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Case investigation and contact tracing (CICT) are public health measures that aim to break the chain
of pathogen transmission. Changes in viral characteristics of COVID-19 variants have likely affected
the effectiveness of CICT programs. We estimated and compared the cases averted in Vermont when
the original COVID-19 strain circulated (Nov. 25, 2020-Jan. 19, 2021) with two periods when the

Delta strain dominated (Aug. 1-Sept. 25, 2021, and Sept. 26-Nov. 20, 2021). When the original strain
circulated, we estimated that CICT prevented 7180 cases (55% reduction in disease burden), compared
to 1437 (15% reduction) and 9970 cases (40% reduction) when the Delta strain circulated. Despite the
Delta variant being more infectious and having a shorter latency period, CICT remained an effective
tool to slow spread of COVID-19; while these viral characteristics did diminish CICT effectiveness, non-
viral characteristics had a much greater impact on CICT effectiveness.
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Case investigation and contact tracing (CICT) are public health tools that aim to interrupt the spread of infectious
pathogens by identifying and contacting cases and contacts, and recommending that they isolate and quaran-
tine, respectively, to prevent onward transmission’. Several modeling studies estimated that CICT had varying
degrees of success in controlling COVID-19 transmission across US jurisdictions* in the earlier phases of the
pandemic, when the original strain of SARS-CoV-2 (the virus that causes COVID-19) primarily dominated
circulation. However, additional studies have shown that the evolving epidemiological parameters of COVID-19
potentially affected our ability to control the pandemic>S. There were two major virologic differences between
the original strain of SARS-CoV-2 (hereafter for simplicity, strain, or variant, of COVID-19) and the Delta strain
that circulated in the fall of 2021, that might have affected COVID-19 epidemiology. First, the time interval
between infection and becoming infectious (i.e., the latent period) is shorter by one day”? for the Delta variant.
Second, the average number of infections caused by an infected individual in a population that has no immunity
or protection against infection (i.e., the basic reproduction number, R)) is estimated to be 5.0 for the Delta strain
compared to 2.5 for the original strain®'°. The reduced latent period of the Delta strain implies that CICT must
reach contacts earlier in order to have the same impact as when the original strain circulated. Alternatively, the
higher transmissibility of the Delta variant could potentially increase CICT’s ability to prevent COVID-19 cases
(hereafter, CICT effectiveness) since each averted case prevents more new infections than with the original
strain, but it can simultaneously impose an increased caseload burden on CICT staff. The degree to which these
factors offset one another is unclear.
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Using data from Vermont’s CICT program, we compare estimates of CICT’s impact to avert COVID-19 cases
in Vermont during a period of original SARS-CoV-2 strain predominance and two periods of Delta variant
predominance. Using these estimates, we explore whether observed differences over time in CICT impact are
explained by changes associated with the Delta variant in the virologic characteristics including R, and latent
period duration, or whether other factors such as population vaccination levels, public compliance with isola-
tion and quarantine recommendations, and speed of CICT contact notification mostly influence CICT impact.

At the request of the Vermont Department of Health, in this paper we examine how strain-related variations
in the transmissibility of COVID-19 impacted the effectiveness of CICT. This assessment will aid public health
practitioners to better understand the impact of CICT with evolving COVID-19 variants and help develop CICT
program strategies that can address future outbreaks of respiratory diseases like COVID-19.

Material and methods

Overview

We used the U.S. Centers for Disease Control and Prevention (CDC)’s COVIDTracer Advanced modeling tool!
in combination with reported case data and CICT performance data from Vermont to estimate cases averted by
CICT activities. This tool has previously been used to estimate the impact of CICT>*!? and other public health
interventions'. COVIDTracer Advanced uses an epidemiological model to illustrate the spread of COVID-19
and the effects of community interventions. The tool allowed us to attribute reductions in transmission to either
CICT or a combination of all other non-pharmaceutical interventions (NPIs) (additional details below). We
focused on three distinct, 8-week time periods. The first was when the original COVID-19 strain circulated
(Period OS: Nov. 25, 2020-Jan. 19, 2021), and the two subsequent periods were when the Delta strain dominated
(i.e., the Delta variant represented 99% or more of sampled strains in Vermont; Period D1: Aug. 01-Sept. 25, 2021;
Period D2: Sept. 26-Nov. 20, 2021) (Fig. 1)'. The use of described 8-week periods (Fig. 1) balances the need for
sufficient time to pass to allow for the compounding effects of CICT on future generations, while limiting the
influence of other interventions over longer periods**. The selection of these specific periods aimed to balance
the need to have substantially different variant characteristics (here, comparing the original strain to the Delta
variant), while maintaining comparable case counts to minimize potential bias due to resource limitations in
CICT that are not accounted for in our model. This activity was reviewed by CDC and was conducted consistent
with applicable federal law and CDC policy (see e.g., 45 C.ER. part 46, 21 C.ER. part 56; 42 U.S.C. §241(d); 5
U.S.C. §552a; 44 U.S.C. §3501 et seq.).

