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1 | INTRODUCTION
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Abstract

Early detection of the severe acute respiratory syndrome coronavirus 2 infection
can decrease the spread of the disease and provide therapeutic options promptly in
affected individuals. However, the diagnosis by reverse-transcription polymerase
chain reaction is costly and time-consuming. Several methods of group testing have
been developed to overcome this problem. The proposed strategy offers optimi-
zation of group testing according to the available resources by decreasing not only
the number of the assays but also the turnaround time. The initial classification of
the samples would be done according to the intention of testing defined as diag-
nostic or screening/surveillance, achieving the best possible homogeneity. The
proposed stratification of pooling is based on branching (divisions) and depth (levels
of re-pooling) of the original group in association with the estimated probability of a
positive sample. The dilutional effect of the grouped samples has also been con-
sidered. The margins of minimum and maximum conservation of assays of pooled
specimens are calculated and the optimum strategy can be selected in association
with the probability of positive samples in the original group. This algorithm intends
to be a useful tool for group testing offering a choice of strategies according to the

requirements.
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in several countries has shown a negative correlation between

those two pa rameters.?

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has rapidly expanded around the globe. The confirmed fatality
ratio of coronavirus disease 2019 (COVID-19) is ranging from
0.1% to 25% in different countries.” Even in the era of COVID-19
vaccines, the early identification and isolation of affected in-
dividuals is one of the most important factors for the protection
of vulnerable people and the reduction of the disease spread. An

analysis comparing the mortality rate and the testing performed

Since the start of the outbreak, a variety of testing assays
have been developed,®,* such as reverse-transcription poly-
merase chain reaction (RT-PCR) for SARS-COV-2, antigen test-
ing, and serology testing.” However, RT-PCR remains the gold
standard in detection of SARS-CoV-2.°

Numerous RT-PCR assays have been designed aiming to
maximize the sensitivity and specificity as well as to shorten the

turnaround time and to maximize the number of assessed
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samples. To be able to handle a high volume of specimens in a
limited time, high throughput systems have been developed.”

However, testing for SARS-CoV-2 could be a challenge® as it
requires a significant number of resources regarding testing facilities,
personnel, and testing availability. The cost of testing is a significant
constraining factor. Several countries have experienced a shortage of
testing capacity. Performing individual testing is time-consuming and
it also requires a huge number of resources. For this reason, assays
examining samples in groups have been developed, to tackle this
issue. The first pooling sample method was developed in 1943 by
Dorfan, who used pooled blood samples to test an antigen for sy-
philis.” This technique has been applied for diagnoses of several in-
fectious agents such as malaria, HIV, hepatitis B, and hepatitis c,o12
since then. Various methods have been recommended regarding the
grouping of the samples, taking into consideration different factors
such as the available resources and the turnaround time of the as-
say.'® Additionally, important factors concerning the efficacy of the
assays such as the sensitivity, the specificity, the limit of detec-
tion,™* and the prevalence of the disease in the area have to be
considered.

An important factor in the evaluation of laboratory efficiency

[.2>1¢ and

is the turnaround time as reported by Lu et a
Hawkins.*® Delay in turnaround time is an indication of lab per-
formance and has adverse clinical consequences. Diagnostic de-
lays of SARS-CoV-2 infection could result in therapeutic delays of
symptomatic patients and could prevent the isolation of asymp-
tomatic individuals.

A significant step of the process of pooling assays is to de-
termine the stratification of grouping of the initial samples. In
this study, we introduce a method of RT-PCR testing for SARS-
Cov-2 by sample pooling, and we suggest a flexible multi-way
process of re-pooling based on the probability of SARS-CoV-2
positivity. We subsequently report the maximum and minimum

benefits of each stratified method. The optimum process can be
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selected based on the available resources and the needs. The

final goal is to reduce the cost and the turnaround time.

2 | MATERIALS AND METHODS

An algorithm was constructed for the optimization of testing groups
of samples for SARS-CoV-2 infection (Figure 1). The algorithm is
based on the separation of the specimens in groups whose number
depends on the expected ratio of positive samples. The probability of
positive samples in the original group will be estimated according to
the intention of testing, which may be characterized as either diag-
nostic or screening/surveillance.

