First shopping mall is reopened in Santiago and then closed the next day [50]
May 5™ 2020 Total lockdown in Antofagasta [31]

May 15", 2020 Total lockdown imposed in all municipalities of Santiago [51]

June 12", 2020 Total lockdown in Valparaiso [31]

July 19" 2020 Step by step gradual reopening of the country

141

142 M ethods

143  COVID-19incidence and testing data

144 We obtained updates on the daily series of new COVID-19 cases as of November 2" 2020, from the
145  publicly available data from the GitHub repository created by the Chile’s government [27]. Incidence
146  case data by the date of reporting per day, confirmed by PCR (polymerase chain reaction) tests from
147  March 3"-November 2", 2020, were analyzed. The daily testing and positivity rates available from April
148  9"™-November 2", 2020, were also analyzed.

149

150 M odels
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151  We utilize two phenomenological growth models, the generalized growth model (GGM) and the
152  generalized logistic growth model (GLM) that have been validated by deriving short-term forecasts for
153  multiple infectious diseases in the past, including SARS, pandemic Influenza, Ebola, and Dengue [52,
154  53].

155

156  Generalized growth model (GGM)

157  We generate short term forecasts using the generalized growth model (GGM) that characterizes the early
158  ascending phase of the epidemic by estimating two parameters: (1) the intrinsic growth rate, r; and (2) a
159  dimensionless “deceleration of growth” parameter, p. This model allows to capture a range of epidemic
160  growth profiles by modulating parameter p. The GGM model is given by the following differential

161  equation:

dC ()
dt

=C'(t) =rC(t)P

162  In this equation C'(t) describes the incidence curve over time t, C(t) describes the cumulative number of
163  cases at time t and p€[0,1] is a “deceleration of growth” parameter. This equation becomes constant
164  incidence over time if p=0 and an exponential growth model for cumulative cases if p =1. Whereas if p is
165 inthe range 0< p <1, then the model indicates sub-exponential growth dynamics [54, 55].

166

167  Generalized logistic growth model (GLM)

168  The generalized logistic growth model (GLM) is an extension of the simple logistic growth model that
169  captures a range of epidemic growth profiles, including sub-exponential (polynomial) and exponential
170  growth dynamics. GLM characterizes epidemic growth by estimating (i) the intrinsic growth rate, r (ii) a
171  dimensionless “deceleration of growth” parameter, p and (iii) the final epidemic size, k,. The final

172  epidemic size is sensitive to small variations in the deceleration of growth parameters [56] and would

173  vary as the epidemic progresses. The deceleration parameter modulates the epidemic growth patterns,
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174  including the sub-exponential growth (0< p <1), constant incidence (p =0) and exponential growth

175  dynamics (p =1). The GLM model is given by the following differential equation:

dc(t) C(t)
- 7 = CP B(1 ——=
g~ rer( ke
176  Where d(;—(:) describes the incidence over time t and the cumulative number of cases at time t is given by

177  C(t) [45]. This simple logistic growth type model typically supports single peak epidemics in the number
178  of new infections followed by a burnt-out period, unless external driving forces such as the seasonal
179  variations in contact patterns exist. This model can underestimate the peak timing and the duration of
180  outbreaks. This model can also underestimate the case incidence before the inflection point has occurred
181  [45, 47,53, 57].

182

183  Calibration of the GGM and GLM model

184  We calibrate the GGM and the GLM maodel to the daily incidence curve by dates of reporting in Chile
185  using time series data from March 3™-March 30", 2020, and from May 9" — July 7", 2020, respectively
186  (Figure 2). The period from March 3"-March 30", 2020, includes the initial interventions made by the
187  Chilean government, whereas the period from May 9"-July 7", 2020, comprises the reimposition of
188  lockdowns after a brief reopening of society under the “new normal” (Figure 1).

