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ARTICLE INFO ABSTRACT

Keywords: Background: The SARS-CoV-2 pandemic caused millions of infections worldwide. Among the
SARS-CoV-2 strategies for effective containment, frequent and massive testing was fundamental. Although
p?gl.tesnng sample pooling allows multiplying the installed analysis capacity, the definition of the number of
geng::,?zy samples to include in a pool is commonly guided more by economic parameters than analytical

quality.

Methods: We developed a mathematical model to determine the pooling conditions that maximize
reagent efficiency and analytical sensitivity. We evaluated 30 samples individually and in 2-sam-
ple to 12-sample pools. Using Passing Bablok regressions, we estimated the shift of Ct values in
the RT-qPCR reaction for each pool size. With this Ct shift, we estimated sensitivity in the context
of the distribution of 1,030 individually evaluated positive samples.

Findings: Our results showed that the most significant gain in efficiency occurred in the 4-sample
pool, while at pools greater than 8-sample, there was no considerable reagent savings. Sensitivity
significantly dropped to 87.18 %-92.52 % for a 4-sample pool and reached as low as 77.09 %-—
80.87 % in a 12-sample pooling.

Conclusions: Our results suggest that a 4-sample pooling maximizes reagent efficiency and
analytical sensitivity. These considerations are essential to increase testing capacity and effi-
ciently detect and contain contagious.

Public health

1. Introduction

The COVID-19 pandemic posed a constant challenge to public health globally. One of the most critical challenges was maintaining
the diagnosis, whose gold standard was the amplification of the genetic material of the SARS-CoV-2, using the Reverse Transcription
Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR) technique [1]. Due to the worldwide shortage of reagents required for
the multiple steps of this technique [2], modifications arose, such as direct protocols [3-7] that escape the step of viral RNA extraction
and the analysis of samples in pools [8-13]. This late modification involved analyzing a discrete number of samples from different
patients in the same reaction, before or after RNA extraction, followed by RT-qPCR. When a pool gives a positive result, each of the
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samples that compose it is reprocessed individually (2-sample hierarchical pooling).

Pooling strategies made it possible to multiply the installed PCR capacity in many laboratories. However, an immanent risk of
pooling is to guide pool configuration decisions to maximize economic efficiency without considering the impact of pooling on
analytical quality.

This work aimed to establish conditions that simultaneously maximize economic efficiency with analytical sensitivity, considering
that massive testing and high-quality RT-qPCR diagnostic or screening are essential for effectively managing a pandemic [14].

2. Materials and methods
2.1. Efficiency estimation

Given a number of samples (N) to be analyzed in laboratory routine under a positivity proportion (P), the expected number of
positive samples (EPS) can be estimated by:

EPS=NxP (€9)]

Defining pooling size (PS) as the number of samples analyzed together in a single reaction, and assuming the simplest scenario in
which every positive sample will be distributed in a different pool, the number of samples to repeat (STR) in each analysis can be
estimated according to:

STR =EPS x PS @
Then, the total number of samples to process per analysis (STP) is determined by:
STP=N + STR 3

The minimum expected reagent efficiency (E), that is, the minimal fraction of total sample processing reactions that are saved using
a specific pooling size, can be expressed as:

STP
E=1-1ps “

Replacing with the previous terms, the minimum expected reagent efficiency can be expressed as a function of positivity proportion
(P) and the pooling size (PS):

1
E=1-P—- S 5)
To maximize the efficiency function, the second derivative of equation (5) can be drawn as follow:
2
o _ 2 6
PSe (6)

2.2. Clinical specimens

To test the effect of different pool configurations (pooling size) on sensitivity and the shift on Ct values from individual and pooled
samples, we aleatory selected 30 positive samples. To define the historical distribution of Ct’s, we analyzed 3,392 samples from the
first peak of infections in Chile (June-July 2020), of which 1,030 yielded a positive result, and 2,362 were negative (30.4 % positivity).
All samples were obtained from the clinical routine at Bupa Lab, part of Bupa, Santiago - Chile. Samples were collected using naso-
pharyngeal swabs and stored at 4 °C in tubes containing sterile Weise’s buffer, as described before [7], until analysis. This project was
approved by the Ethics Committee of IntegraMédica, part of Bupa, Chile (number BL01-102023). All procedures followed the Helsinki
Declaration. All samples were anonymized, and patients signed an informed consent to approve using their anonymized results for
epidemiological vigilance and research.