To construct our algorithm, we make the following fundamental
assumption about the nature of a COVID test; one can achieve ar-
bitrarily high sensitivity for a diluted sample by repeatedly per-
forming the test on the same sample. This is true, for example, if the
sensitivity of different tests on the same sample represents in-
dependent stochastic variables.

Before analyzing the final proposed algorithm, we describe an aux-
iliary algorithm, similar to the one known in computer science as “binary
search.” Consider the contrived scenario of searching for the single po-
sitive sample among 2% samples. Firstly, we pool the samples by pairing
them, creating pools of 2 samples (2-pools). We then pair the 2-pools into
4-pools, then the 4-pools into 8-pools, and so on until we are finally left
with a pair of 2571 pools, which we combine into a final 2¢ pool con-
taining all the samples. During the first step, we consider the oK pool for
testing (pool under consideration-PUC). The dilutional effect in the
pooled sample will result in a lower sensitivity of the assay. Following the
aforementioned testing method, we test the pooled samples repeatedly
in replicates until the sensitivity is high enough that we are confident in a
possibly negative result. In case of such a negative result, we declare the
entire pool as negative. If the result is positive, on the other hand, for the

second step of the algorithm the two 2~ pools comprising the 2 pool

CN+,N,b(0) =1

Cn+np(t) = b0;+,b(i -1)
1 S<16
2 S<64

FIGURE 1 The proposed algorithm. Any
symbol A + superscript means “the samples of A
that test positive.” N, the population to be tested;
b, the branching factor of the algorithm; PUC,
pool under consideration; Cyn+p, the number of
pools in PUC at step I; T(S), the expected number
of replicates required to test a pool of size S;
T#N,b(N+), the total number of tests required using
our method to find the N* positives in a
population of N; ty(p), the expected ratio of tests
performed with our proposed method and by
testing each sample individually
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are the PUC. We test one of them in replicates. If the result is positive,
we deduce that the positive sample exists in the pool we have just tested,
otherwise, it exists in the other 2¢~* pool. Following the same procedure,
the size of the pools we test decreases until we reach a pool containing
only one sample which must be the positive sample. We perform k+ 1
steps in total by this method. Assuming that k is small enough that one
replicate offers acceptable efficiency for a 2¢ pool (as explained in the
discussion, k < 5 for our purposes, 2% = 16 samples), we perform one test
per step. In a group with more than 16 samples, additional tests are
performed in replicates to increase the sensitivity. Therefore, via this
method, we can find one positive sample in a population of size N per-
forming log,(N) + 1 tests. For example, from a population of 2°=32
samples, we can find one positive sample by performing only six tests.
In each step of the proposed algorithm, we test the entire PUC.
Each new PUC consists of the sub-pools of all the positive pools in

the previous PUC. The negative pools and sub-pools are excluded.

Branching 2
Depth 3
4

o AN
N W W

Max grp 16 27 81

=
=
=
N
N

Positivity Min t 1

1% Max 82% 86% 83% 85% 87%

Tests
Gained

Min 71% 82% 86% 83% 84 84%

Tests
Gained

5% Max 56% 62% 65% 64%  67% 77%

Tests
Gained

Min 56% 59% 57% 62%  55% 50%

Tests
Gained

10% Max 40% 44% 50% 48%  58% 70%

Tests
Gained

Min 38% 34% 28% 39% 27% 22%

Tests
Gained

20% Max 15% 19% 32% 28% 46% 57%

Tests

Gained

Min 7% -6% -17% 4% -10% -14%
Tests

Gained

Finally, each constructed pool in the auxiliary algorithm is a 2' pool
(where i is a natural number) and has exactly 2 sub-pools. In the pro-
posed algorithm, we generalize this approach by constructing each pool
from b sub-pools. As a result, all pools contain b’ samples. For an instance
of the algorithm where the largest pool is of size b* the parameters b and
k are called “branching” and “depth,” respectively. Based on these para-
meters the samples are separated into groups of size b* and the algo-

rithm is then applied to each group.

