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EXECUTIVE SUMMARY

New variants of COVID-19 have emerged with mutations that increase their transmissibility by 30-70%'. We use an
Aotearoa-specific, individual-based network contagion model to quantify the likely implications of a community outbreak
involving one of these more transmissible variants. We do this by simulating the spread of a variant of COVID-19 with 50%
higher transmissibility. Our simulations represent the situation of community outbreak, with no clear epidemiological
link to the border — similar to the situation announced on 14 February 2021.

Our results show that Alert Level 3 with a more transmissible variant would be unlikely to eliminate the out-
break within 200 days, except for very small outbreaks caught quickly. Alert Level 3 with improved contact tracing
(AL3+) had a small effect on overall probability of elimination (4—14%), and no statistically discernible effect on elimination
probability when controlling for outbreak size at detection. For reference, Alert Level 3 led to elimination within 200 days
post-detection in nearly all cases for old variants.

While new variants have a much-reduced probability of elimination within 200 days under AL3/AL3+ interventions,
our estimates for R4 are close to 1 under both AL3 and AL3+. This Ry indicates either suppression behaviour or that
some simulations that do not eliminate within 200 days may be heading to elimination over a more extended period. However,
this requires sustaining AL3/AL3+ measures for long periods, which may place heavy burdens on the NZ population
and contact tracing systems.

The estimated generation number at detection was the same for both the new and old variants, with a median esti-
mate for the generation number at detection of 3 and interquartile range of 2—-4 generations in both cases. Despite
this, the increased transmissibility of the new variants leads initial detection of outbreaks from the new variants occurring
slightly sooner (median of 17 days, compared with 20 days for the older variant) and outbreaks of the new variant
are around 50% larger at detection (median of 34 compared with 21 for the older variants). The new variants also had
more instances of large outbreaks (over 100 cases at detection).

Key points:

» Alert Level 3 is insufficient for achieving a high probability of elimination of a community outbreak within 200 days for
new, higher transmissibility variants of COVID-19.

Only around 40% of all simulations of the new variant under AL3 led to elimination within 200 days, and improved
contract tracing (AL3+) had only a very small (but statistically detectable) effect on this. This compares to around 95%
of all simulations of the old variant leading to elimination under AL3 interventions.

Alert Level 3 can be sufficient for elimination of a small COVID-19 outbreak (fewer than 10 total cases at initial
detection). For small outbreaks of the new variant (2-10 cases at detection), AL3/AL3+ led to elimination within 200
days in around 90% of the simulations.

L]

The probability of elimination dropped off significantly with outbreak size at detection: for intermediate size outbreaks
(11-50 cases at detection) the probability of elimination under AL3/AL3+ was around 50%, while for outbreaks detected
at size 51-100 the probability of elimination within 200 days falls to around 10%.

* Despite lack of elimination within 200 days for many simulations, our estimates for R.¢ are close to 1 under both AL3
and AL3+. This R.f indicates either suppression behaviour or that some simulations that do not eliminate within 200
days may be heading to elimination over a more extended period.

* This indicates that long periods under AL3/AL3+ interventions are required to suppress or eventually eliminate interme-
diate to large outbreaks, which may not be sustainable in practice. Even for those simulations that did eliminate the new
variant within 200 days, this often took a long time: for example, only about 12% of new variant runs reached elimination
within 60 days of detection under AL3 interventions.

* Under Alert Level 3, suppression of growth for a new, more transmissible variant of COVID-19 is sufficient to keep new
daily confirmed cases below the capacity limits of both the National Contact Tracing Solution (NCTS) and the Managed
Isolation and Quarantine (MIQ) system. However, both systems would be required to operate at a significantly increased
level for a sustained period of time and without failure — this may not be realistic.
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Introduction

Novel variants of COVID-19, with increased transmissibility compared to the original variant®> have recently appeared in
various countries. On 14 February 2021, one of these novel variants, COVID-19 variant B1.1.7 (also known as VOC 202012/01
or Alpha), was identified in the community in Auckland, Aotearoa New Zealand*. Reports indicate that this novel variant, first
identified in the UK, may have up to 30-70% higher transmissibility than the original COVID variant'->. As of 15 February
2021, the Auckland case lacks a clear epidemiological link to the border. This missing or unconfirmed link prompted the New
Zealand government to initiate a Level 3 COVID-19 Alert Level (AL3) for Auckland, and a Level 2 Alert Level (AL2) for the
rest of New Zealand, starting at 11.59 pm Sunday 14 February 2021. The present report summarises the results of network
contagion model simulations, detailing whether Alert Level 3 is enough to eliminate a community outbreak of a COVID
variant with increased transmissibility.

We use a detailed individual-based network contagion model that explicitly represents ~ 5 million individuals and the
contexts in which they interact. This network model includes stochasticity, spatial information, and individual demographic
information, along with multiple distinct ‘transmission contexts’ including dwellings, workplaces, and schools. It also includes
an explicit representation of the contact tracing process. This model has previously been used to simulate earlier community
outbreaks and to quantify the expected performance of a range of non-pharmaceutical interventions (NPIs) as part of the New
Zealand Government’s ‘Keep it Out, Stamp it Out, Eliminate it’ strategy®3.

This report focuses on a scenario comparable to that on 14 February 2021, where a community outbreak was detected with
no known epidemiological link to the border. (This is in contrast to the case of a positive test result being returned for a known
high exposure risk individual — e.g. a MIQ worker or recent arrival in Aotearoa NZ, or someone with an epidemiological link
to such a person.) While one of the individuals who tested positive for COVID-19 in the February 14th outbreak was deemed
to be at a higher risk of exposure, due to working in an airline food and laundry servicing facility, their testing schedule was
not reflective of this, being at most fortnightly*, hence we do not treat them as having an increased frequency of testing in the
weeks immediately prior to them developing symptoms.

Characterisation and parameterisation of model simulations

We have developed a set of interaction, testing, and tracing parameters that are intended to reproduce as accurately as
possible the transmission situation in the weeks prior to 14 February 2021, and the subsequent change to Alert Level 3 on
February 15th. We refer to this scenario as baseline Alert Level 3 (AL3).

Contact tracing plays an important role in reducing transmission of COVID-19 — it is also one of the NPIs where the
effectiveness can be more directly influenced by choices from public health officials and government. Since contact tracing
is an intervention that can be more or less effective, depending on a number of technological, procedural, and public uptake
settings, we also consider a scenario where the Alert Level 3 parameters are augmented by a combination of technological,
behavioural and procedural changes to contact tracing that could increase its effectiveness, without altering the restrictions or
gathering size limits that applied. We refer to this scenario as ‘Alert Level 3 with improved contact tracing’ or AL3+. The
parameterisation and characterisation of both of these scenarios is given below. Further details of the network-based model and
the implementation of the test/trace/isolate (contact tracing and testing) programme is given in the Method section.

