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A B S T R A C T

Background: SARS-CoV-2 testing demand has outpaced its supply. Pooling samples for lower risk populations has
the potential to accommodate increased demand for SARS-CoV-2 molecular testing.
Objective: To evaluate the sensitivity, specificity, and reproducibility of 4-way pooling of SARS-CoV-2 specimens
for high-throughput RT-PCR.
Study design: Individual samples were pooled 1:4 through automated liquid handling, extracted, and assayed by
our emergency use authorized CDC-based RT-PCR laboratory developed test. Positive samples were serially
diluted and theoretical and empirical PCR cycle thresholds were evaluated. Thirty-two distinct positive samples
were pooled into negative specimens and individual CTs were compared to pooled CTs. Low positive samples
were repeated for reproducibility and 32 four-way pools of negative specimens were assayed to determine
specificity.
Results: Four-way pooling was associated with a loss of sensitivity of 1.7 and 2.0 CTs for our N1 and N2 targets,
respectively. Pooling correctly identified SARS-CoV-2 in 94 % (n = 30/32) of samples tested. The two low
positive specimens (neat CT>35) not detected by pooling were individually repeated and detected 75 % (n=6/
8) and 37.5 % (n = 3/8) of the time, respectively. All specimens individually determined negative were also
negative by pooling.
Conclusion: We report that 1:4 pooling of samples is specific and associated with an expected 2 CT loss in
analytical sensitivity. Instead of running each sample individually, pooling of four samples will allow for a
greater throughput and conserve scarce reagents.

1. Introduction

Widespread COVID-19 infections have placed extraordinary de-
mand on molecular diagnostics. COVID-19 cases continue to rise and
laboratory capacities to detect SARS-CoV-2 RNA are becoming in-
creasingly strained, causing delays in testing turnaround times [1–3].
To accommodate demand for increased testing volumes, on July 18th,
2020, the FDA issued its first Emergency Use Authorization (EUA) for
sample pooling in diagnostic testing [4].

Early testing during the COVID-19 pandemic focused primarily on
symptomatic individuals, but as we expand the populations tested to
asymptomatic patients, overall positivity rate declines and pooling
methods become increasingly favorable [5]. Sample pooling provides
improved benefits as SARS-CoV-2 incidence rates decline; higher in-
cidence rates (i.e. > 10 %) provide little advantage, but pooling with

incidence rates< 5% can substantially increase testing capacity [6,7].
Modeling suggests that for asymptomatic or mild cases based on

overall lower SARS-CoV-2 incidence, scaled pooling of up to 30 samples
can provide substantial benefit in accommodating increased testing
demands for low-risk populations [8–12]. Theoretical calculations of
pooling are useful; however, here we describe the practical utility of 4-
way pooling of our EUA laboratory developed test (LDT) and evaluate
its clinical application.

2. Methods

We programmed a HAMILTON Microlab STARlet Automated Liquid
Handler (Atlantic Lab Equipmant, Beverly, MA) to perform 4-way
pooling on our CDC-based Washington state EUA SARS-CoV-2 RT-PCR
assay targeting N1 and N2 as previously described [13,14]. Fifty μL of
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each specimen was pipetted into a 96-well deep well plate yielding 200
μL of total viral transport media (VTM) per well. The MagNA Pure 96
platform (Roche, Basel, Switzerland) was utilized for total nucleic acid
extraction, eluting into 50 μL elution buffer.

Initial water and VTM templates were used to confirm pipetting
accuracy with 384 samples into a 96-well deep well plate. Artificial
sample IDs were attributed to each respective pool and the eluted vo-
lume was manually confirmed for accuracy by pipette. Prior to pooling,
neat samples were assayed by LDT and stored at 4 °C for< 24 h. HeLa
cells were included as a negative extraction control and water as a
negative PCR template on every run.

We created a web application for converting Hamilton output files
into plate maps that can be imported into the Applied Biosystems 7500
software. It concatenates the container IDs that were mixed in each well
into sample names for the 7500 application so that they can be tracked.
The web application also provides a form where the experiment output
from the Applied Biosystems 7500 software is uploaded and edited to
produce extracts for other downstream systems and processes.

These extracts include a. pdf print-out highlighting positive and
inconclusive samples that need to be individually tested along with
their rack location, a. json file with raw CT values that is loaded into our
data warehouse, and a. csv file with the negative samples that can be
imported into our Sunquest laboratory information system.

3. Results

To evaluate lower positivity levels of pooled samples, we first ran an
initial 10-fold dilution series on a positive nasopharyngeal swab with an
initial mean cycle threshold CT of 31.4 corresponding to 2,500–5,000
copies/mL by our LDT. The sample was serially diluted with phosphate-
buffered saline 1:10, then 1:100, and then 1:1,000, corresponding to
1:40, 1:400, and 1:4,000 respective dilutions for pooling.

