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Modelling Results

Following the typical mathematical modelling of infectious disease using deterministic compartmen-
tal models, a Susceptible-Exposed-Symptomatic Infectious-Asymptomatic Infectious-Recovered-
Hospitalised-Dead population model with age structure and empirically-based contact information
has been developed to understand the transmission of COVID-19 throughout New Jersey as well
as the effect of lockdown measures and the removal or easing of different lockdown measures [1].
The age structure used in the model is based on decomposing the population into the following
age groups: [0 − 5], [5 − 10], . . . , [70 − 75], [75 − 80], and [80+]. The social contact matrices were
obtained for the USA from surveys and Bayesian imputation [2].

The social contact matrices are divided into work, school, home, and other settings and show
the average number of contacts between age groups in each of these settings. By developing a
COVID-19 model that includes age and social structure, we are able to assess the impact of specific
social distancing/lockdown measures that have been implemented to contain the epidemic in New
Jersey. To reflect the local (state-wide) spread of the pandemic, the model was parameterised
for New Jersey by incorporating available empirical information. The available empirical data
and parameter values for New Jersey were taken from the New Jersey Department of Health [3],
specifically the state’s information on COVID-19, as well as sites that have assessed the local
reproduction number (i.e. [4]). When New Jersey specific data/values were unavailable, more
general information from the wider COVID-19 literature and other comparable health services
were used.

The model enables one to assess the differential impact of removing specific lockdown measures
on specific dates. Figures 1-4 show the number of symptomatic infectious individuals, hospitali-
sations, and cumulative deaths. In each figure, the model simulations begin on March 04, 2020
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with lockdown measures implemented on March 16, 2020. The lockdown measures started to be
incrementally eased on May 02, 2020 with the opening of state parks and golf courses. On May
18, 2020 construction resumed and curbside deliveries were allowed, beaches and lakeshores were
reopened on May 22, 2020, and elective surgeries resumed on May 26, 2020. From this point,
we explore different possible scenarios of removing the remaining lockdown measures (Figures 1
and 2), or re-implementing the lockdown measures when the number of infectious individuals in-
creases (Figures 3 and 4). In all easing scenarios there is implicit in the resumption of normality
an awareness of the need for social distancing either through the wearing of masks or separation
of individuals. Therefore, the probability of disease transmission (determined empirically from NJ
assessments of the reproduction number [4]) is lower than when no social distancing is occurring,
as was the case before the pandemic began.

Table 1 provides an overview of the number of fatalities depending on the form of easing of
lockdown measures. If everything were to open on June 1, with schools opening in September,
or if, instead, the lockdown continued until the beginning of August with early school openings,
then the cumulative number of fatalities are approximately equal (Figure 1). A similar cumulative
effect will occur with an incremental easing of lockdown measures throughout the summer with an
opening of schools in September (Figure 2).

With testing and contact tracing, it is possible to properly assess how many individuals are
infected with the disease. Excellent testing and tracing protocols allow for more control when the
number of symptomatic cases starts to increase so that responsive lockdown and easing measures
can be implemented quickly. With a robust testing and contact tracing system in place, the num-
ber of fatalities can be minimised as far as possible (Figure 3 and Table 1). However, if one does
not have a robust testing and tracing program in place as lockdown measures are eased, then the
re-implementation of lockdown measures due to an increase of infectious individuals will be too
slow. As a result, there will be a subsequent rise in infections and associated deaths that could
have been avoided with a more robust testing program in place (Figure 4 and Table 1).

It is important to note that due to the current lack of adequate testing, in addition to the
limited understanding of the physiological effects of the novel virus, there is great uncertainty in
the parameter values, which leads to uncertainty in model simulations. Although the model output
is robust to changes in parameter values, one should not rely solely on the predictions made by
an individual model using a single set of parameter values. Instead, these results should be used
to qualitatively improve understanding of the progression of the disease. In particular, the results
contained within this document show the differential impact of removing specific lockdown measures
on specific dates, and the danger in removing the measures before adequate testing and contact
tracing have been implemented.
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COVID-19 Epidemic in New Jersey

