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A B S T R A C T   

The worldwide COVID-19 pandemic outburst has caused a serious public health issue with increasing needs of 
accurate and rapid diagnostic and screening testing. This situation requires an optimized management of the 
chemical reagents, the consumables, and the human resources, in order to respond accurately and effectively, 
controlling the spread of the disease. Testing on pooled samples maximizes the number of tested samples, by 
minimizing the time and the lab supplies needed. The general conceptualization of the pooling method is based 
on mixing samples together in a batch. Individual testing is needed only if a specific pool exhibits a positive 
result. The development of alternative hybrid methods, based on “in house” protocols, utilizing commercially 
available consumables, in combination with a reliable pooling method would provide a solution, focusing on the 
better exploitation of the personnel and the lab supplies, allowing for rapid screening of a population in a 
reasonably short time.   

1. Introduction 

The pandemic, named Coronavirus disease 2019 (COVID-19) (Wang 
et al., 2020) is associated with an infection by the severe acute respi
ratory syndrome coronavirus 2 (SARS-CoV-2). It is now well established 
that the fast and worldwide COVID-19 pandemic outburst has caused a 
serious public health problem with increasing needs of accurate and 
rapid diagnostic and screening strategies (Kumar et al., 2020). It is 
self-evident that maximizing the number and availability of the tests is 
of paramount importance to combat the epidemic (Pikovski and Bentele, 
2020). 

This urgent situation requires an optimized and co-ordinated man
agement, including a proper exploitation of the chemical reagents, the 
consumables as well as the human resources, in order to respond 
promptly and efficiently towards, controlling the spread of the disease. 
Testing on pooled samples offers a means of maximizing the number of 
tested samples and minimizing the time and the laboratory consumables 

needed (Ben-Ami et al., 2020). The precise identification of infected 
individuals within a community is critical not only for restricting the 
spread of the disease, but also for studying it in-depth”. It appears the 
SARS-CoV-2 affects fundamental biological mechanisms, such as DNA 
replication, triggering replication stress. Replication stress is the hall
mark of the oncogene-induced DNA damage model for cancer devel
opment and other pathophysiological disorders/lesions, such as 
granulomatous development (Halazonetis et al., 2008; Herrtwich et al., 
2016). 

Sample pooling is not a new approach, as it has been successfully 
applied in various cases of infectious diseases in the past (Dorfman, 
1943; Abdalhamid et al., 2020). Dorfman proposed and applied the 
pooling method, in order to screen World War II soldiers for syphilis 
(Dorfman, 1943). It was the best way to rapidly detect and isolate pa
tients suffering from syphilis, to treat them, and simultaneously protect 
others. Various types of pooling can be applied depending on individual 
clinical needs. 
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The general principle behind the pooling method is based on mixing 
a pre-selected number of samples together in a batch (Chen et al., 2020). 
The pooled sample will be subsequently tested by applying a molecular 
diagnostic protocol. Individual testing is needed only if a specific pool 
exhibits a positive result. This approach allows the increase of the 
number of individuals that can be tested simultaneously, utilizing the 
resources which are typically needed for a single test, while maintaining 
the detection accuracy (Furstenau et al., 2020). Hence, the pooling 
technique is a clear realization of the Principle of Minimum Potential 
Energy (Sadd, 2014), which is of crucial importance during an 
emergency. 

It is widely accepted that during the COVID-19 pandemic, the need 
for immediate testing and the decreased availability or the lack of 
commercial kits or the delay in the delivery of them, due to the increased 
global demand (Carter et al., 2020), emerges the need for the develop
ment of “in house” protocols for RNA extraction and quantitative reverse 
transcription polymerase chain reaction (qRT-PCR) capable of detecting 
and quantifying the SARS-CoV-2 viral load. During the generalized 
quarantine, the United States of America and Europe experienced an 
acute shortage of certain reagents (Modesti et al., 2020). The extended 
shortage of supplies forced several regions around the globe to 
completely stop testing, resulting in a decrease of the diagnostic capacity 
and a potential underestimation of the epidemiological data on the 
disease. 