189

190  Model parameters are estimated by a non-linear least-square fitting of the model solution to the incidence
191 data by the date of reporting. This is achieved by searching for the set of model parameters © =
192 (©,,0,,  ©,) that minimizes the sum of squared differences between the observed data y, =
193  y,1, Vs, -... ¥ and the corresponding mean incidence curve given by f(t;, ®) = C’'(t) : where ® = (7, p)
194  corresponds to the set of parameters of the GGM model and ® = (r,p, k, ) corresponds to the set of
195  parameters of the GLM model. In both cases, the objective function for the best fit solution of f(¢;, ©) is

196 givenby:

10
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197

198  ®=arg minXiL,(f (t;, ©) — y;,)?

199

200  where t; is the time stamp at which the time series data are observed and n is the total number of data
201  points available for inference. The initial condition is fixed to the first observation in the data set. This
202 way, f (ti, @) gives the best fit to the time-series data y, . Next, we utilize a parametric bootstrapping
203  approach assuming a negative binomial error structure for the GGM and GLM model to derive
204 uncertainty in the parameters obtained by non-linear least-square fit of the data as previously described
205  [54, 58]. The variance is assumed to be three times the mean for GGM and 96 times the mean for the
206  GLM. The model confidence intervals of parameters and the 95% prediction intervals of model fit are
207  also obtained using the parametric bootstrap approach [54].

208

209  Reproduction number, R, from caseincidence using GGM

210  The reproduction number, R, is defined as the average number of secondary cases generated by a primary
211  case at time t during the outbreak. This is crucial to identify the intensity of interventions required to
212  contain an epidemic [59-61]. Estimates of effective R indicate if the disease transmission continues (R>1)
213 or if the active disease transmission ceases (R<1). Therefore, in order to contain an outbreak, we need to
214  maintain R<1. We estimate the reproduction number by calibrating the GGM to the epidemic’s early
215  growth phase (27 days) [55]. We model the generation interval of SARS-CoV-2, assuming gamma
216  distribution with a mean of 5.2 days and a standard deviation of 1.72 days [62]. We estimate the growth
217  rate parameter, r, and the deceleration of growth parameter, p, as described above. The progression of
218  local incidence cases I; at calendar time t; is simulated from the calibrated GGM model. Then in order to
219  estimate the reproduction number, we apply the discretized probability distribution of the generation
220 interval denoted by p; to the renewal equation as follows [43, 44, 63]:

221

11
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R, = l
K X oUinjpy)

222

223  The numerator represents the total new cases /;, and the denominator represents the total number of cases
224  that contribute to generating the new cases I; at time t;. Hence, R,, represents the average number of
225  secondary cases generated by a single case at time t. Next, we derive the uncertainty bounds around the
226  curve of R, directly from the uncertainty associated with the parameter estimates (r, p) obtained from the
227  GGM. We estimate R, for 300 simulated curves assuming a negative binomial error structure where the
228  variance is assumed to be three times the mean [54].

229

230  Reproduction number, R, from caseincidence using GLM

231 In order to estimate the reproduction number by July 7, 2020 (after the reimposition of lockdowns in
232  Santiago and Valparaiso), we calibrate the GLM from May 9" — July 7", 2020 [55]. Next, we model the
233  generation interval [62], estimate the model parameters (r, p, ko) from GLM and the reproduction number
234  from the renewal equation as described above [43, 44, 63]. The uncertainty bounds around the curve of R,
235  are derived directly from the uncertainty associated with the parameter estimates (r, p, ko). We estimate
236 R, for 300 simulated curves assuming a negative binomial error structure [54] where the variance is
237  assumed to be 96 times of the mean calculated by averaging mean to variance ratio calculated from the
238  data (by binning data points and calculating directly from the data itself).

239

240  Instantaneousreproduction number , R, using the Cori method

241  We estimate R by the ratio of number of new infections generated at time ¢ (I;), to the total infectiousness
242  of infected individuals at time t, given by :

243 >t I_swq [64, 65]

244 In this equation, w, represents the infectivity profile of the infected individual, which depends on the time

245  since infection (s), but is independent of the calendar time (t) [66, 67].