Increased transmission variants (new variant)

Based on technical reports>> from the UK’s New and Emerging Respiratory Virus Threats Advisory Group, we assume a
variant of COVID-19 with a 50% increase in transmissibilty, relative to older variants. This corresponds to a 50% increase in
the B parameter which characterises the infectivity of COVID-19 in the network contagion model. Other aspects of disease
progression for the new variant are unchanged.

Baseline AL3 (AL3)

In the baseline for AL3 we assume that there is widespread reduction in transmission through various control policies. We
assume that schools are closed, with limited capacity for the children of essential workers and some transmission reduction
measures in place. Workplaces encourage working from home where possible, and measures are taken to keep workers safe, for
example through physical distancing, increased hygiene measures, contactless interaction and use of PPE. We also assume that
there is widespread adoption of mask-wearing and distancing, as well as travel restrictions and general reduction in interactions.
Overall we expect these measures reduce the chances of transmission in schools by around 97%, workplaces by around 55%
and in all other (non-dwelling) interactions by around 90%. These reductions are relative to the model’s calibrated default
values in the absence of interventions.

*The positive test results of the intial cases were returned after the infected individuals sought testing due to experiencing COVID-like symptoms. The
most recent test from scheduled testing of the high exposure risk individual was reported as being on January 18th, almost a month prior®.
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Once the first case has been detected, we assume there is a testing surge and 50% of mild symptomatic community cases
get tested (the 80% test positivity rate means 40% of cases test positive) and 80% of serious symptomatic community cases get
tested (64% of cases test positive). Tested individuals are notified of their test results in a mean of 4 days post symptom onset,
matching rates seen in the Auckland August outbreak.

Close contacts are traced at a rate fitted to fit to metric SO003 in the National Contact Tracing Performance reports.
Specifically, we use a Weibull distribution with parameters: scale = 3.04, shape = 2.66, which gives a median time (since
confirmed test) to notify a close contact of 2.65 days. There is a prioritisation in contact order such that household (dwelling)
contacts are contacted sooner than other contacts.

It is assumed that all members of a confirmed case’s dwelling, 95% of close workplace or school contacts, and 80% of
community close contacts are knowable and reachable by contact tracers. Contact tracing attempts are then made with a 10%
chance of failure per attempt for contacts that do not share a dwelling with the confirmed case. If an attempt fails, up to 5 more
attempts are made at making contact, with an inter-attempt time modelled by an exponential distribution with rate = 4.

Casual contacts are notified through media announcements, NZ COVID Tracer app ‘exposure notifications’, and some
manual contact tracing where capacity allows. Casual contacts are advised to get a test regardless of symptoms. In the baseline
Alert Level 3 scenario we assume that 50% of casual contacts in dwellingsT, 50% of casual contacts in schools and workplaces,
and 10% of casual contacts in the community would know they were a casual contact and seek a test. For this percentage, the
delay between the confirmed case notification and the casual contact seeking a test is between 2.5 and 7 days, with the times
modelled as a scaled Beta distribution with parameters a = 3,b = 5.

AL3 with improved contact tracing (AL3+)

Here we consider the impact of QR codes, bluetooth tracing, and manual improvements all together. In terms of parameter
changes in our model, we estimate the impact of these would be to: increase the chances of casual contacts in the community
getting tested to 25% (from 10%); increase the proportion of community close contacts known to 95% (from 80%); and
increase the speed of close contact tracing by adjusting the parameters of the Weibull Distribution to: scale = 2.6, shape = 1.7.
This is a reduction of the median time (since confirmed test) to notify a close contact from 2.65 days in the baseline case to 2.10
days in this scenario.

Simulation results

We ran 100 simulations for the old variant with Alert Level 3 (AL3) applied post-detection, and 500 simulations for the more
transmissible variant for each of the Alert Level 3 (AL3) and Alert Level 3 plus improved contact tracing (AL3+) interventions
(again applied post-detection). Each simulation was seeded by setting the state to infected (specifically to ‘Exposed’) for a
single, randomly selected, individual in Auckland. Pre-detection testing rates and behaviour were the best estimate of AL1, and
the same for both old and new variants and for both AL3 and AL3+ settings. Further details of the initial conditions and set-up
are given in the Initial Conditions section.

Pre-detection phase

Since the simulation conditions before detection of the first case are identical for the new variant across the AL3 and
AL3+ scenarios, we can combine the simulation results for our analysis of this phase of the outbreak. Combining these gives
1000 simulations total for the new variant pre-detection, though various metrics are subsequently reported conditional on
detection. For these metrics, we then exclude any simulations where the infection died out without being detected, or where
there is no further transmission from the first detected case (i.e. the infected case is isolated at detection, and no outbreak
occurs).

We also ran 1000 simulations of the pre-detection phase for the old variant with identical transmission settings to those used
for the new variant. When calculating metrics conditional on detection, we again exclude any simulations where the infection
died out without being detected, or where there is no further transmission from the first detected case.

For the 1000 simulations with the old variant, 79% of the simulations reached detection (and hence are retained in subsequent
analysis), compared to 88% of the 1000 total simulations with the new more transmissible variant. Using a two-sample test for
equality of proportions, we find that statistically significantly more re-incursions grow and reach detection for the new variant
(95% confidence interval for difference in detection percentages of 6% — 12% for new variant minus old).

In Table 1 we compare the time to detection, the chances of a simulation reaching detection, the generation number at
detection, and the outbreak size at detection, for the new and old variants.

We find that the time from the initial seed case to detection of the first case in a community outbreak of the original
variant ranges from two to just under four weeks (median = 20 days; [LQ = 14,UQ = 27]). A new variant with increased

Tall dwelling contacts will be close contacts except in large shared dwellings (occupancy over 12). NB: apartment complexes are not large dwellings, as
these are considered separate, and unlinked, dwellings in Census records.
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Scenario Time to detection | Number of simulations | Generation number at | Outbreak size at
(days) (/ 1000) detection detection

Old variant | 20 [14, 27] 793 3[2,4] 21 [10, 42]

New variant | 17 [12, 22] 883 3(2,4] 34115, 65]

Table 1. Time from re-incursion by an initial seed case to detection, generation number at detection, and size of outbreak at
detection. Results are formatted as median [lower quartile, upper quartile]. Number of simulations vary, as not all incursions
get detected before dying out.

transmissibility reduces this time to detection by around half a week (median = 17 days; [LQ = 12,UQ = 22]). This is expected
to be due to the earlier presence of a greater number of cases and hence more symptomatic people who might seek a test. The
generation number at detection is unchanged, however, with a median estimate for the generation number at detection of 3
and interquartile range of 2—4 generations in both cases.