Model

The CDC’s COVIDTracer Advanced tool is a deterministic Susceptible-Exposed-Infectious-Recovered (SEIR)
epidemiological model that estimates the impact of interventions in a user-defined population (see Technical
Appendix in online Supplementary Information for a detailed description of the model). The tool allows users
to enter COVID-19 case count data and CICT performance metrics, and lets users set COVID-19 epidemio-
logic parameters (e.g., latent period, duration of infections, number of persons infected in a totally susceptible
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Figure 1. Oberved seven-day rolling average of daily COVID-19 cases in Vermont, for the three study
periods (Period OS, Period D1, and Period D2), 2020-2021. Note that polymerase chain reaction (PCR) test—
considered the gold standard for the detection of COVID-19%—represented 86.30% of all positive lab tests in
Period OS, compared to 88.68% and 91.63% for Period D1 and Period D2, respectively (Table S1). Note that
these three study periods represented time periods with similar effective reproduction number®. Some data
outside the study periods were used to plot the beginning of the 7-day rolling average.
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Dominant strain Original strain Delta variant Delta variant
Study period Period OS* Period D1 Period D2
(Dates covered) (Now. 25, 2020-Jan. 19, 2021) (Aug. 01-Sept. 25, 2021) (Sept. 26-Nov. 20, 2021)
Assumed epidemiological characteristics

Latent period duration’ 3 days 2 days 2 days

Basic reproduction number® Ry=25 R,=5 R,=5

% cases asymptomatic® 40% 40% 40%

Infectiousness of asymptomatic cases® 75% 75% 75%

% persons vaccinated” <1% 66% 68%

Vaccine effectiveness** - 88% 88%

Immunity duration' 180 days 180 days 180 days
Reporte.d numbe.r oidays from infection to isolation or 7 days 9 days 7 days
quarantine, median

Table 1. Comparison during the different time periods in Vermont, by dominating SARS-CoV-2 variant
transmission, 2020-2021. *The CICT program metrics during the period of original strain were provided

by the CDC’s Epidemiology and Laboratory Capacity for Prevention and Control of Emerging Infectious
Diseases program. 'Per the literature, we used a 3-day latent period during the period of the original strain®
and a 2-day latent period during the Delta wave”®. #Per the literature, we used a basic reproduction number
of 2.5 for the original strain®**’, while we used a value of 5.0 during the Delta wave”!°. S Asymptomatic

cases. Patients can be infected, and become infectious, without being symptomatic. They can and likely do
contribute to onward transmission of the pathogen. Source: CDC and the Office of the Assistant Secretary
for Preparedness and Response (ASPR/HHS): COVID-19 Pandemic Planning Scenarios: Updated September
10, 2020. Archived at: https://www.cdc.gov/coronavirus/2019-ncov/hcp/planning-scenarios.html#five-scena
rios (accessed 26 October 2022). *Infectiousness of asymptomatic cases relative to symptomatic cases. Source:
Same as for Percentage asymptomatic cases (above). “Based on CDC COVID-19 vaccination data?*—these data
represent overall coverage among all ages. For Period OS (Nov. 25, 2020-Jan. 19, 2021), we have omitted the
consideration of vaccination as the initial recorded vaccination data point in CDC’s COVID-19 vaccination
data?® for Vermont is on Jan. 15, 2021. **We did not consider vaccination (and thus vaccine effectiveness) for
Period OS as the initial recorded data point in CDC’s COVID-19 vaccination data® for Vermont is on Jan.
15, 2021. For Period D1 and Period D2, vaccine effectiveness is 88% and based on the effectiveness of two
doses of the monovalent mRNA BNT162b2 (Pfizer-BioNTech, Comirnaty) against the Delta variant'®. ""We
assume immunity lasts 180 days on average'®. *Represents a weighted sum of the base case’s median number
of days from infection to isolation and the contacts’ median number of days from exposure to quarantine. See
Supplementary Table S2 for more details.