Hybrid methods, based on “in house” protocols and utilizing 
commercially available consumables and kits, in combination with a 
reliable pooling method would provide a solution, focusing on the better 
exploitation of the personnel and the consumables, and allowing for 
rapid screening of a population in a reasonably short time. 

2. Sample pooling strategies 

Molecular RT-PCR-based tests are widely used for public health in
terventions such as case detection, tracking and isolation (Udugama 
et al., 2020). These strategies are of significant importance, considering 
that infection can be asymptomatic despite high viral loads (Zou et al., 
2020; Walsh et al., 2020). Cycle threshold [Ct] values and viral load are 
typically analyzed in nasal and throat swabs. It seems that higher viral 
loads are detected soon after the appearance of the first symptoms (Pan 
et al., 2020). Also, nasal swabs which are sampled from the 
mid-turbinate and nasopharynx are considered more reliable than throat 
swabs, showing higher viral loads for the same patients. 

Pooling protocols can be used to expand the capacity of the labora
tory consumables, the infrastructure and the personnel, in periods when 
high numbers of people needed to be screened. Group testing protocols 
using pooled samples have been successfully employed in screening 
infectious diseases for many years (Dwyre et al., 2011). The efficacy of 
those methods increased with the development of sensitive molecular 
techniques. In any case, group testing is always applied with the 
expectation to perform significantly fewer tests than the number of 
specimens to be tested. When a pooling strategy has been selected and 
the pooled test result is negative, then every component of the batch is 
considered also negative, as if it had been examined separately. In case 
of a positive or ambiguous result, all the samples, comprising the pool, 
should be tested individually (Centers for Disease Control and Preven
tion (CDC), 2020). An ambiguous result sometimes is related to a 
borderline patient, at the Ct value level and sometimes is associated with 
a possible misfunction of the PCR reaction. When RNA levels are low (Ct 
value≥35), inter-assay variations may occur that are not detected 
without repeating the experiment. In each case, all the samples of the 
suspicious pools should be looked in separately. In general, the preva
lence of the virus justifies the documentation of the use of the pooling 
protocol. Hence, if the number of positive results is expected to be low, 
then this strategy is approved. There are several processes that are 
included in group testing protocols in different stages of the procedure, 
such as at the swab level, at the RNA level etc. In any case, it is important 

that the false negative rate is maintained controllably low (Pouwels 
et al., 2020). 

The pool size is an important parameter which can affect the speci
ficity and sensitivity of the method (Brynildsrud, 2020). Various online 
tools have been developed in order to select the optimal configuration, 
by estimating the expected number of tests, the percentage of the 
reduction of the expected number of tests, compared to individual 
testing, the sensitivity, the specificity, the positive predictive value and 
the negative predictive value (A Shiny App, 2020). The extent of the 
saved consumables and resources through the use of the appropriate 
grouping method depends both on the group size and the prevalence 
rate (Dorfman, 1943). 

3. Standard pooling protocol algorithms 

Sample pooling algorithms are commonly characterized as being 
either hierarchical or non-hierarchical, depending on their structure 
(Hou et al., 2017). 

3.1. Hierarchical algorithms 

Hierarchical algorithms involve testing samples in non-overlapping 
pools over a pre-defined number of stages, until each individual can 
be classified as positive or negative (Wang et al., 2018). 

3.1.1. Two-stage hierarchical testing 
The two-stage pooling procedure is considered as the standard pro

tocol for sample pooling. The fundamentals of this process include the 
definition of some critical parameters, variables and constants. Thus, the 
number of the samples that should be tested or the initial population of 
the experiment is defined as N (Centers for Disease Control and Pre
vention (CDC), 2020). The number of the samples in this initial pool is 
termed as Xi (1 < i < N). Upon a negative result of the N, all the Xi can 
be declared healthy (Fig. 1a). If the result is positive, then a second stage 
is required. All the Xi samples of the positive pool are going to be tested 
separately and the final result is that of this second step (Fig. 1b). 

