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ABSTRACT

Background. Facing the SARS-CoV-2 epidemic requires intensive testing on the population to early
identify and isolate infected subjects. Although RT-PCR is the most reliable technique to detect
ongoing infections, serological tests are frequently proposed as tools in heterogeneous screening
strategies. We analyze the performance of a screening strategy proposed in Tuscany (ltaly), which
first uses qualitative rapid tests for antibody detection, and then RT-PCR tests on the positive
subjects.

Methods. We simulate the number of RT-PCR tests required by the screening strategy and the
undetected ongoing infections in a pseudo-population of 500'000 subjects, under different
prevalence scenarios and assuming a sensitivity of the serological test ranging from 0.50 to 0.80
(specificity=0.98). A compartmental model is used to predict the number of new infections
generated by the false negatives two months after the screening, under different values of the
infection reproduction number.

Results. Assuming a sensitivity equal to 0.80 and a prevalence of 0.3%, the screening procedure
would require on average 11167.6 RT-PCR tests and would produce 300 false negatives, responsible
after two months of a number of contagions ranging from 526 to 1132, under the optimistic scenario
of a reproduction number between 0.5 to 1. Costs and false negatives increase with the prevalence.
Conclusions. The analyzed screening procedure should be avoided unless the prevalence and the
rate of contagion are very low. The cost and effectiveness of the screening strategies should be
evaluated in the actual context of the epidemic, accounting for the fact that it may change over
time.
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INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) epidemic has rapidly spread
around the world. Most European countries have implemented progressive measures of physical
distancing. In Italy, from March 9™, citizens were prohibited from leaving home except in cases of
proven need or urgency; since May 4™, the restrictions has been progressively lifted on. During this
post lockdown period, scientists have advocated the need of implementing 3T-strategies, i.e.,
tracing, testing, treatment, in order to minimize the chance of a new spread of the disease and
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intercept as many infected individuals as possible [1]. The WHO has stressed that more intensive
testing of suspected cases are required to identify and early quarantined infected people [2].
Knowledge of diagnostic tests for SARS-CoV-2 is still evolving, and a clear understanding of the
nature of the tests and interpretation of their findings is not yet there. The most reliable diagnostic
test for SARS-CoV-2 is the infections-reverse transcriptase-polymerase chain reaction (RT-PCR) test,
although evidence arose that its accuracy could be not maximum [3-6].

A wide range of serology immunoassays (IAs) have been developed as well [7-8]. These include
automated chemiluminescent IA (CLIA), manual ELISA, and rapid lateral flow IA (LFIA), which detect
the immunoglobulin M (IgM) and immunoglobulin G (IgG) produced in persons in response to SARS-
CoV-2 infection.

Due to the limited availability of reagents for RT-PCR tests and the relative low cost of the serological
test, different countries and regions have proposed the use of IAs in combination with RT-PCR in
heterogeneous screening strategies to detect subjects with ongoing infection, despite serological
tests are not appropriate to reveal the presence of viral material during the infection. In fact, while
they are useful to investigate the extent of the contagion in the community by detecting individuals
who have developed antibodies, I1As may lead to high false negative and false positive rates if used
with the intent of identifying subjects with ongoing infection, for reasons related to the SARS-CoV-
2 antibody dynamics [6, 7, 9, 10].

In this paper, we analyze one such screening strategy, that has been proposed by the governor of
Tuscany (Italy) with Decree n.54 of May 62020 [11]. This strategy, similar to others implemented
elsewhere, uses first qualitative serological rapid tests, and then RT-PCR tests in case of positive
immune response. The strategy is going to be applied to a large portion of the regional population:
half a million people, approximately 1/8 of the whole population. Under different scenarios of
prevalence of infection, we assess the performance of this screening strategy in terms of expected
number of RT-PCR tests to be used on infected and uninfected subjects, as well as in terms of
number of infected individuals that the procedure will not be able to detect. In order to
contextualize the danger derived from the infected subjects left undetected, we quantify the
potential contagion deriving from these false negatives under different hypotheses on the infection
reproduction number, Ro, that is, the average number of contagions deriving from one infected
individual [12-13].