3 | RESULTS

Table 1 demonstrates the maximum and minimum percentage of
expected assays gained by performing nine different stratifications
(combinations of branching and depth) in several estimated COVID-

19 prevalences, depending on how the positive samples are

4 4 4 TABLE 1 Demonstration of maximum
and minimum gained assays of 9 different
stratifications based on the COVID-19

16 64 256 prevalence. Min-t: the minimum test

) 5 5 required, Max grp: the size of the group
samples, Max Tests Gained: the maximum

86% 88% 92% percentage of tests gained, Min Tests
Gained: the minimum percentage of tests
gained. Positivity: the estimated rate of
test positivity

86% 86% 85%

66% T77% 87%

60% 53% 50%

53% 72% 81%

34% 27% 25%

40% 61% 68%

-3% -13% -15%
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FIGURE 2 Graphic illustration of the ratio of the number of tests using grouping (NTUG) over the number of tests without grouping

(NTWG) (NTUG/NTWG) required to identify all the positive samples in different combinations of branching and depth. The vertical axis shows
the ratio NTUG/NTWG. The horizontal axis shows the probability of positive samples (percentage of positivity). The blue line shows the

maximum possible ratio NTUG/NTWG versus the percentage of positivity, which occurs in the case that the samples are distributed evenly
among the groups (worst possible scenario). The orange line shows the same ratio obtained when the samples are distributed with the most
favorable distribution (positive samples are concentrated leaving most groups free from positive samples-best possible scenario). The gray line
shows the graphic representation of the above parameters when each sample is tested individually (replacing NTUG by NTWG in the estimated

ratio)

distributed among the pools. The graphic demonstrations of those
nine specific stratifications are shown in Figure 2. The two plots
display the maximum and minimum ratios of the number of tests
using grouping (NTUG) over the number of tests without grouping
(NTWG) (NTUG/NTWG) with respect to the COVID-19 pre-

valence rate.

These definitions along with the corresponding process are de-
scribed pictorially in Figure 3A for a particular case of branching = 2,
depth =4, and size of sample = 8. The initial number of samples is
divided into groups of 8 and the first assay is performed on these

groups. Subsequently, the groups are divided by 2 (branching = 2)

into groups of 4 samples each. Assays are performed in each group.
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FIGURE 3

(A) Schematic demonstration of branching =2 and depth =4 in a group of eight samples and schematic demonstration of

comparing two pooling methods with the maximum sample size of 16. (B) Pooling method of branching = 4, depth = 3 and (C) pooling method of

branching = 2, depth =5

This is the first iteration. During the second iteration the sub-groups
are divided by 2 into groups of 2 samples each and assays are per-
formed in each sub-group. Finally, on the third iteration, the
sub-groups are divided by 2 in individual samples and assays are
performed.

The depth (number of iterations) corresponds to the number
of times the branching (division) is made. A schematic compar-
ison of different branching and depth is demonstrated in
Figure 3B,C. We initially create groups of 16 samples each
(s=16). The testing of these groups may be carried out in two
ways. We can either follow the stratification of branching b =2
and depth d =5 (s = 2%) or that of branching b = 4 and depth, d = 3
such that s = 42. Assuming that the positivity is 1%, both methods
offer a minimum reduction of assays by 86% compared to in-
dividual testing as shown in Table 1. However, the difference in
depth affects the turnaround time of the assay.

Figure 2 shows that the maximum performed assays (blue line),
which is the worst-case scenario finally reaching a plateau. The ratio
NTUG/NTWG corresponding to the plateau depends on the
branching number. Most grouping strategies give NTUG/NTWG > 1

A)

I |
O

in the worst possible scenario when the positivity reaches 20% This
implies that when the probability of a positive sample is above 20%,
testing each individual sample is more efficient than grouping.
However, grouping is beneficial in two occasions: branching =2/
depth =3 and branching = 3/depth =3 in a prevalence rate of 20%
(Table 1).