12
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246

247  More specifically, wy is defined as a probability distribution describing the average infectiousness profile
248  of an individual after infection. Distribution of wy is affected by individual biological factors such as
249  symptom severity or pathogen shedding. The equation Yt_,I,_,w; indicates the sum of infection
250 incidence up to time step t — 1, weighted by the infectivity function w,. The distribution of the generation
251  time can be utilized to approximate the infectivity profile, wg , however, since the time of infection is
252  rarely observed, it becomes difficult to measure the distribution generation time [64]. Hence, time of
253  symptom onset is usually used to estimate the distribution of serial interval, which is defined as the time
254  interval between the dates of symptom onset among two successive cases in a transmission chain [68].
255  The infectiousness of a case is a function of the time since infection. This quantity is proportional to w; if
256  we set the timing of infection in the primary case as the time zero of w, and assume that the generation
257  interval equals the SI. The SI was assumed to follow a gamma distribution with a mean of 5.2 days and a
258  standard deviation of 1.72 days [62]. Analytical estimates of R were obtained within a Bayesian
259  framework using EpiEstim R package in R language [68]. R was estimated at 7-day intervals. We
260  reported the median and 95% credible interval (Crl).

261

262  3.Results

263  Caseincidence data

264  The Ministry of Health Chile reported a total of 481,342 COVID-19 cases as of November 2™, 2020 [27].
265  The epidemic curve showed an increasing trajectory from April-June 2020 and declined thereafter. On
266  average, ~443 (SD: 133.6) new cases per day were reported in April 2020, ~2697 (SD:1342) new cases
267  per day were reported in May 2020 and ~4943 (SD:972.2) new cases per day were reported in June 2020,
268  the maximum number of cases reported per day during the epidemic. The per-day cases declined starting
269  July, with ~2456 (SD:581) new cases reported per day in July 2020, ~1808 (SD:258) new cases per day

270  reported in August 2020, ~1706 (SD:294) new cases per day reported in September 2020, and ~1521

13
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271  (SD:275) new cases per day reported in October 2020. Figure 2 shows the daily incidence data of all
272  confirmed cases in Chile as of November 2™, 2020.

273

274  Figure 2: Daily incidence curve for all COVID-19 confirmed cases in Chile as of November 2™, 2020 (9).
275

276 Initial growth dynamicsand estimate of the reproduction number using GGM

277  We estimate the reproduction number for the first 27 epidemic days incorporating the effects of the social
278  distancing interventions, as explained in Table 1 and Figure 1. The incidence curve displays sub-
279  exponential growth dynamics with the scaling of growth parameter (deceleration of growth parameter), p,
280  estimated at 0.77 (95% CI: 0.73, 0.81) and the intrinsic growth rate, r, estimated at 0.81 (95% ClI: 0.67,
281  1.0). During the early transmission phase the reproduction number was estimated at 1.8 (95% CI: 1.6, 1.9)
282  (Figure 3).

283

284  Figure 3 : Reproduction number with 95% CI estimated using the GGM model. The estimated
285 reproduction number of the COVID-19 epidemic in Chile as of March 28™, 2020 is 1.8 (95% ClI: 1.6, 1.9).
286

287  Growth dynamicsand estimate of reproduction number using GLM by July 7, 2020

288  We also estimate the reproduction number from May 9"- July 7", 2020, incorporating the effects of the
289  reimplementation of localized lockdowns in Santiago, Antofagasta, and Valparaiso. The incidence curve
290  displays a nearly linear growth trend with the deceleration of growth parameter, p, estimated at 0.51 (95%
291  CI: 0.47, 0.56). The deceleration parameter in the GLM model helps modulate the trajectory of the
292  epidemic, depicting a linear growth trend. The intrinsic growth rate, r, was estimated at 22 (95% CI: 13,
293  31) and the final epidemic size, k, estimated at 3.4 e+05 (95% CI: 3.1 e+05, 3.7 e+05). The reproduction
294  number was estimated at 0.87 (95% CI: 0.84, 0.89) as of July 7™, 2020 (Figure 4).

295
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296  Figure 4: Reproduction number with 95% CI estimated by calibrating the GLM model from May 9"-July
297 7™ 2020. The estimated reproduction number of the COVID-19 epidemic in Chile as of July 7" 2020 is,
298  0.87 (95% CI: 0.84, 0.89).