2.3. Pool formation, nucleic acid extraction, and RT-qPCR

To form pools, we equivolumetrically mixed each positive sample with a mixture of confirmed negative samples until reaching a
dilution of 2X, 4X, 6X, 8X, 10X, and 12X. We extracted the RNA of the SARS-CoV-2 from each pool using the MagNA Pure 96 DNA and
Viral NA SV Kit (Roche Diagnostics, Cat. No. 06374891001) in the MagNA Pure 96 System (Roche Diagnostics).

For RT-qPCR reactions, we used the SARS-CoV-2/SARS-CoV Multiplex REAL-TIME PCR Detection Kit (DNA-Technology, Cat. No.
R3-P436-23/9EU R3-P436-S3/9EU), according to the manufacturer’s instructions, and loaded in a 96-well DTprime thermal cycler
(DNA Technology). The DNA Technology kit allows the simultaneous amplification of 3 targets (SARS-CoV-like, SARS-CoV-2 gene E,
and SARS-CoV-2 gene N) with a maximum theoretical cycle threshold (Ct) of 45. Samples were considered positive when there was
amplification in all three targets.

We used the same extraction and amplification protocol for the positive samples analyzed individually as a reference for pooling,
and those samples were used to evaluate the historical distribution of Ct’s.
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2.4. Estimation of sensitivity loss

We used the shift of Ct’s observed when the same positive samples were analyzed individually versus pooled conditions, to estimate
the loss of sensitivity as a function of different pooling sizes. With this in mind, we first used Passing Bablok regressions [14] and
compared the Ct’s from the original samples to those obtained according to each pooling size. This also allowed to estimate a theo-
retical limit of detection for the different pool sizes using the following equation:

Ct at limit [pool] = a + B x Ct at limit [original sample] @

Where o and p corresponded to the intercept and slope, respectively, estimated with the Passing Bablok regressions, and the Ct at the
limit of detection for the original sample was empirically defined as the highest Ct obtained in our laboratory routine for a positive
sample (Ct 41.6 for CoV-Like, 42.1 for CoV N, and 41.5 for CoV E genes, respectively).

Then, we characterized the historical distribution of Ct’s of the 1,030 positive samples. Based on the estimated Ct shift at the limit of
detection and the Ct distribution of the positive retrospective samples, we calculated the proportion of samples that would be lost (false
negative) by using the pool-based RT-qPCR strategy.

All the descriptive statistics, statistical analyzes, and graphs were performed using R.

3. Results
3.1. Reagent efficiency estimation

We first obtained equation (5) to estimate how the RT-qPCR reaction efficiency behaves in a pool-based strategy at different
pooling sizes and a variable test positivity. This equation is modeled in Fig. 1 (left), considering a pool size between 2 and 12 samples
and positivity between 0.01% and 30%. As expected, as the degree of pooling increases or the positivity decreases, there is an increase
in reagent efficiency. However, at a positivity below 1%, there is no more significant increase in efficiency. This information is
summarized in Table 1. On the one hand, at a positivity of 50% and 2-sample pooling, an efficiency of 0% is expected; that is, there is
no additional benefit when using a pooling strategy under these theoretical epidemiological conditions. Under positivity conditions
below 1% and a pooling size of 10 or 12 samples, the efficiency exceeds 90%.

To maximize the efficiency function, we obtained the second derivative of equation (5), giving rise to equation (6). This equation,
modeled in Fig. 1 (right, black line), shows that the most significant efficiency gain occurs in pooling sizes from 4 to 8 samples. At
pooling sizes greater than 8, there is no real greater saving of RT-qPCR reactions.