METHODS
Accuracy of the serological test if used to detect ongoing infection

Rapid point-of-care tests for detection of antibodies have been widely developed and marketed and
are of variable quality. These tests are purely qualitative in nature and indicate the presence or
absence of SARS-CoV-2 antibodies. A positive result may arise in case of 1) previous infection (high
IgG titer); 2) infection in action (presence of both IgM and IgG); 3) none of the first two (false
detection of antibodies). A negative test may arise in case of 1) early stage of an infection; 2) no
previous infection; 3) false detection of absence of antibodies [7, 14].

Serological tests generally have a relatively high sensitivity as tests for detecting the presence of
antibodies (IgG and IgM) [8]. However, due to reasons related to antibodies kinetics, infected
individuals need some time to develop antibodies, and thus, serological tests wrongly report a
negative result on infected individuals who have not developed antibodies, yet [6]. Therefore,
serological tests are powerful diagnosis tools for asymptomatic patients or patients with mild to
moderate illness who undergo the test after two weeks from the illness onset, but may perform
poorly if used as screening tests for detecting ongoing infections [8].
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The sensitivity of the serological test when used to detect ongoing infections can be decomposed in
the following way:

Pr(+]0) = Pr(+|0,2W) x Pr(2W|0) + Pr(+|0,2W) x Pr(2W|0)

where, + = the serological test is positive, O = the subject has ongoing infection, 2W = the test is
performed during the first two weeks from infection onset. Let us assume that the probability that
the serological test is positive in subjects that develop antibodies is at its maximum, Pr(+|0, 2W) =
1, and that the time from infection onset to recovery is estimated as 4-6 weeks, so that Pr(2W|0)
lies between 0.5 and 0.33[15]. Under this assumptions, if the probability of a positive serological
test during the first two weeks of infection is equal to zero, Pr(+]0, 2W) = 0, then Pr(+|0) ranges
from 0.5 to 0.67. If, more optimistically, Pr(+|0,2W) is greater than zero, let say 0.30, then
Pr(+]0) ranges from 0.65 to 0.77. It should be noticed that assuming Pr(+|0,2W) = 1 we get an
optimistic range for the sensitivity Pr(+]0).

Regarding specificity, first note that each subject in the population belongs to one of the following
disjoint groups: O= subjects who have ongoing infection; I = subjects who have never been infected;
and I5= subjects who have been infected in the past, but do not have an ongoing infection.
Therefore, the event 0, indicating that the subject does not have an ongoing infection, is equal to
I U I, and the event I, indicating that the subject has been infected, is equal to O U I5. Let —denote
the event that the serological test is negative. Then, we can write the specificity of the serological
test when used to detect ongoing infections, as follows:

Pr(—|0) = Pr(—=|0 n 1) x Pr(I|0) + Pr(—=|0 n 1) x Pr(I|0) =
Pr(In{luls)) Pr{OUIs}n0)

= Pr(—|I) x ) + Pr(—=|0 n{0 U Is}) X Pr(0)
B - pr() i Pr(ls)
= Pr(=1D x PrUlp) TPl X 5rF i =
(e x—tT D sy x —LTUo)

Pr(I) + Pr(Ip) Pr() + Pr(l5)’

Under the assumption that the serological test is perfectly able to detect antibodies, unless it is
performed within the 2 weeks window after the contagion, i.e. Pr(—|0 N I5) = Pr(—|I5) = 0, the
previous equation becomes:

pr()
Pr(l) + Pr(I5)

Pr(=|0) = Pr(—|) x

where Pr(—|I) is the specificity of the serological test if used to detect antibodies. Considering that
Pr(—|I) is very high — approximately 1 for some serological tests [8, 16, 17]— and that in the actual
epidemic scenario, being Pr(I) > Pr(Ip), the ratio Pr(I) /(Pr(I) + Pr(I5)) is expected to be not
lower than 0.98[12], in our analysis we set Pr(—|0) to 0.98.

Monte Carlo simulation
We evaluate the performance of the screening strategy in a Monte Carlo simulation study on

pseudo-populations of 500’000 subjects, characterized by different percentage of individuals with
ongoing infection. We consider the following prevalence values: 0.003, 0.005, 0.010, 0.015, 0.02.
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The first three scenarios are in accordance with studies reporting proportions of infected peoples
around 0.3% and never greater than 1% over the last four months of the coronavirus pandemic[12,
18], the last two correspond to scenarios where the level of contagion is worse than the one
expected in the general population.