Outbreak sizes are larger at detection for the new variant. For the original variant, we find that the outbreak size at the
time of detection has an interquartile range of 1042 total cases, whereas for a new, more transmissible, variant this increases to
15-65. Of particular note is that the number of outbreaks that are very large (>100) at detection increases markedly (orange
dots in Figure 2).

Distribution of Outbreak Sizes at Detection by Variant

3004

200 1

Cases at Detection

100 1

Old variant New variant
Variant

Figure 1. Distribution of Initial Outbreak Sizes by Variant. This plot shows the distribution of initial outbreak sizes for an
old variant and a new variant with 50% increased transmission. Note: the pre-detection data for the ‘Old variant’ come from the
pre-detection (i.e. AL1) phase of the 1000 simulations run for a previous report’.
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Cases at Detection vs Time to Detection by Variant
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Figure 2. Cases at Detection against Time of Detection by Variant. This plot shows the relationship between initial
outbreak sizes (cases at detection) and time to detection for an old variant (left) and a new variant with 50% increased
transmission (right). The colour indicates the number of generation until the outbreak was detected. With the new variant, the
first cases are detected slightly sooner and are typically significantly larger. For a given time of detection, the number of cases
at detection is approximately 50% greater than for the same time of first detection with the old variant.
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Post-detection phase

One of the best measures of whether a specific intervention, or combination of interventions, would be sufficient to control
an outbreak is to count the fraction of outbreaks that are brought under control (either zero active cases, or zero non-isolated
active cases) in a specified time period. Here we report the fraction of outbreaks with zero active cases 200 days from detection,
that is after a period of over half a year at Alert Level 3. Additionally, we report the estimated value of R.¢ during the period of
the simulation when the intervention (AL3 or AL3+) was active for both old and new variants, along with the distribution of
outbreak sizes at 60 and 150 days post-detection for both ‘total cases’ and the smaller subset of ‘known (confirmed) cases’.

In our simulations we do not implement any capacity constraints in terms of the maximum number of people who can be in
quarantine at any one time or the maximum number of people who can be contact traced in a day. We therefore report medians
and interquartile ranges for the peak number of cases in isolation and the peak number of successful contact tracing attempts
per day.

Probability of elimination

We find that in simulations with the old variant with Alert Level 3 (AL3) applied post-detection, 77 (95%) of the 81
simulations with a case detected completely eliminated the outbreak within 200 days of the first infection. When we consider
an outbreak of a new, more transmissible, variant, we find that with AL3 applied post-detection, only 175 (40%) of the 441
simulations with a case detected completely eliminated the outbreak within 200 days of the first infection. This is a substantial
difference in the effectiveness of Alert Level 3 for eliminating a community outbreak (95% confidence interval for difference in
elimination percentages of 48% — 63% for old variant minus new).

Scenario % of all outbreaks By size of outbreak at detection

that reach elimination | 2-10 ‘ 11-20 ‘ 21-50 ‘ 51-100 ‘ 101+
ALS3 old variant 95% | 100% | 93% | 93% 93% | 100%
AL3 new variant 40% 86% 56% 39% 9% 5%
AL3+ new variant 47% | 92% | 74% | 48% 15% 2%

Table 2. Percentage of simulations that reach elimination within 200 days of the first infection for different initial outbreak
sizes at detection, variants and interventions. The number of runs in each bin of outbreak sizes is noted in Table 7.

For the new variant, the 175 runs that did eliminate within 200 days of the first seed case often took a long time to complete
isolation of all active cases. For example, only 26 of the 175 runs that eliminated (or of the 441 runs with a case detected)
reached complete isolation within 2 weeks of detection. Figure 3 shows the distribution of the times taken for outbreaks to
reach complete isolation for each scenario and size of outbreak. This figure shows how the time to reach complete isolation are
more varied for new variant compared to the old.

We also investigated the impact of improved contact tracing, and find that for the new variant Alert Level 3 with improved
contact tracing (AL3+) led to elimination in only 207 (47%) of the 442 simulations with a case detected. A two-sample
test for equality of proportions indicates a small but statistically significant difference (95% confidence interval of 4-14%
more simulations would eliminate) between the proportion of simulations that eliminate completely within 200 days of the
first infection. However, even with this slight improvement, both AL3 and AL3+ are insufficient to reliably eliminate an
outbreak, unless it is very small at detection (see Table 2) and Figure 4.

For the old variant, Alert Level 3 led to elimination in close to 100% of outbreak®. In contrast, for the new variant, the
probability of elimination is strongly dependent on the size of the outbreak at first detection; when outbreaks are detected
sooner and are smaller, the chances of elimination within 200 days of the first infection is greatly increased. In Table 2 and
Figure 4 we group the outbreaks by their size (cumulative cases) at detection in size bins defined by the Ministry of Health in
the earlier Elimination Strategy report®. We find that, for the new variant, the probability of elimination for outbreaks of size
2-10 at detection is around ~90% while for outbreaks detected at size 51-100 the probability of elimination falls to around
~10%.

Considering simulations with outbreak sizes at detection within the same ‘bin’ a two-sample test for equality of proportions
did not show evidence of a difference in probability of elimination between AL3+ over AL3 for the new variant within any size
bin, despite the raw numbers for the proportion that eliminated consistently being higher for AL3+. It is worth noting that the
test does not prove that improved contact tracing measures have no effect on the probability of elimination at AL3, only that
these results are compatible both with no effect and with non-zero effect sizes depending on sample size. It could thus be that
the effect is too small to see in 500 simulation runs due to the run-to-run variability and the large variation in outbreak sizes at

#We also note that while the proportion eliminated was 95%, the proportion completely contained was even higher at 99%, where completely contained
means all cases are known and isolated.
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Distribution of Time to Complete Isolation by Outbreak Size and Variant
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Figure 3. Time to complete isolation (days) by scenario and outbreak size. In general, the time to complete isolation of
active cases was more varied as outbreak at time of detection increased.

detection between the two contact tracing levels (see Initial Conditions). However, we also note that the impact of improved
contact tracing on contagion control depends on the alert level: the effects of various interventions combine non-linearly in our
model. Thus the impact of improved contract tracing may be reduced in the presence of other measures.

Figures 5-7 show trajectories, under Alert Level 3, for the ‘total cumulative cases’, ‘active cases’ and ‘daily new cases’,
respectively, along with the corresponding median and upper and lower quartiles.

Estimate of R¢

An important feature of this modelling is that Res is not an input of our model, hence the case numbers can be used to
independently calculate an effective reproduction number for a given combination of interventions'?. In the present work we
post-process our results using the simple approximation'!? R.¢ ~ r x generation time + 1 to provide an indication of this,
where r is the observed exponential epidemic growth rate and is calculated using a linear approximation on the log-scale:
log(Active Cases) & r x 1.