299

300 Estimate of instantaneous reproduction number using Cori method

301  Utilizing the Cori method based on a sliding weekly window, we observe that the reproduction number
302 peaked on March 16™ 2020, with an estimate of R~ 6.19 (95% Crl= 5.84, 7.08). The reproduction
303  number declined thereafter and reached ~1.00 (95% Crl: 0.99, 1.04) on April 17", 2020. From April 18"-
304  June 18™, 2020 the reproduction number fluctuated between 1.01-1.75. This was followed by a decline in
305  the reproduction number to less than 1.0 between June 19™-August 9", 2020. Since then, the reproduction
306  number has fluctuated around 1.0 with the most recent estimate of R ~ 0.96 (95% Crl: 0.95, 0.98) (Figure
307  5).

308

309  Figure 5: Estimate of instantaneous reproduction number (R) for the COVID-19 epidemic in Chile as of
310  November 2™ 2020 using the Cori method. The most recent estimate of R~ 0.96 (95% Crl: 0.95, 0.98) as
311  of November 2™ 2020. Black solid line represents the mean R and the gray shaded region represents the
312 95% credible interval around mean R

313

314  Assessing theimpact of social distancing interventions

315  To assess the impact of social distancing interventions in Chile given in Table 1, we generated a 20-day
316 ahead forecast for Chile based on the daily incidence curve until March 30", 2020. The 28-day calibration
317  period of the GGM model yields an estimated growth rate, r, at 0.8 ( 95% CI: 0.6, 1.0) and a deceleration
318  of growth parameter, p, at 0.8 (95% CI: 0.7, 0.8), indicating early sub-exponential growth dynamics. The
319  20-day ahead forecast suggested that the early social distancing measures significantly slowed down the
320  early spread of the virus in Chile, whose effect is noticeable about two weeks after implementing an

321 intervention, as shown in Figure 6. A case resurgence was observed in Chile in mid-May 2020. As a
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322 consequence of this case resurgence, a total lockdown was imposed in Greater Santiago (representing
323  ~52% of total COVID-19 cases during the epidemic) on May 15", 2020. The quarantine in Santiago was
324  gradually eased from August 17, 2020, and was lifted on September 28, 2020, as a part of the move to
325  phase three of a five-step plan of deconfinement that would allow movement on regional transportation
326  and reopening of non-essential businesses and schools [31, 69, 70]. We generated a 20-day ahead forecast
327  based on the daily incidence curve from May 9"-July 7™, 2020. The 60-day calibration of the GLM model
328  yields an estimated scaling of the growth parameter, p, at 0.52 (95% CI: 0.47, 0.57), representing an
329  almost linear growth pattern. The 20-day ahead average forecast utilizing the GLM model showed that
330  Chile could accumulate ~45,160 cases (95% ClI: 27,934-67,600) between July 8"™-July 27", 2020 (Figure
331 7). Our forecast results approximate closely the ~46798 cases reported between July 8"-July 27", 2020 by
332  the Ministry of Health, Chile.

333

334  Figure 6: 20-days ahead forecast of the COVID-19 epidemic in Chile by calibrating the GGM model until
335  March 30™, 2020. Blue circles correspond to the data points; the solid red line indicates the best model fit,
336  and the red dashed lines represent the 95% prediction interval. The vertical black dashed line represents
337  the time of the start of the forecast period.

338

339  Figure 7: 20-days ahead forecast of the COVID-19 epidemic in Chile by calibrating the GLM model from
340 May 9™-July 7" 2020. Blue circles correspond to the data points; the solid red line indicates the best
341  model fit, and the red dashed lines represent the 95% prediction interval. The vertical black dashed line
342  represents the time of the start of the forecast period.