Reopening on June 1 versus August 1
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Figure 1: Number of symptomatic infectious individuals, hospitalisations, and cumulative deaths
over an approximately one year period beginning on March 04, 2020 with lockdown measures
implemented on March 16, 2020. Starting on May 02, 2020 there began an incremental release of
lockdown measures including the opening of state parks and golf courses on May 02, the resumption
of construction and opening of curbside deliveries on May 18, the opening of beaches and lakeshores
on May 22, and the resumption of elective surgeries on May 26. If all remaining lockdown mea-
sures are removed on June 01, 2020, with the exception of schools which are assumed to open on
September 01, 2020 one sees the recurrence of a major “second wave” outbreak of infectious disease
with a peak in November, 2020 (black curve). If instead, the partially reopened state as of May
26, 2020 is maintained until August 01, 2020 at which point all remaining lockdown measures are
removed including an early reopening of schools, one sees a similar “second wave” that is delayed
so that the peak is in February, 2021 (blue curve).
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COVID-19 Epidemic in New Jersey

Successive Easing Throughout Summer
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Figure 2: Number of symptomatic infectious individuals, hospitalisations, and cumulative deaths
over an approximately one year period beginning on March 04, 2020 with lockdown measures
implemented on March 16, 2020. Starting on May 02, 2020 there began an incremental release of
lockdown measures including the opening of state parks and golf courses on May 02, the resumption
of construction and opening of curbside deliveries on May 18, the opening of beaches and lakeshores
on May 22, and the resumption of elective surgeries on May 26. If all remaining lockdown measures
are incrementally removed every ten days throughout the summer until everything but schools
are open by mid-August, and with schools assumed to open on September 01, 2020 one sees the
recurrence of a major “second wave” outbreak of infectious disease with a peak in January, 2021.
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COVID-19 Epidemic in New Jersey
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Figure 3: Number of symptomatic infectious individuals, hospitalisations, and cumulative deaths
over a multi-year period beginning on March 04, 2020 with lockdown measures implemented on
March 16, 2020. Starting on May 02, 2020 there began an incremental release of lockdown measures
including the opening of state parks and golf courses on May 02, the resumption of construction
and opening of curbside deliveries on May 18, the opening of beaches and lakeshores on May 22,
and the resumption of elective surgeries on May 26. After the slow relaxation of lockdown measures
that took place in May, successive easing measures are continued at intervals of ten day periods.
If the number of symptomatic cases increases above a threshold of 10% more than the number of
cases measured on May 22, then lockdown measures are successively tightened until the number
of symptomatic cases falls below the threshold. At this time easing of lockdown measures resumes
unless the number of symptomatic cases again rises above the threshold and tightening again begins.
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Figure 4: Number of symptomatic infectious individuals, hospitalisations, and cumulative deaths
over a multi-year period beginning on March 04, 2020 with lockdown measures implemented on
March 16, 2020. Starting on May 02, 2020 there began an incremental release of lockdown measures
including the opening of state parks and golf courses on May 02, the resumption of construction
and opening of curbside deliveries on May 18, the opening of beaches and lakeshores on May
22, and the resumption of elective surgeries on May 26. After the slow relaxation of lockdown
measures that took place in May, successive easing measures are continued at intervals of ten day
periods. If the number of symptomatic cases increases above a threshold that is twice the number
of cases measured on May 22, then lockdown measures are successively tightened until the number
of symptomatic cases falls below the threshold. At this time easing of lockdown measures resumes
unless the number of symptomatic cases again rises above the threshold and tightening again begins.
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Scenario Cumulative number of deaths