According to the results obtained in the previous section, we first focus on an optimistic scenario
where sensitivity= 0.80 and specificity=0.98. Then, taking 0.80 as an upper bound of the sensitivity
level, we also perform simulations with sensitivity equal to 0.5, 0.6 and 0.7.

For sake of simplicity, we assume that the RT-PCR test has specificity and sensitivity equal to 1, even
if a certain percentage of false negatives is expected from this procedure as well [4-5]. Under this
assumption, the sensitivity and specificity of the serological test can be interpreted as “relative” to
the RT-PCR test.

For each simulation setting, we run 500 Monte Carlo (MC) iterations and in each iteration we
calculate various performance measures of the strategy: total number of RT-PCR tests, number of
RT-PCR tests respectively performed on infected and uninfected individuals, number of false
negatives, and negative predictive value. It is worth noting that, due to the fact that (false and true)
positives from the serological test undergo a RT-PCR test, the screening protocol does not produce
false positives (the specificity of the strategy is 1 by design), thus the positive predictive value is 1.
Starting from the estimated numbers of false negatives arising from the Monte Carlo simulations,
we use a Susceptible-Infected-Recovered (SIR) compartmental model to predict the number of
infected originated by those that the screening left undetected. Assuming a time from infection to
exit (death or recovery) equal to three weeks [15, 19], we calculate both the number of circulating
subjects with ongoing infection (assuming that all subjects in the population are screened at the
same time) and the cumulative number of new infections two months after the screening, derived
from the undetected infected subjects. Calculations are done under the different prevalence
scenarios used in the MC simulations and different hypothetical values of the infection reproduction
number, Ro: 0.5, 1, 1.5, 2.

RESULTS

In relative terms, the strategy appears to perform well: the negative predictive values are very high,
with a MC mean always close to 1 and a very low variability as described by the 5% and 95% MC
percentiles (see Figure 4). However, the actual impact can be better understood by looking at the
absolute values: the total number of RT-PCR tests performed at the second step of the screening
procedure and the number of false negatives.

Figure 1 shows the MC average number of RT-PCR tests (total number of RT-PCR tests on infected
and uninfected individuals) and the average number of false negatives. In addition to the MC mean,
Table 1 shows the MC 5 and 95 percentile of these quantities.

For instance, consider a population where the prevalence is 0.3% and the specificity and sensitivity
of the serological test are, respectively, 0.98 and 0.80 (first bar in Figure 1 and first row in Table 1).
Two important findings are noted: First, a large number of RT-PCR tests is performed on uninfected
individuals: the screening strategy requires that, in addition to the 500’000 serological tests, about
11’168 RT-PCR tests are administered, 9'968 of which undergone on uninfected people, that is, on
false positive people to the serological test. Only the remaining 1°200 tests reveals the presence of
the infection. Second, the screening strategy leads to 300 false negatives, i.e., the serological test is
not able to detect the presence of antibodies in 300 infected individuals, possibly because done
within two weeks from the onset of the infection. No test will be performed on these infected
individuals, who, therefore, will not be kept in quarantine.
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As the prevalence increases (Figure 1 and Table 1) the number of false negatives increases, too. On
the other hand, the number of RT-PCR tests performed on the false positives slightly decreases.
Leaving the specificity of the serological test unchanged, Figure 2 reports the expected number of
false negatives as the sensitivity varies, for different values of prevalence.

The results of the SIRD model are reported in Table 2 and Figure 3. For this analysis we assume a
sensitivity of the test equal to 0.80 and a specificity equal to 0.98. In Figure 3 we report the daily
number of infected derived from the false negatives, who is expected to be present in the region
during the first month after the screening. The number of infected subjects decreases over time if
the reproduction number, R, is lower than 1, is stable if Rois exactly 1 and increases if Ro is higher
than 1. The induced epidemic strongly depends on the initial number of false negatives, and thus
on the prevalence of infection at the time of the screening.

The total number of new infections attributable to the false negatives after two months from the
screening is reported in Table 2. If Rois lower than 0.5 and the prevalence is lower than 1%, the new
infected attributable to the original false negatives are less than 1’800. But a values of Roequal to 1
is sufficient to double the burden of infection originated from the undetected infected individuals.
If the reproduction number is equal to 2, the new infections are expected to be more than 8’000,
even for very low values of the initial prevalence.