For the old variant, during the simulation period when AL3 is in effect, we calculate a median R.¢ of 0.75 [0.68,0.82]. This
rises drastically for the new variant, to a median R is 0.97 [0.88,1.00] during AL3. Although many of these R¢r values are
below 1, they are close enough to 1 that many are simply ‘suppressed’, and for those that do eliminate, the time to elimination
is very long (months), as discussed in the previous section.

When we consider AL3 with contact tracing improvements (AL3+), the median R.¢ for the new variant is 0.94 [0.86,0.98].
This very slightly lower value of R.g for AL3+ is statistically significant, however the difference is very small (95% confidence
interval of 0.013-0.033), and similar behaviour, with suppression rather than elimination, is still observed.
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Figure 4. Proportions of simulations that reach elimination or isolation by scenario and outbreak size.
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Figure 5. Cumulative cases on a log scale for an outbreak of a new variant, for 60 days post-detection under Alert

Level 3. Although 40% of simulations eliminate within 200 days of the initial (seed) infection, only 12% eliminate within the
first 60 days of Alert Level 3 (as indicated by trajectories that flatten out and end before 60 days), the remaining simulations are
either suppressed with sub-exponential growth but continuing a steady level, or are heading towards elimination but very slowly.
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Figure 6. Active cases during an outbreak of a new variant, for 150 days post-detection under Alert Level 3. Around
40% of trajectories die out, reaching zero active cases within 150 days of initial detection. The remaining simulations show a

very slowly decreasing number of active cases.
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Figure 7. Daily new infections for an outbreak of a new variant, for 150 days post-detection under Alert Level 3.
Around 40% of trajectories die out. However, the remaining simulations show a very slowly decreasing number of new cases

per day, with Alert Level 3 being enough for suppression but not elimination.
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Size of outbreak at 60 and 150 days post-detection

To better quantify the nature of the outbreaks seen under AL3 and AL3+ for the different variants we report the outbreak
sizes at 60 and 150 days post-detection. The results for 60 days and 150 days post-detection are reported in Table 3 and
distributions of the cumulative outbreak sizes at 60 and 150 days post-detection are shown in Figure 9.

For the old variant under AL3, there are a median of 74 [33, 189] cumulative cases from the first seed case until 60 days
post-detection, and a median of 77 [33, 223] cumulative cases after 150 days post-detection. If we consider only ‘known’
(confirmed through testing) cases, the cumulative case counts are a median of 34 [17, 93] after 60 days post-detection, and
a median of 35 [17, 118] after 150 days post-detection. These numbers are very similar at day 60 and day 150, as most
simulations have no or low new cases after 60 days.

For the new variant under AL3, there are a median of 332 [111, 734] cumulative cases from the first seed case until 60 days
post-detection, increasing to a median of 689 [151, 1518] cumulative cases after 150 days post-detection. If we consider only
‘known’ (confirmed through testing) cases, there are a median of 166 [54, 365] after 60 days post-detection, increasing to a
median of 372 [86, 823] after 150 days post-detection.

With the improved contact tracing under AL3+, there are a median of 302.5 [90, 610] cumulative cases from the first seed
case until 60 days post-detection, and a median of 478.5 [119, 1140] cumulative cases after 150 days post-detection. If we
consider only ‘known’ (confirmed through testing) cases, the cumulative case counts are a median of 156 [51, 315] after 60
days post-detection, and a median of 259 [67, 624] after 150 days post-detection.

This suggests that the slight reduction in R, ¢ from the improved contact tracing is likely to still play a role in reducing the
size of an outbreak.

Scenario Cases Size of outbreak at day 60 | Size of outbreak at day 150
T E N
LT P

AL3+ new variant %;?rmed ;83.25[19’03, 1651]0] 42132.26[7 I 1692,41] 140]

Table 3. Cumulative Cases (confirmed cases and total cases) at day 60 and 150 post-detection. Results shown are median
[lower quartile, upper quartile].

Distribution of Outbreak Sizes at day 60 post-detection by Scenario Distribution of Outbreak Sizes at day 150 post—detection by Scenario

1000
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]
S
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Total Cumulative Cases 150 days Post-Detection

Total Cumulative Cases 60 days Post-Detection

AL3 old variant AL3 new variant AL3+ new variant AL3 old variant AL3 new variant AL+ new variant
Scenario Scenario

Figure 8. Distribution of Total Cumulative Cases at day 60 and day 150 by Variant and Intervention. This plot shows
the distribution of the total cumulative number of cases (i.e. both confirmed cases and unknown cases) at day 60 and day 150
after detection on a log scale. Note: the scale of the y-axis differs between the two times. Density plots indicate the lower
quartile, median, upper quartile, and distribution of cumulative cases across the set of simulations for each variant and
intervention level.

As expected, the outbreak dynamics are influenced by the initial size of the outbreak. At 60 days post-detection, with AL3
(respectively AL3+), outbreaks of the new variant with a size at detection in the range 2—10 had a median of 25 (resp. 20) total
cases compared with a median of 229 (resp. 108) for outbreaks with a size at detection in the range of 11-20. Table 4 reports
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cumulative number of total and ‘known’ cases at 60 days post-detection, while Figure 9 shows the distribution of the total
cumulative outbreak sizes at 60 days post-detection for a range of different initial outbreak sizes.

S . Cases Size of outbreak at detection

cenarito 2-10 11-20 21-50 51-100 101+
AL3 old Confirmed | 8 [4, 12] 26 [22, 29] 745 [41,111] | 145131, 193] 327 [327, 327]
variant Total 14 [7, 26] 48 [43, 62] 140 [80, 203] 281 [256, 419] 629 [629, 629]
AL3 new Confirmed | 16 [7. 39] 122 [47.254] | 351 [164,575] | 784 [580.1242] | 1580 [1228, 2015]
variant Total 2510, 71] 229 [86,506] | 653 [286, 1057] | 1437 [1033, 2348] | 2813 [2179, 3675]
AL3+new Confirmed | 13 [6, 24] 62.5 [42, 145] | 240.5 [151,412] | 613 [402, 887] 1231 [881, 1648]
variant Total 20 [7. 44] 108 [68,260] | 432.5 [250, 740] | 1131 [745,1602] | 2214 [1577. 2960]

Table 4. Cumulative Cases (confirmed cases and total cases) at day 150 post-detection for different initial outbreak sizes at
detection and interventions. Results shown are median [lower quartile, upper quartile].