Next, we verified that low positive samples with CTs ≥33 – in-
dicative of a low viral load – were not missed by pooling of samples
(Table 1). Our data indicate that even though individual samples are
diluted by the process of pooling four separate specimens together, the
effect is not substantial enough to push borderline positives beyond the
limit of detection.

We expanded this experiment to include 32 additional SARS-CoV-2
positive specimens by the CDC-based Washington state EUA assay
pooled into negative samples. Our results confirm the empirical CTs of
pooled samples are not dissimilar from the theoretically calculated
values (Table 2). As expected, diluted samples with theoretical CTs
beyond our limit of detection were not detected (NDET) by our LDT
[13]. The average delay of N1 and N2 target CTs associated with 1:4
pooling was 1.7 (95 % CI:1.12−2.32) and 2.0 (95 % CI: 1.29–2.66),
respectively. Thirty out of 32 (94 %) positive samples pooled into ne-
gative specimens were detected by pooling (Fig. 1, Supplementary
Table 1). The only two missed samples by pooling had CTs ≥35, cor-
responding to an absolute quantification of approximately 250–500
genomic copies/mL based on our quantitative RT-PCR, with RNA
standard values quantified by droplet digital RT-PCR [14]. Two low
positives (CT>33.5) were inconclusive by pooling (one target

positive), and according to our EUA protocol would be considered po-
sitive, with individual specimens repeated. These inconclusive results
were confirmed as low positives when repeated from neat sample.

For reproducibility, the negative and inconclusive pools were re-
peated 8 additional times, and 3 additional times on neat positive
specimens (Supplementary Table 2). Our data demonstrate we would
have detected the first specimen (mean CT = 36.5) in 6 out of 8 pools
(75 %). The second specimen (mean CT = 37.3) was detected in 3 out
of 8 pools (37.5 %). To confirm specificity, we combined 128 unique
patient specimens determined negative by the Washington state EUA
assay into 32 pools. All 32 four-way pools were negative, demonstrating
100 % specificity.

4. Discussion

Here, we show the potential for four-way pooling to responsibly
increase testing throughput with an expected 2 CT loss in sensitivity. We
acknowledge that pooling multiple specimens together results in a mild
- but expected - drop in PCR cycle thresholds, similar to other research
[15]. According to Yelin et al. (2020), as pool size increases, each re-
spective sample and potential SARS-CoV-2 RNA are diluted, corre-
sponding with an observed linear CT increase of 1.24 for every twofold
dilution [16]. Most theoretical calculations estimate pools between 4–5
samples optimize assay benefits by limiting the false negative rate and
maintaining efficiency [17–19].

Our data indicate that the practical utility of pooling at this scale
has applications for systematic community surveillance, testing of low-
risk populations, and in resource-limited settings. The utilization of
high-throughput and broadly available lab instruments such as Roche’s
MP96 extraction platform and HAMILTON liquid handler allow con-
crete scalability of this EUA-authorized four-way pooling assay.

Borderline patients with low viral loads may be missed by the
pooling process [20]. Notably however, a low positive PCR test result
may correspond with the detection of SARS-CoV-2 RNA, but not ne-
cessarily infectious virus [21,22]. Specimens with viral loads of CT>35
have been shown to not be routinely culturable in vitro [23].

Here, four-way pooling correctly identified SARS-CoV-2 in 94 % of
samples, only missing low viral load specimens with CT> 35. We report
that 1:4 pooling of samples is associated with an acceptable 2 CT loss in
analytical sensitivity. Pooling samples for SARS-CoV-2 molecular de-
tection can be performed efficiently without sacrificing substantial ac-
curacy or specificity. Optimized for lower positivity ratios (i.e. < 8%)
[20,24,25], four-way pooling has considerable potential to accom-
modate increased demand for diagnostic testing of low-risk popula-
tions.
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Table 1
CT comparison of low positives by pooling.

Pool Original N1 CT Pooled N1 CT Original N2 CT Pooled N2 CT

1 33.6 35.0 37.5 36.2
2 34.9 36.8 37.5 37.7
3 36.0 36.8 36.6 38.0
4 33.2 34.6 37.3 36.6

Abbreviations: CT, cycle threshold, NDET, not detected, N1 and N2 are SARS-
CoV-2 nucleocapsid gene targets for PCR. Each pool contains 4 specimens: 1
unique positive sample pooled into 3 distinct negative samples. Low positive
samples are defined as having a CT> 33.0.

Table 2
Positive sample serial dilution.

Sample Dilution Expected N1
CT

Actual N1
CT

Expected N2
CT

Actual N2
CT

Neat 30.8 31.9 30.3 30.9
1:10 (1:40) 35.4 35.4 34.9 35.3
1:100 (1:400) 38.7 NDET 38.2 NDET
1:1,000 (1:4,000) 42.0 NDET 41.5 NDET

Abbreviations: CT, cycle threshold, NDET, not detected, N1 and N2 are SARS-
CoV-2 nucleocapsid gene targets for PCR. Parentheticals denote respective
pooling dilutions.
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.jcv.2020.104570.
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