3.2. Estimation of sensitivity loss

Using the DNA Technology multiplex RT-qPCR kit, we analyzed 30 known positive samples from the clinical routine at different
pooling sizes (2 to 12). The results are described for SARS-CoV-2 N, E, and CoV-Like genes in Supplementary Tables 1, 2, and 3,
respectively.

As expected, we obtained a progressive increase in Ct as the pooling size increased, with a systematic loss of sensitivity in those
samples where the original Ct was closer to the detection limit (Ct > 34). When comparing the median Ct of these 30 samples between
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Fig. 1. Estimated reagent efficiency and sensitivity of a pool-based RT-qPCR strategy. The theoretical proportion of reagent efficiency ac-
cording to the pool size at a given positivity is modeled on the left, considering equation (5). On the right, there is the intercept between the
maximization of efficiency (equation (6), black line) and the estimated sensitivity at different pooling sizes on 1,030 positive retrospective samples
for genes SARS-CoV-2 E (dashed red line), SARS-CoV-Like (dashed green line), and SARS-CoV-2 N (dashed blue line).
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Table 1

Reagent efficiency at different scenarios of positivity and pooling size. RT-qPCR reaction savings were estimated using equation (5).
Positivity (%) Expected positive samples/1000 samples Efficiency (E) per pooling size

2X 4X 6X 8X 10X 12X

50 500 0 0.25 0.33 0.38 0.40 0.42
30 300 0.20 0.45 0.53 0.58 0.60 0.62
10 100 0.40 0.65 0.73 0.78 0.80 0.82
5 50 0.45 0.70 0.78 0.83 0.85 0.87
1 10 0.49 0.74 0.82 0.87 0.89 0.91
0.1 1 0.50 0.75 0.83 0.87 0.90 0.92

each pool size and the original sample, we found a shift ranging from +1.4 to +1.8 cycles for the 2-sample pool, which increases from
+4.0 to +4.3 cycles for the 12-sample pool.

Considering that the obtained Ct does not necessarily represent the laboratory routine distribution, a sensitivity estimated from this
low-sample analysis may be subject to significant variations. A more robust strategy to estimate sensitivity lies in the shift of the Ct’s
regarding a historical distribution; therefore, it could be used as a more realistic approximation to assess the sensitivity loss according
to the pooling size.

Although the supplier indicates that the DNA Technology kit’s detection limit is Ct 45, in practice, the highest value in our lab-
oratory routine was Ct 42.1, 41.5, and 41.6 for SARS-CoV-2 N, E, and CoV-Like genes, respectively. Given that we know that each
sample should have yielded a positive result in Supplementary Tables 1, 2, and 3, for the summary statistics regarding negative
samples, we assigned those values as our practical limit of detection.

Therefore, we estimated the Ct shift using Passing Bablok regressions for each pooling size concerning the original sample using the
Ct’s of Supplementary Tables 1, 2, and 3 (Supplementary Figs. 1, 2, and 3). In general, we found a high correlation with the original
sample (Pearson’s p > 0.989), with narrow confidence intervals for the Passing Bablok regressions that widen slightly at the lower and
upper Ct values. We found that for a 2X pooling size, there is a shift ranging from +1.46 to +1.62 cycles, with an estimated loss of
sensitivity from Ct 39.98 to 40.64 (Table 2). Considering the historical distribution of Ct’s for the 1,030 positive samples, the per-
centage of samples that could be missed at this estimated detection limit is 2.23%, 5.92%, and 7.28%; therefore, the estimated
sensitivity for this degree of pooling was 97.77%, 94.08%, and 92.72% for SARS-CoV-2 N, E, and CoV-Like genes, respectively. Given
that the Passing Bablok regression’s confidence intervals for 2X pool size include the value 0 in the intercept and the value 1 in the
slope, this loss of sensitivity is not statistically different from the original sample (Table 2).