population) (Table 1). Population levels of existing immunity, either due to previous infection and/or vaccina-
tion is accounted for by reducing the initial number of persons susceptible to infection (Table 1). The relatively
short time step of each period analyzed means that population levels of immunity are unlikely to notably change
during each period (note that the variation in vaccination coverage from the beginning to the end of Period D1
represents a 2.1 percentage points increase—roughly 13,000 people vaccinated—and a 3.1 percentage points
increase for Period D2—roughly 19,500 people vaccinated; these increases are well within the range of the
sensitivity analyses we performed for vaccination coverage in Fig. S1). COVIDTracer Advanced models all
infections, including infectious asymptomatic cases. We assumed that 40% of all infections were asymptomatic
and that asymptomatic cases infected 75% as many new cases as did symptomatic cases (see Table 1 for more
details and for references). We assumed that once fully vaccinated, vaccine effectiveness against the Delta variant
was 88%!°. We also assumed that vaccination provided protection for exactly 180 days'® (Table 1)—see Supple-
mentary Information for further details. We defined fully vaccinated as either having received two doses of the
monovalent mRNA BNT162b2 (Pfizer-BioNTech, Comirnaty) or monovalent mRNA mRNA-1273 (Moderna,
Spikevax) COVID-19 vaccine, or one dose of the single-dose adenovirus vector-based Ad26.COV.S (Janssen
[Johnson & Johnson]) COVID-19 vaccine’.

Based on those user-defined inputs, users can estimate the combined effect of nonpharmaceutical interven-
tions (NPIs; e.g., facemask policies, social distancing) on transmission; then by setting CICT program perfor-
mance to zero, simulate an epidemic curve in the absence of CICT. By comparing epidemic curves with and
without the CICT program, we can obtain an estimate of CICT’s impact (see Technical Appendix in online
Supplementary Information for more details and see?~*! for other applications).

Sensitivity analyses

We investigated how changing input values for some key variables might alter the results and thus identify the
most influential input variables. First, we estimated the change in CICT’s impact that may be attributable to the
shorter latent period associated with the Delta variant by using the original strain’s 3-day latent period instead
of the 2-day latent period believed associated with the Delta variant”®. Second, we investigated how a higher
initial value of the basic reproduction number R, associated with the Delta variant may have impacted our CICT
estimates by varying transmissibility + 10%. Note that the model adjusts the effective reproduction number R,
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value on a daily basis as the pool of susceptible individuals decreases. The R, value adjusted in the sensitivity
analyses is the starting value. Third, we investigated the impact of vaccination by varying the documented level
of fully vaccinated individuals by £ 10%. Fourth, we varied public compliance with isolation and quarantine
guidelines. For example, pandemic fatigue might have decreased public compliance with CICT programs in
the later periods of analysis, but self-isolation and self-quarantine might still have occurred even for cases and
contacts that were not interviewed or notified by public health officials. Finally, we varied the model’s input for
the number of days from infection to isolation or quarantine from 6 to 9 days (see Supplementary Table S2 for
more details of this parameter). This key CICT performance metric—which is defined as a weighted sum of the
number of days between infection and isolation of base cases and the number of days between exposure and
quarantine of their contacts—reported in Vermont’s CICT data, varies from 7 days for Period OS and Period D2,
to 9 days for Period D1 (Table 1). Note that because our model is deterministic, there is no statistical uncertainty
arising from stochastic factors.

Results

Comparing the original variant to the delta variant

During the study period covering the original strain of the virus (Period OS: Nov. 25, 2020 to Jan. 29, 2021),
we estimated that 7810 cases were averted by CICT which represents 55.4% of all COVID-19 cases that would
have occurred in the absence of the CICT program (Table 2 and Fig. 2). During the two periods covering the
Delta wave (Period D1: Aug. 1 to Sept. 25, 2021; and Period D2: Sept. 26 to Nov. 20, 2021), we estimated that
1437 and 9970 cases were averted by the CICT program for Period D1 and Period D2, respectively—these num-
bers represent 14.6% and 40.4% of all COVID-19 cases expected to occur in the absence of the CICT program
(Table 2 and Fig. 2).

The effect of latent period duration and basic reproduction number

We found that a shorter latent period of 2 days, compared to 3 days associated with the original variant, reduced
the impact of CICT (Table S3) during the Delta periods. There was a 6.0 percentage point decrease in the number
of cases averted during Period D1 (from 20.6% to 14.6%) and an 8.8 percentage point decrease during Period
D2 (from 49.2% to 40.4%).