DISCUSSION

Our results provide important insights on the cost-effectiveness of the analyzed strategy. First of all,
in a time of scarce availability of reagents for RT-PCR analysis, it should be carefully evaluated
whether it is feasible to perform such a large number of RT-PCR tests on subjects resulted positive
to the rapid serological test, by also considering that most of these positives are false positives. The
fact that, as described in the Decree [11], serological tests will be carried out on a voluntary basis
further undermines the performance of the strategy. Alternative less laborious and less costly
screening procedures and strategies that improve the accuracy of the serological tests should be
evaluated. For instance, in order to increase the positive predictive value of the serological test, a
guestionnaire collecting information on SARS-CoV-2 symptoms could be firstly administered and
individuals with SARS-CoV-2 symptoms encouraged to undergo the test. Additionally, with the aim
to reduce the costs related to the RT-PCR tests performed at the second step of the screening
procedure, individuals with a positive serological result might be preventively quarantined and
undergone a second serological test after a pre-fixed time period, defined on the basis of SARS-CoV-
2 antibodies kinetics. In this case, social and economic costs deriving from the preventive quarantine
should be quantified as well.

From an efficacy perspective, our results show that the main pitfall of the strategy is the number of
undetected infected people, which increases as the prevalence of subjects with ongoing infection
in the population increases. False negatives could cause false reassurance, behavioral changes, and
disease spread. It is also important that the number of false negatives is evaluated in the context of
the epidemic. In fact, each undetected case can generate other infected individuals and the
transmission can happen with different strength, depending on many factors mainly related to the
implementation of measures of physical distancing and plans aimed to early detect and isolate new
cases. In our simplified SIR model [13], we change Ro to define different scenarios of transmission,
showing that the same number of initial undetected infected individuals can be responsible of very
different numbers of new infected individuals after two months from the screening. In particular,
strategies like the one analyzed in this paper might be particularly ineffectiveness in the long-run,
when, with the progressive time from the lockdown, an increase of Ro is expected, or when applied
to sub-populations where the number of potential at risk contacts is higher than among the general
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population, such as patients or workers of hospitals and nursing homes. In addition, it should be
also considered that the relative gain of applying this two-step screening procedure in respect to
testing all subjects through individual RT-PCR tests decreases with the prevalence, and that, as the
prevalence increases, the number of false negatives increases as well. Thus, this kind of procedure
should absolutely be avoided unless the prevalence is very low.

In the context of the SARS-CoV-2 pandemic, evaluation procedures such as that one used in this
paper should be routinely performed before any implementation of new screening strategies on the
general population or on specific subpopulations, particularly in the presence of resources
constraints. Unlike in the case of non-communicable diseases, the danger deriving from cases that
are not detected by the screening should be contextualized accounting for the strength of the
epidemic spread, which depends not only on the social distancing measures adopted to slow the
contagion, but also on the measures undertaken for early detection and isolation of the subjects
with ongoing infection, thus ultimately on the effectiveness of the screening strategies themselves.
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Table 1. Monte Carlo mean and 5th and 95th percentiles of the total number of RT-PCR tests, the
number of RT-PCR tests on uninfected individuals, and the number of false negatives by prevalence
of infection in the population and sensitivity of the serological test (specificity of the serological
test=0.98).

Number of Number of RT-PCR on Number of
RT-PCR tests uninfected individuals False Negatives