Distribution of Outbreak Sizes at day 60 post—-detection by Scenario
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Figure 9. Distribution of Total Cumulative Cases at day 60 by Scenario and Outbreak Size at Initial Detection. This
plot shows the distribution of the total cumulative number of cases (i.e. both confirmed cases and unknown cases) at 60 days
after detection. Results are split by outbreak size at initial detection (five sub-figures) and across the scenarios of AL3, and
AL3+. Density plots indicate the lower quartile, median, upper quartile, and distribution of initial outbreak sizes across the set
of simulations for each outbreak size and intervention scenario.
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Capacity constraints
We do not impose any capacity constraints in our model. Specifically, we assume that:

* contact tracing effectiveness (proportion of contacts identified and speed of contacting them) will be the same even as the
number of cases rises

* there is testing capacity for the very high testing levels of the symptomatic population
* the time to get a test result is not affected by the large number of people who would need to be tested
* there is space in the MIQ facilities for all confirmed cases

New confirmed cases
While Alert Level 3 (including with contact tracing improvements) might be insufficient for elimination of an outbreak of

the new variants of COVID-19, it is capable of suppressing such outbreaks. This leads to long time periods with low numbers
of new daily cases, as long as Alert Level 3 continues to operate effectively/ Looking at Figure 10, we see that under AL3 there
are up to 30 new confirmed cases per day, but that most days have fewer than five new confirmed cases. This is a lower bound
on the total number of new cases as it does not include new infections that are undetected (c.f. Figure 7).

The number of daily new confirmed cases gives an indication of the level of resourcing that might be required for contact
tracing and managed isolation services. This is within the official limits of the NCTS which are a surge capacity of up to 1000
new cases per day managed centrally by the National Investigation and Tracing Centre (NITC) and up to 350 new cases per day
managed by Public Health Units (PHUs)'3.

Daily New Confirmed Cases
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Figure 10. Daily new confirmed cases through time for an outbreak of a new variant, for 60 days post-detection, under Alert
Level 3.
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Confirmed cases to move to MIQ

In the current model, we implement a policy where confirmed cases get transferred to an MIQ facility and are then unable
to infect household members (unlike close contacts in self-isolation, who can still infect close contacts in their dwelling). The
majority of confirmed cases are moved to the Jet Park facility in Tamaki Makaurau where the capacity for COVID-positive
cases is 222 beds!4.

Active Confirmed Cases
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Figure 11. Number of active confirmed community cases in managed isolation (MIQ) through time for an outbreak of a
new variant, for 60 days post-detection, under Alert Level 3.

Looking at the number of active confirmed cases (Figure 11) it can be seen that although many outbreaks only require fewer
than 50 beds at a time, there are still a number of outbreaks where this number might reach beyond the capacity of this facility.
In addition, much of the space may be required for new cases within the MIQ facilities from incoming travellers, or for active

cases that have since recovered in MIQ but require an additional 72 hours symptom free before release!”.

Close contacts to identify and contact

We plot the number of close contacts identified and successfully contacted each day in Figure 12. Results of model
simulations show that for outbreaks of sizes 2-10 at detection, the peak number of people isolated from contact tracing is
around 42 for the new variant under AL3 (see Table 5). With greater outbreak sizes at detection, the peak number of people in
isolation increases. Outbreaks of size 11-20 had a peak number of around 120 isolations, while outbreaks sizes of 100 or more
had around 450 isolations. The number of isolations is reduced under AL3+, with it being around 29 for outbreaks of size 2-10
at detection, around 100 for outbreaks of size 11-20, and around 416 for outbreaks over 100.

S . Size of outbreak at detection
cenario 210 | 1120 | 2150 | 51-100 | 101+
ALS3 old variant 19 [9, 45] 47 [34, 83] 91.5[68, 122] | 157 [120, 192] 294 [294, 294]

AL3 new variant | 42 [16, 73] 120 [72, 163] | 174 [130, 231] | 278 [225, 365] 448 [370, 521]
AL3+ new variant | 29 [13, 63] 99.5[59, 127] | 161 [112,205] | 264.5[216, 329] | 416 [357, 483]

Table 5. Peak number of people isolated in a single day from contact tracing for different initial outbreak sizes at
detection and interventions. Results shown are median [lower quartile, upper quartile] unless otherwise stated.
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Daily Isolations from Contact Tracing
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Figure 12. Number of close contacts successfully identified and contacted each day for an outbreak of a new variant,
for 150 days post-detection under Alert Level 3.

Considering that the mean number of calls to reach a close contact is 1.9'3, contact tracing at this rate would be within the
NITC ready capacity of 10,000 calls per day with scalable capacity of up to 20,000 calls per day'®. While the peak capacity of
the NITC is likely to be sufficient to deal with the expected number of new daily cases from even a large initial outbreak under
Alert Level 3, the fact that AL3 produces suppression behaviour rather than elimination means that this high capacity would
have to be maintained for a number of months with no decrease in efficiency or effectiveness if the outbreak were to remain
suppressed. Furthermore, this does not take into consideration the calls that would need to be made to people other than the
initial call to a close contact, including the repeat follow up calls to close contacts to support them to isolate and monitor their
health, calls to confirmed cases to perform case interviews, calls to businesses or other exposure locations to identify potential
close or casual contacts.

Sustained response

Because the Alert Level 3 measures are not enough to rapidly eliminate an outbreak, the contact tracing and isolating
response will need to keep performing at a high level for months. We see from Figure 12 that at 150 days post-detection, for the
many simulations there are still over 100 close contacts to contact and isolate each day. Related to that, since close contacts
must stay in isolation for 14 days, at any time there are a large number of people in self-isolation who need to be supported and
monitored. Figure 13 shows the sum of active cases and people currently in self-isolation at any given time. By subtracting
from this the number of active cases (Figure 11) we can get an idea of the level of resourcing required.
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Figure 13. Number of people currently in isolation (both confirmed cases and close contacts in self isolation) through
time for an outbreak of a new variant, for 60 days post-detection, under Alert Level 3.

S . Size of outbreak at detection
cenario 2-10 | 1120 | 21-50 | 51-100 | 101+

AL3 old variant 104 [38, 214] 395.5 [334, 710] 1266.5 [755, 1831] | 2401 [2096, 3821] 5660 [5660, 5660]
AL3 new variant | 239 [86, 599] 2252 [783.5,5132] | 6526 [2898, 11495] | 14523 [10669, 23892] | 29457 [22013, 36178]
AL3+ new variant | 200.5 [70, 540] | 1119 [650, 3078] 4604 [2540, 8245] 12432 [7884, 17496] | 24003 [16718, 31549]

Table 6. Total cumulative number of isolations from contact tracing in the first 200 days post the first infection for
different initial outbreak sizes at detection and interventions. Results shown are median [lower quartile, upper quartile] unless
otherwise stated.