3.1.2. Three-stage hierarchical testing 
When a higher number of stages is required, due to a large initial 

number of samples that need to be tested, intermediate testing of 
specimens should occur in wider pools, comprising “sub-pools” at 
various levels. Thus, a three-stage algorithm also begins by testing 
specimens in non-overlapping pools. The number of the samples that 
should be tested or the initial pool of the experiment is defined as N. The 
number of the groups or the divisions of the population is termed as Xi 
(1 < i < N). Yij is the number of the samples in each pool (1 < i < N, 
1 < j < N) and is the same for all the pools. Xi pools are examined 
individually. Upon a negative result of the Xi, all the Yij can be declared 
healthy. If the result is positive, then non-overlapping sub-pools of its 
members are formed for a second stage of testing, to isolate those that 
contain positive samples (Hou et al., 2017). Consequently, if a sub-pool 
is positive, then individual testing of all its members is going to be 
implemented in the third and final stage (Fig. 2). Based on our experi
ence, by applying the qRT-PCR assay with primers and probes targeting 
the N genes (N1 and N2), which is the region encoding a nucleocapsid 
protein of SARS-CoV-2 (Perchetti et al., 2020a) (Supplementary Fig. 1), 
the detection of the positive samples is efficient, employing three-stage 
hierarchical testing in pools of 5, 8, 10 and 30 samples, in cases with 
different viral load (104, 103, 102 and 10 copies/reaction), namely from 
intermediate to low viral load (Supplementary Fig. 1). In these positive 
samples, Next Generation Sequencing (NGS) with Ion Torrent Suite™ 
software was also implemented. High homology (more than 99 %) with 
the SARS-CoV-2 sequence was assessed by employing the Basic Local 
Alignment Search Tool (BlastN) (Wang et al., 2018; Johnson et al., 
2006). We observed that there is a striking resemblance with other 
SARS-CoV-2 strains, that were identified in other countries, like USA, 

N. Lagopati et al.                                                                                                                                                                                                                               



Journal of Virological Methods 289 (2021) 114044

3

Turkey, Sri Lanka, Germany, India and Czech Republic (Supplementary 
Fig. 2). This phenomenon confirms that there is a worldwide spread of 
the virus through populations. Furthermore, with this analysis, we can 
validate samples being positive, and essentially, we can verify existing 
or new mutations, first at the nucleotide level and foremost at the pro
tein level. Thus, Next Generation Sequencing (NGS) allows a periodical 
auto-check of our method, since certifies that SARS-CoV-2 is the virus 
that is detected. We typically select samples obtained from all the range 
of the possible viral load to be examined through Next Generation 
Sequencing (NGS). Particularly the borderline positive samples should 
be tested, ensuring the outcome of the results. 

3.2. Non-hierarchical algorithms 

Non-hierarchical algorithms involve testing over stages. The 

difference is that in this approach, individuals may be tested more than 
once per stage through overlapping pools (Verdun et al., 2020). 

3.2.1. Array testing 
Array testing, also known as matrix pooling, is the most common 

among the non-hierarchical processes. Individual specimens with an 
equal disease probability are arranged in a two-dimensional (2-D) grid 
and pooled by row and by column in the first stage of the algorithm. The 
number of rows and columns is defined as N and M, respectively (Wang 
et al., 2018). The second stage of the 2-D array testing involves sepa
rately retesting specimens not classified as negative in the first stage. 
These are the samples that lie at intersections of positive rows and col
umns (see Fig. 3). Three-dimensional or higher-dimensional procedures 
can also be used, first testing a master pool, depending on the need of the 
experiment (Kim and Hudgens, 2009). 

Furthermore, there are alternative methods for employing array 
testing, in case of samples with unequal disease probability. If higher- 

Fig. 1. Configuration for two-stage hierarchical testing with an initial pool N, followed by individual testing in the second stage of the algorithm. (a) Upon a negative 
result of the N, all the Xi can be declared healthy. (b) If the result is positive, then a second stage is required. All the Xi samples of the positive pool are going to be 
tested separately and the final result is that of this second step. 