Dominant strain Original strain Delta variant Delta variant
Study period Period OS Period D1 Period D2
(Dates covered) (Nov. 25, 2020-Jan. 19, 2021) | (Aug. 01-Sept. 25,2021) | (Sept. 26-Nov. 20, 2021)
Estimated CICT impact
Cases averted 7810 1437 9970
Percentage reduction in COVID-19 cases* 55.4% 14.6% 40.4%

Table 2. Comparison of case investigation and contact tracing’s (CICT) impact during various periods in
Vermont, by dominating variant transmission, 2020-2021. *The number of cases averted by CICT among
every 100 cases not averted by vaccine or other nonpharmaceutical interventions (NPIs; such as facemask
policies, large gathering restrictions, and school/business closures).
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Figure 2. Comparison of case investigation and contact tracing’s (CICT) impact on the epidemic curves

of various periods in Vermont, by dominating variant transmission, 2020-2021. The figure shows epidemic
curves of the reported case count for the three study periods: Period OS, Period D1, and Period D2, with the
case investigation and contact tracing (CICT) program in place and simulated epidemic curves to show what
might have occurred had the CICT program not been implemented. The solid lines are Vermont’s reported
cumulative case counts since the beginning of each study period with both CICT and other nonpharmaceutical
interventions (NPIs) implemented. The dashed lines are the estimated curves illustrating the cumulative case
count of what might have occurred in Vermont if CICT had not been implemented, and only other NPIs were
implemented during the study period. The difference between any two lines within one panel represents the
cases averted by CICT.
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We also investigated how much of the differences in our estimated CICT impact in Table 2 are attributable
to changes in the initial value of the basic reproduction number, R,. We found that the higher transmissibility
associated with the Delta variant™'° increases the number of cases averted by CICT—this may be because each
averted case prevents more new infections than with the original strain (Fig. 3, Panel A). However, because every
case not reached by the CICT program now infects, on average, more individuals, the program’s relative impact
(the percentage reduction in COVID-19 cases) is not affected in a meaningful way (Fig. 3, Panel B).

The effect of differences in non-viral characteristics across periods

Vaccination reduces the pool of susceptible individuals that can benefit from CICT. Because mass vaccination
in the U.S. started after our earliest period of analysis (Period OS), CICT’s impact was affected by vaccinated
individuals only during Delta periods. Our sensitivity analysis of varying the documented level of fully vacci-
nated individuals by + 10% shows, while the absolute number of cases averted by CICT is considerably affected
by the size of the pool of susceptible individuals, the relative impact that CICT has on disease transmission is
not affected in a meaningful way (Fig. S1). The assumed level of public compliance with isolation and quarantine
guidelines (see Table S4 for baseline assumptions) also affected the results. For example, lowering the compliance
among cases and contacts by 20 and 10 percentage points, respectively, resulted in over 25% reduction in the
proportion of cases averted by CICT (Table S5).

The estimated reduction in expected COVID-19 cases by CICT during Period D1 was considerably lower
than the reductions during Period OS and Period D2: 14.6% versus 55.4% and 40.4%, respectively (Table 2 and
Fig. 2). We found that the main source of this divergence in CICT impact between Period D1 and Period D2 is
the difference in the median number of days from infection to isolation/quarantine (Table S6; see Table S2 for
more details on differences across periods and for a more detailed explanation of this key metric). During Period
D1, the median number of days from infection to isolation/quarantine was nine days, two days longer than both
Period OS and Period D2 (Table 2). Had Vermonts CICT program succeeded in isolating/quarantining cases/
contacts within seven days during the first Delta period (matching the speed in Period OS and Period D2), then
percentage reductions in COVID-19 cases would be 36.6%, similar to the 40.4% achieved in the second Delta
period (Table S6).

Discussion

We estimated the effectiveness of Vermonts CICT program to avert COVID-19 cases during periods dominated
by two different SARS-CoV-2 variants. In the context of both the original SARS-CoV-2 strain and the Delta
variant, CICT was successful as a public health tool in its ability to avert cases and mitigate transmission of
disease. However, CICT had an overall greater effectiveness to avert cases during the period of original SARS-
CoV-2 strain predominance. This conclusion aligns with two studies in Asia that demonstrated overall decreased
effectiveness of CICT during outbreaks caused by the Delta variant'®'?. Our findings suggest that the difference
in CICT effectiveness during these periods is only partially explained by differences in the strains’ viral char-
acteristics; while the shortened latency period of Delta variant did reduce CICT effectiveness 6-9 percentage
points of COVID-19 cases averted by CICT, CICT's ability to avert new cases was not meaningfully impacted
by Delta variant’s higher R,. Non-viral factors, including the public’s adherence to isolation and quarantine