For pool sizes 4X to 12X, we found a shift ranging between +2.2-2.6 and +4.0-4.3 cycles, respectively. Therefore, the estimated Ct
where sensitivity is lost was between 39.15-39.70 and 37.31-37.73, respectively (Table 2). Again, if we consider the historical dis-
tribution of Ct’s in 1,030 positive samples, the estimated percentage of false-negative samples resulting from a 4X pooling strategy
would be 7.48%, 10.97%, and 12.82%, and a sensitivity of 92.52%, 89.03%, and 87.18% for SARS-CoV-2 N, E, and CoV-Like genes,
respectively. Regarding the 12X pool size, the sensitivity would be reduced to 80.87%, 78.45%, and 77.09%, respectively (Table 2).
Since none of the confidence intervals for the intercepts of the Passing Bablok regressions in the pool sizes from 4X to 12X contains the
value 0, the difference in the loss of sensitivity is statistically significant concerning the original sample.

The Ct’s distribution in the 1,030 positive retrospective samples previously confirmed in the laboratory routine is shown in Fig. 2.
The Ct’s have a bimodal distribution, with the first peak around Ct 21 and a second peak reaching Ct 38, which apparently would not
be associated with age, sex, or COVID-19 symptoms (data not shown). This result was similar for the three genes amplified with the
DNA-Technology kit, and it shows that a relevant fraction of the samples (>40%) could at risk of being false-negative through the use
of a pooling strategy (Ct > 34).

3.3. Reagent efficiency versus sensitivity

When we superimposed the estimated values of sensitivity with those of reagent use efficiency, we found that a 4-sample pool size
captured the highest efficiency with the lowest loss of sensitivity; therefore, this is the most reliable and efficient condition for working
with pooled samples, obtaining a low rate of false-negative, and maximizing the reagent savings (Fig. 1 right, dashed red, blue, and
green lines).

4. Discussion

Implementing a SARS-CoV-2 analysis in pooled samples is a strategy that considerably increases the testing capacity for diagnostic
and screening purposes [15]. Many studies have currently described ways to maximize the efficiency of the pooling approach;
however, there needs to be more in describing when that efficiency can retain a high sensitivity to ensure that the strategy has an
acceptable quality. In the present study, we modeled different positivity and pool size scenarios and determined that a 4-sample pool
size retained the highest sensitivity and reagent efficiency.



Table 2

Estimated sensitivity at different pooling sizes. Estimation was performed considering the Ct shifting from the Passing Bablok regressions between the original sample (No pool), and the distribution of

1,030 positive retrospective samples.

Gene Pool Passing Bablok intercept Passing Bablok slope ACt from original sample Estimated Ct at the loss of Estimated sample lost from the historical Estimated
Size (95%CI) (95%CI) (equation (7)) sensitivity distribution Sensitivity
CoV-2N  No pool reference reference reference 42.1 0% 100%
2X 0.556 (—0.89; 1.85) 1.021 (0.97; 1.07) 1.46 40.64 2.23% 97.77%
4X 2.400 (0.82; 3.71) 1.000 (0.95; 1.07) 2.40 39.70 7.48% 92.52%
6X 1.774 (0.60; 2.85) 1.054 (1.02; 1.10) 4.05 38.05 16.70% 83.30%
8X 2.410 (1.47; 3.29) 1.041 (1.00; 1.08) 4.15 37.95 17.67% 82.33%
10X 3.331 (1.60; 4.92) 1.017 (0.96; 1.09) 4.04 38.06 16.70% 83.30%
12X 2.914 (0.68; 5.12) 1.034 (0.94; 1.13) 4.37 37.73 19.13% 80.87%
CoV-2 E No pool reference reference reference 41.5 0% 100%
2X 1.281 (—0.30; 2.88) 1.006 (0.95; 1.07) 1.52 39.98 5.92% 94.08%
4X 2.866 (0.86; 4.88) 0.985 (0.91; 1.07) 2.25 39.25 10.97% 89.03%
6X 2.721 (0.95; 4.32) 1.013 (0.96; 1.07) 3.25 38.25 16.12% 83.88%
8X 3.550 (1.78; 5.34) 1.000 (0.92; 1.07) 3.55 37.95 18.06% 81.94%
10X 4.100 (2.82; 6.26) 1.000 (0.92; 1.05) 4.10 37.40 20.97% 79.03%
12X 3.687 (1.05; 6.28) 1.011 (0.91; 1.11) 4.14 37.36 21.55% 78.45%
CoV- No pool reference reference reference 41.6 0% 100%
Like 2X 0.299 (-1.02; 1.60) 1.032 (0.98; 1.09) 1.62 39.98 7.28% 92.72%
4X 1.787 (0.02; 3.59) 1.016 (0.94; 1.09) 2.45 39.15 12.82% 87.18%
6X 1.472 (-0.31; 3.03) 1.051 (0.99; 1.12) 3.60 38.00 19.32% 80.68%
8X 2.228 (0.50; 3.41) 1.039 (0.99; 1.11) 3.84 37.76 20.49% 79.51%
10X 2.694 (1.02; 4.52) 1.041 (0.96; 1.11) 4.40 37.20 23.88% 76.12%
12X 2.688 (0.33; 5.13) 1.038 (0.95; 1.14) 4.29 37.31 22.91% 77.09%
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Fig. 2. Distribution of Ct’s from 1,030 retrospective positive individual samples. RT-qPCR was performed using the DNA Technology kit, and
results for the SARS-CoV-2 N, E, and SARS-CoV-Like genes are plotted.