Method

Description of model and key assumptions

We implement a stochastic model of infection dynamics on a detailed interaction network of all ~ 5 million individuals
in Aotearoa NZ. Each individual is represented by a node in this network; additional group nodes are used to represent the
different infection contexts through which individuals can interact and transmit infection. Each individual has the demographic
characteristics of age, sex, ethnicity, and geographic location (Statistical Area 2 (SA2)) of usual residence. These are sourced
from Census 2018 figures. Individuals are placed in dwellings, with other individuals, in the same geographic location (SA2)
based on Census 2018 dwelling size and age structure within that SA2. Besides dwellings, many individuals have places of
work (tax data from the Statistics NZ Integrated Data Infrastructure (IDI)) and/or education (Ministry of Education roll data),
and all individuals participate in so-called community events which capture all interactions which are not with other people in
their dwelling, or work/school (i.e socialising, shopping, etc). The community interactions also include long-range travel within
Aotearoa New Zealand, based on cellphone movement data'®.

Group nodes are further classified as involving close or casual (background) contact behaviour. In small dwelling, school,
and workplace groups, we assume that all contacts are both close and casual contacts. But if groups are larger (e.g. a whole
school or a large workplace), we create smaller groups within the large group which represent the smaller number of close
contacts such as a class within a school or a team within a workplace. Within the large school and workplace groups, we assume
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only a casual contact level of interaction. For community events, however, we categorise these as either close or casual contact
type interactions in advance.

Close contacts are assumed to be contact traceable, if ‘known’ (by the National Contact Tracing Solution team), and the
proportion of close contacts who would be ‘known’ varies by context (e.g. all dwelling close contacts are known, but only
a lower proportion of social/community close contacts are known) and is influenced by contact tracing effectiveness and
technology assumptions. In our model, casual contacts are not directly traced, but if they know that their casual contact(s)
have been confirmed as COVID-19 positive (through e.g. media reports, NZ COVID Tracer app alerts), then they increase
the chances of seeking a COVID test. The proportion of casual contacts who would know that they may have been exposed,
and who subsequently, would seek a test varies by interaction context. This number is also influenced by the methods used
by public health officials for notifying people and what the advice to casual contacts is. Our model also includes policy
effects, representing non-pharmaceutical interventions such as Alert Levels, which reduce the chance of transmission in various
interaction contexts, and increase community (general public) test-seeking behaviour.

We use the Gillespie algorithm!” to simulate our main contagion dynamics. This algorithm is a so-called exact algorithm
for simulating realisations from a collection of independent transition processes with rates (or hazards) of the form:

Probability of transition i per unit time = &;(system state) 1)

fori =1,...,n. In this context, a transition consists of one or more individuals changing their state; for example, a susceptible
individual becoming exposed due to an encounter with an infected individual. This simulation approach was popularised in the
stochastic chemical kinetics literature, but also has a long history of applications to population dynamics'® and is now standard
in the network contagion literature'®.

Although our main dynamics are Markovian and compatible with the standard Gillespie algorithm, we incorporate additional
realism by allowing for delay processes, particularly in our tracing dynamics. We do this by having Markovian ‘initiation’
dynamics but delayed ‘completion’ times, with arbitrary distributions allowed for completion times. Delay processes can be
handled in an exact manner using an extension of the standard direct Gillespie method>-2!, and we follow this approach here.

Key assumptions
Full model details are described elsewhere®, but key assumptions and parameters include:

* Disease progression for infected individuals proceeds through a sequence of states. Initially, exposed individuals are
infected but not yet infectious, they transition to either pre-symptomatic or asymptomatic states (both infectious). Cases
that will go on to develop symptoms (pre-symptomatic) are further split into being ‘mild’ or ‘severe’ cases, with this
varying by age. Note that this case severity is based on eventual outcome, and is not specifically the symptom severity
at onset. Severe cases can become hospitalised and can die while the remainder of the infected cases recover. The
parameters controlling transitions between these states are based on international literature — primarily from Fraser et
al.??.

 There is negligible difference in the rate of recovery from exposure between different symptom presentations.

» The proportion of infections that are asymptomatic varies with age, and equates to about 16% over the whole population,
in line with findings from PCR based studies with inclusive symptom case definitions?>?*. Asymptomatic cases are
assuming to have zero chance of being tested for COVID-19 unless they have been identified as a casual or close contact
of a confirmed case.

» The split of (pre-)symptomatic cases into being ‘mild’ or ‘severe’ cases, also varies by age. Case severity determines
primarily the probability of hospitalisation (zero for mild cases)®, but also affects the chance of infected individuals to
seek testing (severe cases are more likely to seek medical attention and thus have a higher testing probability).

* Infectiousness of individuals at any infectious (asymptomatic, pre-symptomatic, or symptomatic) stage of their infection
is identical.

* Individuals have a probability of getting a test depending on their infection state and scenario settings. Given that they do
get tested, the time it takes from symptom onset to receiving a positive result is modelled as an exponential distribution,
with the speed dependent on scenario settings.

* Individuals will not isolate or change their behaviour until they either receive a positive test, or are contacted by contact
tracing.

¢ Individuals will stay in self-isolation for 14 days, starting from when they are first contacted by contact tracing.
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* Individuals that receive positive tests will stay in an MIQ facility until they recover.

¢ Infected individuals in self-isolation can infect others in their dwelling and have a small (1%) chance to infect others
outside of isolation.

¢ Infected individuals in MIQ (confirmed cases) have a small (1%) chance to infect others outside of isolation/quarantine.

» Contact tracing traces a proportion of close contacts of a confirmed case. The proportion depends on the interaction
group type, as well as scenario settings.

* Close contact tracing is modelled by a finite number of attempts at contact, each with a small chance of failure, dependent
on the type of group (e.g. work vs dwelling) that connects the close contact with the confirmed case.

» Casual contacts of a confirmed case have a certain probability that they would both i) know they were a close contact,
and then ii) would go to get a test; with some delay between the confirmed case notifying and a test being returned to the
casual contact. The probability that a casual contact would seek a test depends on the interaction group type or context,
as well as scenario settings.

Some differences to note:

* Our ‘casual contacts’ category encompass both the ‘casual contacts’ and the newly defined ‘casual plus contacts’
categories created by the Ministry of Health, in that the casual contacts in our model all did have contact with a confirmed
case which carried a risk of transmission. Casual contacts in our model are encouraged to get a test regardless of
symptoms, but are not self-isolating until they receive a negative test result

* Symptomatic cases are not self-isolating at the onset of symptoms in our model. They only change behaviour (and
transmission risk) when they receive their test result, unless they are already self-isolating because they are a close
contact of a confirmed case

* We only do first degree contact tracing, we do not for example trace close contacts of close contacts.

* Confirmed cases leave MIQ once they recover and are no longer infectious. This can be before 14 days has passed.

Initial conditions

In order to create initial conditions for the more transmissible, new variant for AL3 and AL3+ scenarios, we set 500
simulations running using parameters for our best estimate of a ‘Baseline Alert Level 1°® to simulate infection spread prior to
detection of the first case. This includes a B parameter that corresponds to a 50% increase in COVID-19 infectivity, relative
to older variants. Once the first infected case is detected and confirmed we turn on the Alert Level 3 (or AL3+) simulation
parameters described above.