NJ Department of Health at May 22[5] 11133

Model at May 22 11322

Open June 1 (Fig. 1) 27704

Open August 1 with early opening of schools (Fig. 1) 26895

Successive easing of lockdown throughout summer (Fig. 2) 27419

Cyclical easing/lockdown based on threshold (10%) (Fig. 3) 15289

Cyclical easing/lockdown based on threshold (20%) 18788

Cyclical easing/lockdown based on threshold (50%) 23294

Cyclical easing/lockdown based on threshold (100%) 24165

Cyclical easing/lockdown based on threshold (200%) (Fig. 4) 24496

Cyclical easing/lockdown based on threshold (500%) 26448

Cyclical easing/lockdown based on threshold (700%) 31133

Table 1: Number of cumulative deaths for each model scenario. The number of fatalities as of May
22, 2020 determined by the model is 11322, whereas the empirical assessment as described by the
NJ COVID-19 Daily Case Summary [5] is 11133. The cyclical easing/lockdown scenario is based
on assessing the increase in new symptomatic cases relative to the number of symptomatic cases
on May 22, 2020 and implementing increased lockdown measures in the event of an increase past
the specified threshold, or conversely relaxing lockdown conditions if the number of symptomatic
cases drops below the threshold. When considering cyclical easing/lockdown for thresholds larger
than 700%, the implementation of lockdown or relaxation measures will result in the same number
of cumulative deaths as that seen for the 700% threshold.
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Mathematical Model with Age Structure

This population model includes Susceptible, Exposed, symptomatic Infectious, asymptomatic In-
fectious, Hospitalised, Recovered, and Dead individuals in 17 age groups: [0− 5], [5− 10], . . . , [70−
75], [75− 80], and [80+]. The governing equations for each of the i age groups are given by

Ṡ(i) = −λ(i)S(i), (1)

Ė(i) = λ(i)S(i)− γE(i), (2)

İsymp(i) = f(i)γE(i)− σsympIsymp(i), (3)

İasymp(i) = (1− f(i))γE(i)− σasympIasymp(i), (4)

Ḣ(i) = h(i)σsympIsymp(i)− αhH(i), (5)

Ṙ(i) = (1− h(i)− d(i))σsympIsymp(i) + σasympIasymp(i) + (1− dh(i))αhH(i), (6)

Ḋ(i) = d(i)σsympIsymp(i) + dh(i)αhH(i), (7)

where

λ(i) = ρ
17∑
j=1

C(ij)
Isymp(j)

N(j)
+ ρ

17∑
j=1

C(ij)
Iasymp(j)

N(j)
, (8)

and where S(i), E(i), Isymp(i), Iasymp(i), H(i), R(i), and D(i) respectively denote Susceptible,
Exposed, symptomatic Infectious, asymptomatic Infectious, Hospitalised, Recovered, and Dead
individuals for the ith age group. In addition, ρ denotes the probability that a contact results in
infection, C(ij) denotes the number of contacts of individuals in age group j with individuals in
age group i, N(i) is the population size of New Jersey in each of the age groups, 1/γ is the mean
exposure time, f(i) is the fraction of infected individuals who become symptomatic, 1/σsymp and
1/σasymp respectively represent the mean symptomatic and asymptomatic time, h(i) is the fraction
of symptomatic infectious individuals who must be hospitalised, 1/αh is the mean hospitalisation
time, d(i) is the fraction of symptomatic infectious (non-hospitalised) individuals who die, and dh(i)
is the fraction of hospitalised individuals who die. Parameter values that do not depend on age can
be found in Table 2 while age-specific parameter values are given in Table 3. The social contact
matrices are provided in [2]. The probability that a contact results in infection, ρ, was derived using
empirically determined time-dependent values of New Jersey’s reproduction numbers [4] compared
to the model reproduction numbers computed using the next generation matrix approach [6].
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Parameter Description Value

1/γ mean exposure time (incubation period) 5 days [7]

1/σsymp mean symptomatic time 10 days [8]

1/σasymp mean asymptomatic time 4 days [8]

1/αh mean (standard) hospitalisation time 10.4 days [8]

Table 2: Description of the various parameter values in the mathematical model.

Age N [9] f [10] h [11] dh [12] d [13]

0-5 12% 11.1% 18.2% 0.2% 0.1%
6-9 5.5% 0% 0%

10-15 13% 12.1% 5.5% 0% 0%
16-19

20-25 13% 12.1% 6.8% 0.2% 0.1%
26-29

30-35 13% 12.1% 13.9% 0.9% 0.4%
36-39

40-45 13% 12.1% 13.9% 0.9% 0.4%
46-49

50-55 14% 17.5% 25.1% 3.6% 1.4%
56-59

60-65 12% 28.7% 25.1% 3.6% 1.4%
66-69 51.2% 14.9% 5.9%

70-75 7% 28.7% 51.2% 14.9% 5.9%
76-79

80+ 4% 28.7% 61.7% 32.8% 12.9%

Table 3: Description of the various age-specific parameter values in the mathematical model.
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