4.1. Disentangling reaction efficiency models

To obtain our simplified minimal efficiency equation, that is, the minimal number of RT-qPCR reactions saved by the pooling
strategy, we assumed that each positive sample was detected in a different RT-qPCR plate well. This assumption is valid when pos-
itivity is low but deviates slightly from reality, underestimating efficiency as positivity increases. In a prospective analysis in our
laboratory, including 3,484 samples and a 4-sample pool strategy (871 pools), we found 190 positive pools, of which 176 (92.6%)
contained only one positive sample, 13 pools (7.4%) had two positive samples, and only one pool (0.57%) had three positive samples.
Sample positivity reached 5.9%, and according to our equation, the expected efficiency was 69.1%, while the practical efficiency
increased slightly to 72.7% (data not shown). Generally, a 4-sample pool efficiency is greater than 25% under very high positivity
conditions (50%) and increases over 75% with positivity close to or less than 0.1%.

Various equations considering positivity and the pool size have been described to determine the pooling efficiency. In several works
[8,16,17], the mean efficiency estimates are based on Black et al. [18], which has open access online version (www.chrisbilder.com/
shiny/). When evaluating our previous 5.9% positivity conditions with a 4-sample pool, assuming a kit sensitivity and specificity of
100%, and a 2-stage hierarchical pooling algorithm, the efficiency calculated is 53%, which considerably underestimates our practical
efficiency of 72.7%. We found a similar result when considering the Dorfman efficiency equation [19], with an efficiency of 53.4% of
saved reactions. Another approach to efficiency according to positivity is provided by Aragon-Caqueo et al. [20]. Using this model for
the abovementioned conditions, the efficiency calculated is 46.6%, underestimating our practical efficiency also. We believe the
problem underlying these estimates may be governed by the lack of integration of an important quality parameter for pool size se-
lection: sensitivity.

4.2. The downside of direct sensitivity estimates

Sample pooling can occur at the time of sample collection (swab pooling). It can also be done in the laboratory, either upon receipt
of the samples and prior to RNA extraction, or when the RNA is already purified. Each method has its pros and cons, so its selection will
depend on the objective. For example, pooling nasopharyngeal swabs facilitates epidemiological surveillance in sentinel centers, since
it reduces the materials required for these purposes in the field. On the other hand, when the purpose is clinical diagnosis, independent
sample collection with subsequent pooling in the laboratory is more advisable, since it ensures better sample traceability and inte-
gration with computer systems for its entry and reporting. We have also reported a SARS-CoV-2 detection methodology that escapes
RNA extraction, however, because this strategy already involves an increase in Ct values, we believe that the direct sample pool
strategy may have a high impact on the loss of sensitivity [7].