We follow a similar procedure for 100 additional simulations, using a 8 parameter that corresponds to the infectivity of
older variants of COVID-19 used in previous reports®®. These lower infectivity simulations are used to give context and allow
straightforward comparison for the more transimissible variant.

This approach ensures that we start with not just an initial number of infections but with an epidemiologically based
contagion tree to allow for contact tracing. This provides more realistic infection histories for each simulation, but means that
the number of simulations and the size of the outbreaks at detection are not identical for each simulation run. This increases the
run-to-run variability within and between different interventions.

For Baseline Alert Level 1 (pre-detection) we assume that there is some mask wearing and social distancing which
will reduce casual community transmission by 10% below the model’s calibrated default values. We set the proportion of
symptomatic cases who would seek a test to 10% for mild/moderate cases and 50% for severe cases®, based on levels of testing
in Auckland estimated from FluTracking data®>. We assume a test positivity rate of 80%2°, which equates to a probability of
detection of 8% for mild/moderate cases, and 40% for severe. Finally, we assume the time from symptom onset to test result is
exponentially distributed with a mean time from symptom onset to test result of 5 days. It is worth noting that the proportion of
cases detected will vary depending on age solely due to the the higher proportion of asymptomatic cases and lower proportion
of severe cases for younger individuals. For example, in the baseline case 0—14 year olds will have a case detection of ~7%
whereas over 60s will have a case detection of ~16%. We know from FluTracking data® that testing rates are much lower
in younger age groups even after accounting for symptom presentation. Based on this, we suspect that the parameters in our
scenarios correspond to a higher rate of testing in under 15s than is actually observed.

§severe cases are those that would be expected to seek medical attention for breathing difficulties, pneumonia, etc.
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Even though the transmission settings in the simulation are identical for the increased transmissibility AL3 and the AL3+
scenarios during the pre-detection phase, the distribution of the outbreak sizes at detection can differ between the two sets
of simulations, due to stochastic effects. Since the outbreak size at detection is an important factor in the progression of an
outbreak, post-detection, we compare the distribution of outbreak sizes at detection for the simulation runs that are used for the
AL3 and AL3+ scenarios. See Table 7 and Figure 14.

Outbreak sizes at detection for the older variant are expected to be smaller due to its lower transmissibility. Hence, initial
conditions at the point when the the AL3/AL3+ interventions are applied will differ for the two variants. Differences in the
outbreak size at detection for the two variants are reported and discussed in the Pre-detection phase section, in addition to being
included in Figure 14 below.

Distribution of different initial outbreak sizes (new variant)

Scenario All runs 2-10m) | 1120 | 2150 | 51-100(n) | 101+ (n)
AL3 34 [14,66] (441) | 614, 81 (79) | 15112, 181 (75) | 34 [27,40.5] (135) | 68 [59, 82](97) | 134 [111,155] (55)
AL3+ 34 [16,63] (442) | 514,81 (78) | 16.5[13,181(68) | 33 [27,41]1(141) | 67 [59,831(106) | 120 [111,146] (49)

Table 7. Distribution of initial outbreak sizes within each size band for the simulations from the pre-detection phase of the
AL3 and AL3+ scenarios with the higher transmissibility variant and the AL3 scenario with the old variant. The number of
simulations (with at least one post-detection transmission event) in each size band is indicated in parentheses (n). Results
shown are median [lower quartile, upper quartile] unless otherwise stated.

Distribution of Outbreak Sizes at Detection by Scenario
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Figure 14. Distribution of Initial Outbreak Sizes, by Scenario and Variant. This plot shows the distribution of initial
outbreak sizes for AL3, and AL3+ scenarios with the new variant — these use identical simulation conditions. We also show
the distribution of initial outbreak sizes for the less transmissible, older variant. The distributions of the initial outbreak sizes
used for the simulations are comparable across intervention scenarios for each variant, but not between the two different
variants.
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Discussion

The results presented here show that COVID-19 variants with increased transmission rates considerably impact the
ability of non-pharmaceutical interventions to eliminate a community outbreak. For old variants, Alert Level 3 led to
elimination within 200 days post-detection in nearly all cases, regardless of the outbreak size at detection. In contrast, for
the new variant, elimination within 200 days is much less likely in general, and is strongly dependent on the size of the
outbreak at first detection. Our estimates for R (based on post-processing our simulations) for the new variant are close to
1 under both AL3 and AL3+, indicating either suppression behaviour or that some simulations that do not eliminate within 200
days may be heading to elimination over a longer time period. However, this requires AL3/AL3+ measures to be sustained for
periods of time that may place heavy burdens both on the population and contact tracing systems.

Only around 40% of all simulations of the new variant under AL3 led to elimination within 200 days, and improved contract
tracing (AL3+) only had a very small (though statistically detectable) effect on this. There was no statistically discernible effect
on elimination probability when controlling for outbreak size at detection. For small outbreaks (2-10 cases at detection) of
the new variant, AL3/AL3+ led to elimination within 200 days in around 90% of the simulations, but this dropped off
significantly with outbreak size at detection: for outbreaks detected at size 51-100 the probability of elimination within
200 days falls to around 10%. For intermediate size outbreaks (11-50 cases at detection) the probability of elimination
under AL3/AL3+ was around 50%. Even for those simulations that did eliminate the new variant within 200 days, this often
took a long time: for example, only about 12% of new variant runs reached elimination within 60 days of detection under AL3
interventions.

One key message from these results, echoing those of our previous reports, is that the smaller an outbreak is when
interventions such as AL3 are first applied, the higher the probability of elimination and the smaller the total outbreak size.
However, this effect is even more pronounced for new variants: the effectiveness of Alert Level 3 at achieving elimination
is greatly reduced unless the outbreak is caught very early. While AL3 is likely sufficient to eliminate either outbreaks
of old variants or very small outbreaks of new variants, AL3 cannot guarantee the elimination of larger outbreaks of new
variants with high confidence. Furthermore, even when elimination of a new variant can be achieved under AL3/AL3+
interventions, this may take a significant time.

Acknowledgements

We would like to acknowledge the help of a various institutions and officials, including Statistics NZ, NeSI, ESR, Treasury,
and MoH — particularly Mary van Andel, Trish Priest, and the NCTS team for providing data used in this modelling. This
work was funded and supported by Te Piinaha Matatini and MBIE.

References

1. Volz, E. et al. Transmission of SARS-CoV-2 Lineage B. 1.1. 7 in England: Insights from linking epidemiological and
genetic data. medRxiv 2020-12 (2021).