Fig. 2. Configuration for three-stage hierarchical testing with an initial pool N. 
The number of the groups or the divisions of the N population is termed as Xi 
(1 < i < N). Yij is the number of the samples in each pool (1 < i < N, 1 < j < N) 
and is the same for all the pools. Xi pools are examined individually. Upon a 
negative result of the Xi, all the Yij can be declared healthy. If the result is 
positive, then sub-pools of its members are formed for a second stage of testing, 
to isolate those that contain positive samples. Consequently, if a sub-pool is 
positive, then individual testing of all its members is going to be implemented 
in the third and final stage. 

Fig. 3. Configuration for array testing with a N x M matrix development. In
dividuals are pooled by row and by column in the first stage of testing. The 
second stage of the 2-D array testing involves separately retesting specimens not 
classified as negative in the first stage. These are the samples that lie at in
tersections of positive rows and columns (in red). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article). 
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risk individuals are expected in the initial pool, then gradient or spiral 
clustering should be used during the implementation of the array test 
(McMahan et al., 2012). In a gradient construction clustering, 
higher-risk individuals are put in the leftmost columns of the matrix. 
Particularly, this process starts by placing the highest-risk individual in 
the (1, 1) cell, the second higher-risk individual in the (2, 1) cell and so 
on. When the first column is filled, the cell (1, 2) is subsequently filled 
and this task is repeated, moving across the array, from left to right. The 
lowest-risk individual is placed in the cell (N, M) (Fig. 4a). This pro
cedure should be selected in low prevalence settings, in cases with a low 
number of samples which are expected to be positive (McMahan et al., 
2012). The main advantage of this method compared to the standard 
uninformative array testing is that it isolates the highest-risk individuals 
on one side of the array, and it reduces the number of columns which test 
positive. 

In the spiral methods the higher-risk individuals are assigned to a 
square sub-matrix within the master one. Typically, the highest-risk 
individual is put in the upper left-hand corner of the array. The com
mon motif starts with the highest-risk individual at the (1, 1) cell, the 
next three higher-risk individuals are put at the (2, 1), (2, 2), and (1, 2) 
cells, respectively. Then, the samples are put in the cells of the hypo
thetical array (3, 1), (3, 2), (3, 3), (2, 3), (1, 3), in descending order of 
disease probability (Fig. 4b). The aim of this approach is to isolate the 
positive individuals in a small square, expecting as negative the majority 
of the other rows and columns of the matrix. 

4. Conclusion and future perspectives 

The rapid screening of a large number of individuals and the accurate 
detection of the infected ones, enables the study of the infection- 
mediated molecular mechanisms and thus a deep understanding of the 
COVID19 biology. Performing test using pooled samples can maximize 
the number of tested samples in a short time. 

A main question about the pooling method is the possible impact on 
the accuracy of the results. qRT-PCR has an inherent bias itself, like most 
other testing procedures. Therefore, it can misclassify some negative 
specimens as positive and vice versa, during the quantification process. 
These inaccuracies may derive from the low viral load in some patients, 
the bad quality of swab specimen collection, the insufficient sample 
loading and RNA degradation during the sample handling process. 
These effects are supposed to be amplified in a grouped test; therefore, it 
is important to acknowledge them as potential technical limitations. 
Generally, the larger the pool size, the higher the probability of 
obtaining false-negative results. Ben-Ami et al. support that a mixture of 
8–10 samples is considered to yield a reliable outcome (Ben-Ami et al., 