Regardless of the pooling methodology, the sensitivity estimation due to the pooling strategy is one of the weaknesses of many
studies, mainly because of the low number of samples used for their analyses [9-11], where the Ct’s are not representative of the
distribution of Ct’s obtained in the laboratory routine. In fact, the biased use of samples with low Ct’s or by mathematical models has
led some researchers to affirm that the use of a pooling strategy of 20X, 30X, 50X, or even 100X is feasible [11-13,21], which is
undoubtedly unthinkable for diagnostic and it may have a reduced utility in screening due to the tremendous proportion of samples
considered false-negative.
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Although the ideal way to estimate sensitivity for a pool is to prospectively analyze a representative number of samples, in practice
this is difficult due to the high cost involved in evaluating each condition independently. Because the loss of sensitivity is almost
entirely due to a systematic positive shift in high Ct’s near the limit of detection, we believe that an inexpensive strategy to estimate
sensitivity closer to the real world is to consider the shift in Ct’s and to evaluate it in the context a retrospective distribution of
individually evaluated samples. Considering this approach in a 4-sample pooling strategy compared to individual sample analysis, we
found that the RT-qPCR sensitivity significantly decreased to 87.18%-92.52%. In contrast, performing a direct estimate only from the
30 positive samples gives a biased sensitivity of 100% (Supplementary Tables 1, 2, and 3). Modeling for the estimation of sensitivity
based on the Ct’s has also been described by Bateman et al. [22], who found a sensitivity of 93% for a pool of 5 samples; however, they
mention that a weakness of their study was that dilutions were performed with VTM medium instead of confirmed negative samples.
This experimental condition could have made the reaction more favorable, overestimating the sensitivity. However, the differences
with our analysis are reduced and could be explained by the use of a different RT-qPCR kit or collection media.

4.3. Is positivity over 10% a limiting factor for the pooling strategy?

Regarding the limit of acceptable positivity for the pooling strategy to remain efficient, the conception that it should be 10% or less
is ingrained [8,15]. However, our efficiency equation demonstrates that even with a higher positivity, saving a significant number of
RT-qPCR reactions is still possible. We believe that limitations in high positivity conditions are caused more to each laboratory’s
technical capacity, especially concerning the delay in the turnaround time. This problem could be partially solved if the laboratory has
the capacity to allocate a greater number of personnel and equipment for analysis.

4.4. Tackling the pandemic: Competent containment of contagious

The most critical factor in stopping the COVID-19 pandemic was the ability to effectively detect and contain those who could
transmit the virus [23]. To this end, it is crucial to differentiate virus nucleic acid detection tests for diagnostic purposes from those for
screening. According to the CDC [15], the use of a diagnostic test is justified in those people for whom there is a reasonable suspicion
that the person is infected, either because of presenting symptoms or because of traceability with close contacts. On the other hand, a
screening test is applied to asymptomatic or pre-symptomatic people who do not know if they were exposed to the virus. Hence, it seeks
to detect infection in people who could be contagious, mainly by active case finding [24].

The RT-qPCR is a widely used diagnostic technique due to its high sensitivity and specificity; however, for screening purposes, other
nucleic acid detection techniques, such as loop-mediated isothermal amplification (RT-LAMP) or the detection of antibodies have also
been used. During the pandemic, implementing pooling strategies with RT-qPCR considerably reduced costs, facilitating its use for
screening. Although it is believed that sensitivity could have a low impact compared to parameters such as the amount/frequency of
tests and turn-around time [23] over pandemic containment, the motivation only to maximize efficiency in low-resource countries
suggests that it is essential to reconsider it. Due to the urgency to increase the testing capacity, the FDA authorized diagnostic kits with
a 4-sample pooling strategy; however, it is common to find that more samples are analyzed per pool for diagnostic or screening in
low-resource countries.