2. Public Health England. Investigation of novel SARS-CoV-2 variant: Variant of Concern 202012/01 — Technical briefing 3.
Retrieved from: https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/950823/
Variant_of_Concern_VOC_202012_01_Technical_Briefing_3_-_England.pdf (2021). Accessed: 2 Feb 2021.

3. Public Health England. Investigation of novel SARS-CoV-2 variant: Variant of Concern 202012/01 — Technical briefing 5.
Retrieved from: https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/959426/
Variant_of _Concern_VOC_202012_01_Technical_Briefing_5.pdf (2021). Accessed: 2 Feb 2021.

4. Ministry of Health. Update on genomic sequencing. Retrieved from: https://www.health.govt.nz/news-media/
media-releases/update- genomic-sequencing (2021). Accessed: 15 Feb 2021.

5. Davies, N. G. et al. Estimated transmissibility and severity of novel SARS-CoV-2 Variant of Concern 202012/01 in
England. medRxiv 2020-12 (2021).

6. Harvey, E. et al. Network Modelling of Elimination Strategy Pillars: Prepare for it; Stamp it out. Tech. Rep., Te Punaha
Matatini (2020).

7. Harvey, E. et al. Alert Level 2.5 is insufficient for suppression or elimination of COVID-19 community outbreak. Tech.
Rep., Te Puinaha Matatini (2021).

8. Harvey, E. et al. Network-based simulations of re-emergence and spread of COVID-19 in Aotearoa New Zealand. Tech.
Rep., Te Punaha Matatini (2020).

Page 19


https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/950823/Variant_of_Concern_VOC_202012_01_Technical_Briefing_3_-_England.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/950823/Variant_of_Concern_VOC_202012_01_Technical_Briefing_3_-_England.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/959426/Variant_of_Concern_VOC_202012_01_Technical_Briefing_5.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/959426/Variant_of_Concern_VOC_202012_01_Technical_Briefing_5.pdf
https://www.health.govt.nz/news-media/media-releases/update-genomic-sequencing
https://www.health.govt.nz/news-media/media-releases/update-genomic-sequencing

Not Externally Peer Reviewed

10.
11.
12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22,
23.

24.

25.
26.

. New Zealand Government. COVID-19 media conference — 7pm, 14 February 2021. Retrieved from: https://covid19.govt.

nz/updates-and-resources/latest-updates/covid- 19-media-conference-7pm- 14-february-2021/ (2021). Accessed: 15 Feb
2021.

Breban, R., Vardavas, R. & Blower, S. Theory versus data: how to calculate rf0? PLoS One 2, €282 (2007).
Ma, J. Estimating epidemic exponential growth rate and basic reproduction number. Infect Dis Model. 5, 129-141 (2020).

Wallinga, J. & Lipsitch, M. How generation intervals shape the relationship between growth rates and reproductive
numbers. Proc. Biol. Sci. 274, 599-604 (2007).

Smith, R. NCTS — Metrics for Modelling. Tech. Rep., National Contact Tracing Solution (NCTS) (2020).

Jet Park Hotel Auckland Airport. Rooms & Suites Jet Park Hotel Auckland Airport. Retrieved from: view-source:https:
/Iwww jetparkauckland.co.nz/rooms/ (2021). Accessed: 15 Feb 2021.

Ministry of Business, Innovation & Employment.  Quarantine.  Retrieved from: https://www.miq.govt.nz/
being-in-managed-isolation/quarantine/ (2021). Accessed: 15 Feb 2021.

QriousNZ. Qrious inter-regional ground travel data. https://www.transport.govt.nz/mot-resources/research-papers/
inter-regional-ground-travel-data-from-qrious/ (2019). Accessed: 2020-08-10.

Gillespie, D. T. A general method for numerically simulating the stochastic time evolution of coupled chemical reactions.
J. Comput. Phys. 22, 403-434 (1976).

Kendall, D. G. An artificial realization of a simple “Birth-and-Death” process. J. R. Stat. Soc. Ser. B Stat. Methodol. 12,
116-119 (1950).

Kiss, I. Z., Miller, J. C. & Simon, P. L. Mathematics of Epidemics on Networks: From Exact to Approximate Models
(Springer International Publishing, 2017).

Bratsun, D., Volfson, D., Tsimring, L. S. & Hasty, J. Delay-induced stochastic oscillations in gene regulation. Proc. Natl.
Acad. Sci. 102, 14593-14598 (2005).

Barrio, M., Burrage, K., Leier, A. & Tian, T. Oscillatory regulation of hesl: discrete stochastic delay modelling and
simulation. PLoS Comput. Biol 2, e117 (2006).

OpenABM-Covid19 model. https://github.com/BDI-pathogens/OpenABM-Covid19. Accessed: 2020-08-03.

Harvey, E., Maclaren, O. J., O’Neale, D. & Wu, D. Asymptomatic cases of COVID-19 in NZ: a study of data from the
Auckland August re-emergence case data. Tech. Rep., Te Pinaha Matatini (2020).

Byambasuren, O. et al. Estimating the extent of asymptomatic COVID-19 and its potential for community transmission:
systematic review and meta-analysis. medRxiv DOI: 10.1101/2020.05.10.20097543 (2020). https://www.medrxiv.org/
content/early/2020/09/13/2020.05.10.20097543 full.pdf.

Harvey, E. & Turnbull, S. 2020-12-18 fluTracking Testing Calculations. Tech. Rep., Te Punaha Matatini (2020).

Kucirka, L., Lauer, S., Laeyendecker, O., Boon, D. & Lessler, J. Variation in False-Negative Rate of Reverse Transcriptase
Polymerase Chain Reaction-Based SARS-CoV-2 Tests by Time Since Exposure. Annals Intern. Medicine 173, 262-267,
DOI: https://doi.org/10.7326/M20-1495 (2020).

Page 20


https://covid19.govt.nz/updates-and-resources/latest-updates/covid-19-media-conference-7pm-14-february-2021/
https://covid19.govt.nz/updates-and-resources/latest-updates/covid-19-media-conference-7pm-14-february-2021/
view-source:https://www.jetparkauckland.co.nz/rooms/
view-source:https://www.jetparkauckland.co.nz/rooms/
https://www.miq.govt.nz/being-in-managed-isolation/quarantine/
https://www.miq.govt.nz/being-in-managed-isolation/quarantine/
https://www.transport.govt.nz/mot-resources/research-papers/inter-regional-ground-travel-data-from-qrious/
https://www.transport.govt.nz/mot-resources/research-papers/inter-regional-ground-travel-data-from-qrious/
https://github.com/BDI-pathogens/OpenABM-Covid19
10.1101/2020.05.10.20097543
https://www.medrxiv.org/content/early/2020/09/13/2020.05.10.20097543.full.pdf
https://www.medrxiv.org/content/early/2020/09/13/2020.05.10.20097543.full.pdf
https://doi.org/10.7326/M20-1495

	References