The optimum grouping strategy depends on the percentage
of positivity. For example, according to Figure 2, in the case of
10% positivity, the optimum grouping occurs with branching =3
and depth = 3. This results in a group of nine samples (s = 3%). The
minimum and maximum percentages of gained assays are 39%
and 48%, respectively (Table 1). However, when the positivity
rate is 20%, this type of grouping results in only 4% minimum and
28% maximum of gained assays (Table 1). The same stratification
seems to be optimum for 5% positivity. To demonstrate our
method more clearly, we illustrate an example in Figure 4.
Groups shown in red represent positive samples.

In the case of 1% prevalence, two different strategies
(branching = 2/depth =5 and branching = 4/depth = 3) offer the
same beneficial results with an 86% gain of the assays. However,

(B)

NN EN

C)

FIGURE 4 Schematic demonstration of the two cases. A group of 16 samples with two samples positive (probability 12.5%) is analyzed with
branching = 4 and depth = 3. Case A: grouping with the best possible distribution of positive samples, a total of 9 assays were performed,
NTUG/NTWG = 9/16 (0.56). Case B: grouping the worst possible distribution of positive samples, a total of 13 assays were performed,
NTUG/NTWG = 13/16 (0.81). NTUG/NTWG, The ratio of the number of tests using grouping (NTUG) over the number of tests without

grouping (NTWG). Groups shown in red represent positive samples
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the difference in depth has a significant impact on the turn-
around time of the reported results. The lower value of depth
decreases the turnaround time of the assay.

When the values of the minimum gained assays approach those
of the maximum gained assays, then the number of required tests is
more predictable. However, this is mostly true in the case of a low
positivity rate. As the prevalence of the disease increases, the dis-
crepancy in the values between the maximum and minimum gained
assays increases as well. Higher values of branching also increase this
discrepancy but in some cases, they offer a more beneficial outcome.
Higher values of depth augment only the minimum reduction of the
assays (the best possible scenario). These findings are shown in
Table 1.

4 | DISCUSSION

RT-PCR has been used as the gold standard in the diagnosis of
COVID-19. However, the assay is costly and time consuming. For this
reason, pooled assays have been introduced for the testing of
asymptomatic individuals in areas with a low prevalence of the dis-
ease.”” These assays are advantageous compared to individual
testing as they are not as time-consuming and require a smaller
amount of reagents.'® Both factors are extremely important in
case of outbreaks.

In this study, we propose a strategy of RT-PCR grouping assays
with flexible stratification, based on the rate of SARS-CoV-2 posi-
tivity in the testing specimens. In each case, the lab personnel can
balance the importance of time versus cost and select the optimum
method regarding the number of branches and depth.

Several theoretical approaches to pooling have been pub-
lished.*??° However, none of the current approaches offers the
margins of maximum and minimum reduction of the performed as-
says following different strategies of pooling in a given disease
prevalence. Our method offers a flexible stratification of pooling. The
optimum strategy may be selected based on the expected rate of
positivity and time constraints. Turnaround time can be shortened by
decreasing the depth as shown in Figure 3B,C in cases when the
assays can be performed in parallel.

The original specimens can be divided into two categories to
achieve the maximum homogeneity of the original group. The
division of specimens may be carried out based on the intention
of testing, which may include diagnostic or screening/surveil-
lance purposes. The optimum method of pooling may be selected
according to the probability of a positive sample existing in
the group and time constraints. Based on our algorithm, when the
percentage of positivity in the original specimens is high, the
most favorable method is associated with smaller group sizes.
Groups consisting of fewer samples are probably more homo-
geneous. However, when the positivity reaches 20% the pooling
method is not advantageous compared to individual tests in most
cases because the ratio NTUG/NTWG reaches a plateau.
Nevertheless, for branching=2, depth=3, and branching=3,

MEDICAL VIROLOGY

depth = 3, a maximum reduction of 7% and 4%, respectively can
be achieved by the pooling method. A positivity above 20% is
mostly related to tests performed for diagnostic purposes as the
prevalence of COVID-19 in several parts of the world is much
less than 20%.