Regarding Ct and contagiousness, the initial idea was that at Ct’s over 34, a viral culture was not viable [25,26]; however, there is
controversy regarding this point, considering that other studies have been able to culture the virus in symptomatic patients with Ct
over 35, estimating that 8.3% of these cases could transmit the virus to other people [27]. The current view is that Ct’s can vary
considerably between each RT-qPCR kit, which makes it an unreliable marker of infectivity, and its values should not be used to
discriminate contagious patients unless the kit is validated for this purpose [28,29].

With this information, a pooling strategy of 10 or more samples could detect most infectious patients; however, it is crucial to
establish the minimum acceptable quality for its use to contain the pandemic more effectively. Our suggestion is to use a 4-sample pool
since this strategy is the one that captures the highest sensitivity and efficiency, as well as detecting a significant proportion of in-
fectious, allowing to reduce costs to test more and more frequently, in addition to achieving relatively fast delivery of results.

Sample pooling is a strategy that can significantly improve surveillance efforts for emerging and re-emerging diseases, especially in
countries with limited resources or in highly exposed populations. This methodology, which is currently used for the detection of
SARS-CoV-2, has also been used for other diseases. Philip et al. showed that it is possible to pool 10 to 80 serum samples for HIV
detection, while Pereira et al. showed that it is also possible to pool sputum samples for Tuberculosis screening in prisons [30,31]. Both
studies agree that the number of samples to be included in a pool is inversely proportional to the prevalence of the disease to be tested.
This suggests that the pooling strategy should be adapted to different epidemiological conditions such as disease prevalence and
pathogen evolution, as well as laboratory conditions such as sampling method, sample type, extraction of genetic material, and the test
used.

4.5. Strengths and weaknesses of the study

This study integrates historical data to balance economic efficiency and sensitivity to suggest a policy for a reliable analysis using
the pooling strategy. Regarding the limitations of this study, it is essential to mention the retrospective nature of estimating sensitivity
loss. This approach was chosen as the primary analysis, considering that a prospective analysis for each sample and each pool size
would be very costly and time-consuming to be representative of the distribution of Ct’s.

In this context, it is important to consider that Ct values in retrospective studies may be affected by unmeasured confounding. For
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example, the inherent variability in historical data, including different sample collection and processing protocols, as well as different
RT-qPCR kits used. This variability may introduce bias and affect the accuracy of Ct values, however, since the beginning of the COVID-
19 pandemic we have maintained the same analysis strategies. Despite this, there are other variables to consider that may affect the
distribution of Ct values, related to the emergence of new SARS-CoV-2 variants. For example, Li et al. described that patients infected
with the Delta variant had significantly lower Ct values compared to those infected with previous variants [32]. This suggests that the
ability to analyze pooled samples should not be conceived as a static strategy but should be evaluated over time to fit better to the
epidemiological conditions of each territory. During this study, the original SARS-CoV-2 lineage was the prevalent globally, with the
Alpha variant appearing a few months later, therefore, we cannot affirm that with more virulent variants the number of samples in a
pool could have been increased. Mutations in viral genome sequences can affect the binding of primers used in RT-qPCR assays. If
mutations are present in the target regions of primers, this can reduce amplification efficiency and consequently increase Ct values
[33]. This is further evidence of variables that can affect the pooling strategy over time, therefore, evaluation of primer efficiency
according to prevalent SARS-CoV-2 variants is necessary.

It is also important to mention that the results are based on evaluating a single RT-qPCR Kkit; therefore, we cannot establish whether
the behavior will be similar for other extraction or amplification kits. In any diagnostic testing, including for SARS-CoV-2, the reagents
used for nucleic acid extraction and PCR amplification play a significant role in the accuracy, sensitivity, and overall performance of
the test. This is particularly important when pooling samples, as the pooling process can dilute the viral RNA, potentially masking the
detection of low viral loads.

5. Conclusion

Based on our results, we can conclude that using a 4-sample pool maximizes the efficiency and sensitivity to deliver a reliable result
in detecting the SARS-CoV-2 when using a pooling strategy and represents the most favorable conditions to contain the COVID-19
pandemic.
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