a. Cases Averted by CICT as a Function of the b. Percentage Reduction in COVID-19 Cases by CICT
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Figure 3. Impact of case investigation and contact tracing (CICT) during two Delta periods in Vermont, for
different initial values of the basic reproduction number (R,). The results are presented in terms of Cumulative
number of cases averted (Panel A) and corresponding percentage reduction in COVID-19 cases (Panel B).
The results corresponding to the observed percentage of vaccinated population (Table 2) are represented by
the dashed vertical line. Note that the model adjusts the R, value on a daily basis as the pool of susceptible
individuals decreases; the R, value adjusted in the sensitivity analyses is the “starting” value. Further note the
percentage reduction in COVID-19 cases (panel B) represents the number of cases averted by CICT among
every 100 cases not averted by vaccine or other nonpharmaceutical interventions (NPIs; such as facemask
policies, large gathering restrictions, and school/business closures).
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guidelines and the speed of case and contact notification, contributed to the difference in CICT effectiveness as
well. Even a one-day delay of case/contact notification, for example, was associated with up to a 15 percentage
points decrease in COVID-19 cases averted by CICT. Overall, these findings suggest that while more transmis-
sible variants do diminish the effectiveness of CICT, this public health tool still has the power to mitigate viral
transmission—especially if certain performance metrics and the public’s adherence to isolation and quarantine
recommendations are maintained.

Our study has limitations. First, we assumed, for each period studied, that the impact of CICT and other phar-
maceutical (vaccination) and nonpharmaceutical interventions (e.g., facemask policies) remained constant over
the periods of study. To reduce the potential impact of such assumption, we limit our study periods to 56 days.
Second, we do not account for partial immunity (e.g., if an individual received their first vaccine shot during
the study period), and hence assume individuals are either fully susceptible (because the individual was never
vaccinated or never infected, or because immunity acquired through vaccination or prior infection was more
than 180 days ago and is no longer protective) or fully immune (due to prior infection or vaccination). Third,
we do not incorporate underreported cases in our model due to the absence of a reliable estimate for Vermont.
While this might lead to an overestimation of CICT impact, the qualitative nature of our findings remains valid
if there is no variation in the degree of underreporting across periods. Note that while we know polymerase
chain reaction (PCR) test positivity—which proxies for underreported cases*>—increased from 2.89% in Period
0S8, to 3.15% and 3.25% in Period D1 and Period D2, respectively (Table S1), we do not have precise data on
underreporting. Therefore, assuming there is no variation in underreporting across periods is currently our
most informed conjecture. Fourth, we model no differences in disease transmission that are attributable to age
or location—in other words, we assume every individual in the population has the same risk of catching COVID-
19 and behaves in the same way as any other individual. The model is deterministic, implying, for example, that
the average number of infections caused by an infected individual is constant and consequently it overlooks
stochastic elements such as super spreader events*' which may have a substantial role in a small population like
Vermonts. Fifth, our sensitivity analyses omit the consideration that rising disease burden may diminish CICT
effectiveness due to limited CICT staff and time (see? for the role of resource availability in outbreak control),
though CICT capacity limit does not seem to have been an issue for most of the time covered in our analyses®.
Sixth, the Vermont population modeled is assumed to be closed in the sense that there are no importations of
infected individuals (e.g., from a neighboring state). Additionally, differences and similarities in our estimates of
CICT’s impact among the three periods cannot be solely attributed to the influence of variants’ characteristics.
For example, differences in CICT’s performance might have been influenced by differences in unmeasured con-
founding factors such as program staff experience and efficiency, and capacity to handle the caseloads. Finally,
this study was conducted using data from the U.S. state of Vermont, a jurisdiction that interviewed a higher
percentage of cases and contacts than most other U.S. states?*?. Therefore, it is unclear how generalizable these
results are to other jurisdictions. Interested parties, however, can use the publicly available tool and instructions
available in Rainisch et al.? to replicate this analysis for their own jurisdiction.

Our results indicate that isolation and quarantine remain effective tools for reducing the burden of COVID-
19, despite more contagious and rapidly spreading emerging variants. Our work demonstrates the importance
of isolation and quarantine to help mitigate the burden of COVID-19 in our communities. These results also
illustrate the value of continuing to explore, even in non-pandemic times, ways to improve the impact of CICT
activities.

Data availability
All data needed to evaluate the conclusions in the paper are present in the paper and Supplementary Materials.
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