Pools consisting of a different number of samples have been
suggested by several authors as an optimum stratification. Pikovski

et al.?!

stated that the optimal pool size is 4 when the prevalence of
the disease is 0%-30% Additionally, templates have been published
by the Food and Drug Administration (FDA) for EUA-approved RT-
PCR assays, recommending pools of five samples when the pre-
valence rate is 5-6%.%? Pools comprised of five samples have been

considered optimal by other authors as well.*®

Our method gives
optimum results with a minimum 62% reduction of assays in the case
of 5% prevalence of COVID-19, with 9 samples per group (branch-
ing =3 and depth = 3). However, for smaller group sizes, a stratifi-
cation with 4 samples per group, (branching = 2/depth = 3) reduces
the original number of assays by 56%. The major advantage in pools
of 4 (branching = 2, depth = 3) is that the results are more predictable
as shown in Figure 2, where the values of the minimum and max-
imum gained assays approach each other. It is also noteworthy that
these values approach each other, in case of low positivity rates,
offering increased predictability of the reduction rate (Figure 2). In
the case that the prevalence is 1%, the more predictable results
occur in the group size of 16 with branching =2, depth=5 and
branching = 4, depth = 3 producing an 86% reduction of the assays in
both cases. However, the different depths offer different turnaround
times. Therefore, the optimal strategy should be selected based on
the desired turnaround time. If faster result acquisition is required,
implementation of fewer iterations may be beneficial. In contrast, the
reduction percentage is less predictable for higher values of depth
and branching as the minimum and maximum expected gains drift
further apart.

It is well known that false-negative results can set off a cascade
of consequences by inhibiting the isolation of an infected person.
One of the major factors affecting the test sensitivity is the dilutional
effect of the pooled samples. To mitigate the dilutional effect, we
perform the assays in replicates in the case of group size above 16
(2% before we declare the pooled samples as negative. This decision
is based on the report by Kim et al.?® who have shown that the
pooled positive specimens had 100% sensitivity in pool sizes 2, 4, and
6 and 97%-99% sensitivity in pool sizes 8, 10, and 16. Additionally,
Yelin et al.?* have concluded that the dilutional effect is minimal for
groups of 32 samples. They have reported that a single positive
sample can be detected in a pooling of 32 samples with false-
negative rate of 10%. Several other reports have been published
regarding the number of samples per grouping. Ben-Ami et al.?® re-
ported that the sensitivity of the test does not change in pools of five
or eight samples. Deckert et al.'? selected pool sizes between 5 and
50 by comparing a high-throughput approach with a context-
sensitivity method. It has been suggested that the viral load is an-
other important factor affecting the sensitivity of the assay in pooled
samples. It has been shown that in each two-fold dilution, the cycle



4514
—LWI LEY-

PERIVOLAROPOULOS anp VLACHA

MEDICAL VIROLOGY

threshold (C;) value increased by 1.24.* This was possible either
when pooling before or after the RNA extraction. Specimens with
low viral load (C,>35) showed 13.3% false-negative results.?®
Another study with pooling size 9-10 has reported a loss of 2.87C;
for E gene, 3.36C, for RARP gene, and 2.99C; for N gene.?” Pools
consisting of many samples may require additional amplification
cycles due to lower viral load in the pooled samples.

Although RT-PCR and pooling techniques, which are dis-
cussed in this study, are widely used for diagnostic and screening
purposes, they impose limitations that should be taken into
consideration. RT-PCR testing requires equipment, trained per-
sonnel, and reagents which are costly.?® Regarding the pooling
technique, the FDA has reported shortcomings such as the
dilution of the pool sample, the variability of results depending
on the prevalence of the disease in the community, and difficulty
in the collection of adequate specimens.?’ A further limitation of
our method is the requirement of pre-assay epidemiological
evaluation to classify the specimens as diagnostic or as screen-
ing/surveillance. In addition, during the proposed process each
sample is evaluated several times. Although this has the bene-
ficial effect of improving the sensitivity of the method, it also
increases the risk of intralab errors during labeling and augments
the possibility of lab contamination.

In conclusion, this algorithm is intended to be a useful tool for la-
boratory use according to the available resources and the final targeted
benefit. Our method gives the flexibility to organize the turnaround time,

the personnel involved, and finally the cost.
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