343

344  COVID-19 Testing rates and positivity rate

345  Daily testing and positivity rates for the time period April 9"-November 2", 2020, by the reporting date
346  are shown in Figure 8. The total number of tests performed for this time period were 4,325,617, amongst

347  which 10.9% (47,597) had positive results. The average number of daily tests was estimated at ~5,460 for

16


https://doi.org/10.1101/2020.05.15.20103069
http://creativecommons.org/licenses/by/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2020.05.15.20103069; this version posted December 15, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY 4.0 International license .

348  April 2020 and ~12,959 for May 2020, a 137% increase. The testing rate in Chile further increased in
349  June 2020, testing on average ~17,578 individuals per day, followed by a slight decline in July 2020,
350  testing on average 16587 individuals per day. However, the testing rates continued to increase in August
351 (average ~26,079 tests per day), September (average ~29,663 tests per day), and October (average
352  ~31,821 tests per day), indicating an expanding testing capacity of the country. The positivity rate
353  (percentage of positive tests among the total number of tests) has fluctuated from a monthly average of
354  ~9.07% (SD: 2.3) in April 2020 to a monthly average of ~4.87% (SD: 0.65) in October 2020.

355

356  Figure 8: Laboratory results for the COVID-19 tests conducted in Chile as of November 2", 2020. The
357  blue color represents the negative test results, and the yellow color represents the positive test results. The
358  solid orange line represents the positivity rate of COVID-19 in Chile.

359

360 4. Discussion

361  The estimates of the early transmission potential in Chile for the first 27 days of the epidemic indicate
362  sustained local transmission in the country with the estimate of reproduction number R at ~1.8 (95% CI:
363 1.6, 1.9) which is also in accordance with the estimate of the reproduction number obtained from the Cori
364  method (R~2.2 95% Crl (2.14, 2.28)). The estimates of R from our analysis agree with the estimates of R
365  retrieved from studies conducted in the surrounding Latin American countries including Peru and Brazil
366  [71, 72]. Other countries including Korea, South Africa and Iran also exhibit similar estimates of R that
367 lie in the range of 1.5-7.1 [73-80]. In contrast, some other countries including Singapore and Australia
368  have reported much lower estimates of R (R <1) that can be correlated with the implementation of early
369  strict social distancing interventions in these countries [81, 82].

370

371  The initial deceleration of the growth parameter in Chile indicates a sub-exponential growth pattern

372  (p~0.8), consistent with sub-exponential growth patterns of COVID-19 that have been observed in
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373  Singapore (p~0.7), Korea (p~0.76) and other Chinese provinces excluding Hubei (p~0.67) [78, 81, 83].
374  In contrast, studies conducted in Peru, a Latin American country, and Iran have reported a nearly
375  exponential growth pattern of the COVID-19 whereas an exponential growth pattern has been reported in
376  China[72, 75, 83].

377

378  Although the initial transmission stage of COVID-19 in Chile has been attributed to multiple case
379  importations, Chile quickly implemented control measures against the COVID-19 epidemic, including
380  border closures on March 18", 2020, to prevent further case importations. The 20-day ahead forecast of
381  our GGM model calibrated to 28 days suggest that the social distancing measures, including closure of
382  schools, universities and day cares, have helped slow down the early virus spread in the country by
383  reducing population mobility (Table 1, Figure 1, Figure 6) [84]. The commixture of interventions,
384  including localized lockdowns, night-time curfew, school closures, and the ban on social gatherings in
385  Chile, can probably be attributed to preventing the disease trend from growing exponentially during the
386  early growth phase, as has occurred elsewhere [3, 4]. However, the significant increase in case incidence
387  observed in mid-May can probably be attributed to the relaxation of social distancing measures and
388  reopening of society in late April, in the context of the “Safe Return” plan [31]. As the virus reached the
389  lower-income neighborhoods in Chile, the pandemic quickly exploded [23, 38, 39, 85]. While the
390 COVID-19 case incidence exhibited a relative stabilization in case trajectory for April 2020 (with an
391  average of ~443 cases per day), highlighting the positive effects of early quarantine and lockdowns, the
392  reopening of society and early economic reactivation in late April 2020 probably resulted in the surge of
393  cases resulting in an acceleration of the epidemic with estimates of R higher than 1.0. The total lockdown
394  comprised of stay-at-home orders imposed in Greater Santiago (which accounted for about 77% of cases
395 in the country) on May 15" showed an effect in slowing the virus's transmission. Similar lockdowns were
396 imposed in Antofagasta on May 5" and in Valparaiso on June 12", though these regions together