2020). Lohse et al. suggest that pooling of up to the maximum number of 
30 samples per pool can increase test capacity with the existing supplies 
and equipment, detecting positive samples with satisfactory accuracy 
(Lohse et al., 2020). A recent report by Mutesa et al. introduced a 
strategy for detecting SARS-CoV-2 at low prevalence based on a 
two-stage algorithm which involves a first round of group tests, with a 
larger group size (up to 100) (Mutesa et al., 2020). At the second stage, 
groups identified as positive proceed to a round of “slice tests,” cir
cumventing any need for individual testing. Moreover, our experimental 
data, employing the qRT-PCR assay with primers and probes targeting 
the N genes (N1 and N2) indicate that the detection of the positive 
samples is efficient, in pools of 5, 8, 10 and 30 samples, in cases with 
incremental viral load (104, 103, 102 and 10 copies/reaction), from 
mean to low viral load. Therefore, the detection if the positive sample 
was feasible either in samples with intermediate viral load (104 copies / 
reaction), or in cases with low viral load (~10 copies /reaction) in pools 
of 5, 8, 10 and 30 samples. These data came from a series of test repe
titions. Actually, the experiments have been repeated three times and 
the samples were tested in triplicates. Thus, the majority of the studies 
focusing on testing infection-suspected samples in pools, demonstrate 
that cases with a mean viral load (~25 Ct Value / 104-105 copies/mL) 
are detected in pools of 5 or 10 samples. Hirotsu et al. showed that the 
primer/probe targeting the N1 site succeeded to detect samples with 
high and moderate viral load, but not those with low viral load when the 
samples were examined in pools of 20. The N2 site was proven to be 
more effective target for analyzing the pooled samples, since it was 
detected even if in cases with low viral load (Hirotsu et al., 2020). 
Perchetti et al. showed that pooling correctly identified SARS-CoV-2 in 
94 % of the samples which were classified as samples with median viral 
load. The detection of the positive samples with low viral load was not 
feasible by pooling. On the other hand, all the samples which individ
ually determined as negative, were also negative when tested in pools 
(Perchetti et al., 2020b). 

Generally, employing pooled tests generates a large worry about the 
probability of increasing the false negative rate. This concern is based on 
the fact that during group testing a few positive samples are mixed with 
many negative samples which could push the concentration of viral 
genetic material below the detection limit (Arnaout et al., 2020). Hence, 
borderline positive patients, namely patients with very low viral load, 
may not be identified as positive, since these levels of viral genetic 
material may not be quantified. This is a common phenomenon in 
samples obtained by convalescent patients 14–21 days post symptom
atic infection (Lohse et al., 2020). Since borderline positive samples 
might escape detection in large-pool testing, this might be a crucial point 
for further discussion, regarding the clinical significance of performing 

Fig. 4. Configuration for array testing with a N 
x M matrix development in gradient (a) and 
spiral (b) mode. These approaches should be 
selected in case of samples with unequal disease 
probability. In a gradient array test, higher-risk 
individuals are put in the leftmost columns of 
the matrix. When the first column is filled, the 
second one is filled form the top to the bottom 
and so on. The lower-risk individual is placed in 
the cell (N, M). In the spiral methods the higher- 
risk individuals are put in a square sub-matrix 
within the master one. Typically, the highest- 
risk individual is assigned in the upper left- 
hand corner of the array. The common motif 
starts with the highest-risk individual at the (1, 
1) cell, the next three highest-risk individuals 
are allocated to the (2, 1), (2, 2), and (1, 2) 
cells, respectively. Then, the samples are put in 
the cells of the hypothetical array in the same 
motif, in descending order of disease 
probability.   
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tests on those patients. It is not totally clarified if patients with low viral 
concentration or those who are asymptomatic carriers of the disease can 
rapidly transmit it. Zou et al. suggest that the viral load was detectable in 
both asymptomatic and symptomatic patients. Hence, asymptomatic or 
slightly symptomatic patients may have the potential to transmit the 
disease (Zou et al., 2020). Since it is unclear whether COVID19 trans
mission can occur early in the course of the infection, and the detection 
and isolation of COVID19 may require different strategies from those 
required for the general control of SARS-CoV-2, it is important to 
promptly establish a comprehensive plan of action for sufficient 
SARS-CoV-2 detection based on the already existing protocols and 
algorithms. 

Depending on the situation and taking into consideration the prob
ability of a possibly high-risk area in each case, it is important to balance 
the pros and cons between the need of a quick screen of the asymp
tomatic population and the accurate detection of the borderline positive 
patients, who may not be detected in a pooled test. 
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