Prevalence Mean | 5% | 95 % Mean | 5% | 95 % Mean | 5% | 95 %
Specificity=0.98 and Sensitivity=0.50
0.003 10719.3 | 10557.0 | 10893.0 | 9967.6 | 9797.0 | 10139.0 748.3 | 715.0 778.0
0.005 11200.5 | 11029.9 | 11379.1 | 9947.5 | 9779.9 | 10117.0 | 1247.1 | 1205.0 | 1288.0
0.010 12401.6 | 12230.0 | 12588.1 | 9897.1 | 9736.4 | 10069.0 | 2495.5 | 2435.0 | 2549.0
0.015 13600.6 | 13420.0 | 13781.1 | 9847.0 | 9681.8 | 10018.0 | 3746.5 | 3671.0 | 3816.0
0.020 14801.8 | 14606.0 | 14988.2 | 9796.7 | 9628.0 9964.2 | 4994.9 | 4911.0 | 5075.0
Specificity=0.98 and Sensitivity=0.60
0.003 10866.8 | 10692.7 | 11038.1 | 9967.6 | 9797.0 | 10139.0 | 600.8 572.0 631.0
0.005 11446.6 | 11272.0 | 11614.1 | 9947.5 | 9779.9 | 10117.0 | 1000.9 | 961.9 1042.0
0.010 12894.5 | 12727.0 | 13066.1 | 9897.1 | 9736.4 | 10069.0 | 2002.6 | 1949.9 | 2061.1
0.015 14344.7 | 14158.0 | 14521.0 | 9847.0 | 9681.8 | 10018.0 | 3002.4 | 2934.0 | 3072.1
0.020 15793.1 | 15614.0 | 15964.4 | 9796.7 | 9628.0 | 9964.2 4003.7 | 3921.0 | 4085.0
Specificity=0.98 and Sensitivity=0.70
0.003 11017.3 | 10844.0 | 11188.0 | 9967.6 | 9797.0 | 10139.0 | 450.3 420.0 480.0
0.005 11697.1 | 11526.9 | 11865.1 | 9947.5 9779.9 10117.0 | 750.4 711.0 793.0
0.010 13396.1 | 13222.8 | 13570.2 | 9897.1 | 9736.4 | 10069.0 | 1501.0 | 14459 | 1556.0
0.015 15096.7 | 14906.9 | 15271.0 | 9847.0 | 9681.8 | 10018.0 | 2250.4 | 2180.9 | 2315.1
0.020 16795.7 | 16611.0 | 16976.0 | 9796.7 | 9628.0 | 9964.2 3001.1 | 2925.0 | 3079.0
Specificity=0.98 and Sensitivity=0.80
0.003 11167.6 | 10991.9 | 11333.1 | 9967.6 | 9797.0 | 10139.0 | 300.0 273.9 326.0
0.005 11947.2 | 11774.0 | 12111.1 | 9947.5 | 9779.9 | 10117.0 | 500.3 465.9 535.0
0.010 13896.8 | 13719.9 | 14067.2 | 9897.1 | 9736.4 | 10069.0 | 1000.4 | 952.0 1047.0
0.015 15846.6 | 15674.8 | 16030.1 | 9847.0 | 9681.8 | 10018.0 | 1500.5 | 1447.0 | 1556.0
0.020 17795.9 | 17625.7 | 17979.2 | 9796.7 | 9628.0 | 9964.2 2000.8 | 1935.0 | 2072.0

Table 2. Cumulative number of new infected induced by the false negatives after two months from
the screening, by prevalence of infection in the population and infection reproduction number
(sensitivity of the serological test=0.80, specificity of the serological test=0.98).

New infected generated from the false negatives
Prevalence False R=0.5 R=1 R=1.5 R=2
negatives

0.3% 300 526 1132 2945 8665
0.5% 500 876 1884 4891 14263
1% 1000 1752 3762 9698 27670
1.5% 1500 2627 5632 14422 40297
2% 2001 3502 7495 19066 52213
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Figure 1. Number of RT-PCR tests on infected and uninfected subjects and number of false negative
arising from the screening procedure, by prevalence of infection in the population (sensitivity of the
serological test=0.80, specificity of the serological test=0.98).
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Figure 2. Number of false negatives arising from the screening procedure, by sensitivity of the
serological test and prevalence of infection in the population (specificity of the serological
test=0.98).
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Figure 3. Number of infected subjects induced by the false negative to the serological test,
circulating in the region during the first 30 days after the screening, by prevalence of infection in the
population and infection reproduction number.


https://doi.org/10.1101/2020.06.12.20129403
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2020.06.12.20129403.this version posted June 14, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

0.9975
> 0.9950
i
-

0.9925

0.9900

0.005 0.010 0.015 0.020
Prevalence

Sensiivity of the serological test: '— 05 '—' 06 '— 07 '—! 08

Figure 4. Negative predictive values arising from the screening procedure, by sensitivity of the
serological test and prevalence of infection in the population (specificity of the serological
test=0.98).
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