397  represent only ~10% of cases in Chile [31]. The deceleration of growth parameter, p , has been estimated
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398  at ~0.51 (95% CI: 0.47, 0.56) after the reimposition of lockdowns and social distancing measures in May,
399  consistent with a linear incidence growth trend, indicating deceleration of the epidemic.

400

401  Moreover, we estimated a reproduction number, R, of ~0.87 (95% CI: 0.84, 0.89) in early July, indicating
402  adecline in transmission of the virus consistent with the stay-at-home orders. This reproduction number
403  corresponds to the instantaneous reproduction number estimated during the course of the epidemic
404  utilizing the Cori method, which also indicates a decrease in disease transmission with R~0.8 as of early
405  July. The instantaneous reproduction number has fluctuated around ~1 since early August with the most
406  recent estimate of reproduction number, R~0.9 as of November 2", 2020. The 20-day ahead forecast
407  calibrating data to the GLM model (from May 9"-July 7", 2020) has reasonably indicated a declining
408 trend in case incidence. The forecast results also imply that approximately ~45,160 cases (95% CI:
409  27,934-67,600) could be observed in Chile from July 8"-July 27", 2020. The actual case count by for this
410  time period, as reported by the Chilean government indicated 46,798 cases, closely approximating our
411 mean GLM forecast, falling within the 95% PI. Therefore, based on the most recent estimates of R
412  (Figure 5), it can be implied that maintaining social distancing measures, limiting social gatherings, and
413  reducing population mobility have served as essential ways to containing the spread of the virus [86, 87].
414

415  Though the number of reported cases in Latin America remains low compared to the United States,
416  official data for many Latin American countries are incomplete. However, Chile has tested a higher
417  percentage of its residents than any other Latin American nation, lending confidence to its reliability [88].
418  Chile’s testing capabilities have been greatly expanded during the pandemic, in part from a coordinated
419  effort lead by the Ministry of Science to include testing from public and private laboratories. For instance,
420  the average number of COVID-19 tests performed in Chile per day per thousand people is 1.52 compared
421  to the neighboring South American country, Peru (~0.2 tests per thousand people) [89]. The average
422  positivity rate for the whole span of the epidemic in Chile is estimated at ~12.98%. However, the average

423  monthly positivity rate of COVID-19 in Chile is estimated at ~5.90% and ~4.88% for September and
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424 October, respectively, compared to ~20.09% in May 2020. The high positivity rate at the beginning of the
425  epidemic indicates that the government failed to cast a wide enough net to test the masses early in the
426  pandemic, and there were probably many more active cases than those detected by epidemiological
427  surveillance, underestimating the epidemic growth curve [90-92]. The most recent lower testing rates
428  indicate that Chile is testing a comparatively larger segment of the population. This positivity rate for
429  Chile is also consistent with the positivity rate obtained from India, the United States, Canada, and
430  Germany that exhibit moderately high positivity rates (4-8%) for COVID-19, indicating overall limited
431  testing in these countries [89, 93]. In comparison, some countries like Mexico and the Czech Republic
432  exhibit very high positivity rates (30-51%) [89]. Other countries like Denmark, New Zealand, Australia,
433  Singapore, and South Korea have reached very low positivity rates (0-3%) by testing the masses with
434  South Korea’s large testing capacity combined with a strategy that tracks infected people via cell phones
435  [88, 89, 94]. Moreover, studies suggest there is asymptomatic transmission of SARS-CoV-2 [66, 95, 96],
436  which means we could have underestimated our estimates based on the daily incidence’s growth trend
437  from symptomatic cases [97-99]. On the other hand, preliminary results of a study have shown the
438  relative transmission of asymptomatic cases in Santiago to be almost ~3% [100]. While our study
439  highlights the effectiveness of broad-scale social distancing and control interventions in Chile, it also
440  underscores the need for persistent isolation and social distancing measures to stomp all active disease
441  transmission chains in Chile. In the absence of pharmacological interventions and considering the advent
442  of second waves in Asia and Europe, non-pharmacological interventions such as the ones implemented in
443  Chile are the available options for countries to address the pandemic before large segments of the
444 population are immunized with effective and safe vaccines. In this scenario, real-time metrics that
445  characterize the transmission dynamics and control are crucial to face the future challenges that the
446  pandemic will impose.

447

448  This study has some limitations. First, our study analyzes cases by the dates of reporting while it is ideal

449  to analyze the cases by the dates of onset or after adjusting for reporting delays. On the other hand, a
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450  substantial fraction of the COVID-19 infections exhibits very mild or no symptoms at all, which may not
451  be reflected by data [101, 102]. Moreover, the data are not stratified by local and imported cases;
452  therefore, we assumed that all cases contribute equally to the transmission dynamics of COVID-19.
453  Finally, the extent of selective underreporting, and its impact on these results is difficult to assess.

454

455 5, Conclusions

456 In this study, we estimate the transmission potential of SARS-CoV-2 in Chile. Our current findings point
457  to sustained transmission of SARS-CoV-2 in the early phase of the outbreak, with our estimate of the
458  reproduction number at R~1.8. The COVID-19 epidemic in Chile followed an early sub-exponential
459  growth trend (p ~0.8) which has transformed into an almost linear growth trend (p ~0.5) as of July ™
460  2020. The most recent estimate of reproduction number, R, is ~0.9 as of November 2", 2020, indicating a
461  decline in the virus transmission in Chile. The implementation of lockdowns and apt social distancing
462 interventions have indeed slowed the spread of the virus. However, the number of new COVID-19 cases
463  continue to accumulate, underscoring the need for persistent social distancing and active contact tracing
464  efforts to maintain the epidemic under control.
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730  Figure 1: Timeline of the milestones COVID-19 pandemic in Chile as of November 2", 2020.
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734 Figure 2: Daily incidence curve for all COVID-19 confirmed cases in Chile as of November 2™, 2020 (9).
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739  Figure 3: Reproduction number with 95% CI estimated using the GGM model. The estimated
740  reproduction number of the COVID-19 epidemic in Chile as of March 28", 2020, is 1.8 (95% CI: 1.6,
741 1.9).
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747  Figure 4: Reproduction number with 95% CI estimated by calibrating the GLM model from May 9"-July
748 7™ 2020. The estimated reproduction number of the COVID-19 epidemic in Chile as of July 7", 2020, is
749  0.87 (95% CI: 0.84, 0.89).
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754  Figure 5: Estimate of instantaneous reproduction number (R) for the COVID-19 epidemic in Chile as of
755  November 2", 2020 using the Cori method. The most recent estimate of R~ 0.96 (95% Crl: 0.95, 0.98) as
756  of November 2", 2020. Black solid line represents the mean R and the gray shaded region represents the
757  95% credible interval around mean R
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760 Date of report

761  Figure 6: 20-days ahead forecast of the COVID-19 epidemic in Chile by calibrating the GGM model until
762  March 30™, 2020. Blue circles correspond to the data points; the solid red line indicates the best model fit,
763  and the red dashed lines represent the 95% prediction interval. The vertical black dashed line represents
764  the time of the start of the forecast period.
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768  Figure 7: 20-days ahead forecast of the COVID-19 epidemic in Chile by calibrating the GLM model from
769  May 9™-July 7" 2020. Blue circles correspond to the data points; the solid red line indicates the best
770  model fit, and the red dashed lines represent the 95% prediction interval. The vertical black dashed line
771  represents the time of the start of the forecast period. (96.2 is variance)
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775  Figure 8: Laboratory results for the COVID-19 tests conducted in Chile as of November 2", 2020. The
776  blue color represents the negative test results, and the yellow color represents the positive test results. The
777  solid orange line represents the positivity rate of COVID-19 in Chile.
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