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The best pooling strategy to reduce polymerase chain reaction tests during
the coronavirus disease-19 pandemic at low prevalence

Chen-Lun Chu®, Tai-Yin Wub<¢¢, Sheng-Mou Hou‘, Kao-Shang Shih*/, Yo-Lun Chu®'¢, Cheng-Kuang Chen®¢, Li-Wei Hung®,

Hao-Wei Hsu*¢, Chen-Kun Liaw*"

“Department of Orthopedics,
Shin Kong Wu Ho Su Memorial
Hospital, Taipei, Taiwan,
"Department of Family Medicine,
Zhongxing Branch, Taipei

City Hospital, Taipei, Taiwan,
“Institute of Epidemiology and
Preventive Medicine, National
Taiwan University, Taipei,
Taiwan, ‘Department of Social
and Public Affairs, University
of Taipei, Taipei, Taiwan,
*Department of Health and
Welfare, University of Taipei,
Taipei, Taiwan, ‘School of
Medicine, College of Medicine,
Fu Jen Catholic University, New
Taipei, Taiwan, ¢Department

of Biomedical Engineering,
National Taiwan University,
Taipei, Taiwan

ABSTRACT

Submission : 18-Sep-2024
Revision : 21-Oct-2024
Acceptance : 12-Nov-2024

‘Web Publication : 23-May-2025

Objectives: Pooling can reduce reverse transcriptase polymerase chain reaction (RT-PCR)
tests during the coronavirus disease-19 (COVID-19) pandemic. Pooling strategy is a
complex issue. Recent advances in computer science may provide a better strategy.
Materials and Methods: We developed our algorithm which can help healthcare workers
set up their pooling policy during the COVID-19 pandemic. Results: Comparing with three
other strategies, naming single pooling, array pooling, and hypercube pooling, our multiple
pooling shows to be the best with minimal RT-PCR tests per patient. Conclusion: We hope
clinicians in COVID-19 pandemic regions can use our algorithm to reduce both RT-PCR
tests and time and hence save more lives.
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INTRODUCTION

he world has just gone over the coronavirus disease-19

(COVID-19) pandemic. We are sure that another
pandemic will come not far away. In the beginning, when the
prevalence is low and the reverse transcriptase polymerase
chain reaction (RT-PCR) kits are not enough, it is the best
scenario for pooling RT-PCR.

Pooling is a useful way to reduce RT-PCR tests during the
COVID-19 pandemic [1-20]. Single pooling strategy is widely
used. Most of the government choose pooling sizes 5-10.
Israel chose up to 64 pooling sizes [21]. Rwanda chose up to
100 pooling sizes. Array pooling is also well-known. Indeed,
array pooling is an extreme form of hypercube pooling with
dimension two [1].

Single pooling is widely known and used. We pool samples
with certain sample size. Collect positive patients, and then,
we test every positive pooled test [6].
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Some researchers believe that positive patients could
be only one or two per pool. Thus, they suggested another
pooling can be done. To make the second pooling sample
dividable, they chose the second pooling size as a factor of the
first pooling size.

Array pooling is another strategy; we put #n X n samples on
the n x n arrays. Then, pool each row and each column for
PCR test. By locating both the positive column number and
positive row number, we can locate the positive patient.

However, we usually face the difficulties of:

1. How to pool? Array pooling? Two stages pooling? Three
stages? Or more?

2. What is the best pool size?
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3. How many RT-PCR tests can be saved?

These questions are both biological and mathematical. This
study aimed to build a program to answer these questions and
to facilitate the application of pooling from the perspective of
mathematics. By answering these questions, we propose our
invention “Multiple Pooling Strategy.”

MATERIALS AND METHODS

Our study contains no human data. Thus, Institutional
Review Board approval is not needed.

Before developing new methods, we need to know the
evaluation function. For the pooling strategy, the evaluation
function is “expected PCR tests for each sample.” If it is
larger than one, it means we need to do more than one PCR
test for one patient. In this situation, we do not need pooling.
The lower the “expected PCR tests for each sample”, the more
efficient the pooling strategy is.

Another important issue is “maximal allowed dilution.”
Pooling will dilute the sample and thus will increase the
cycle threshold value and decrease the sensitivity. However,
it will not decrease specificity. Therefore, before we pool the
sample, we must test the RT-PCR machine and calculate the
sensitivity of dilution. With acceptable sensitivity, we can
get the “maximal allowed dilution.” If the pooling number is
smaller than it, we do the pooling. If the pooling number is
larger, then we should do the pooling with “maximal allowed
dilution” as the pooling number.

According to a previous report, we know the mathematics
of a single pooling strategy [6]. It shows that pooling is
effective only when the prevalence is smaller than 0.3. We
need Lambert W function, and the mathematics is complex.
On the other hand, we need to know the next step after first
pooling. There is no mathematical formula; for this, we
can only get it by brute force method with computer. If the
conditional probability after the previous pooling is smaller
than 0.3, then we need another pooling until it is no smaller
than 0.3. The algorithms are shown:

E (p) means the best pooling size with prevalence p.

E (p) =1 when P> 0.3

E (p) = n, n = m of the minimum element of the set

{(I/m+E@/(-1-p)~ m))|m=2,3,4,.}

We begin the calculation with P = 0.3, and then P decreases
gradually. There exists the best solution, thus we steadily increase

m. The element of the set will decrease to a minimum and then
begin to increase again. We stop at the time of the turning point.

The flowchart is also shown in Figure 1.

We set up the algorithm using C++ language on the
Windows platform and then stored the results for comparison.

Another issue is array pooling. We pool n X n array, do
the tests for every row and column, and then do the tests
individually for samples with positive rows or columns. We
also built a program for array pooling.
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The expected RT-PCR tests for each sample

(row test + column test + positive row column test)/n?

= (n + n + [expected positive rows] [expected positive
columns])/n?

=2/n+ (1 -[1-p]")y? (M

Where n is array’s row and column number, and p is
the prevalence rate. To find the minimal value, we need to
calculate its first-degree differential and assume it to be zero.

d@n+1[1 - -p)yPyd (n) =0

To solve it, we need the Lambert W function again, which
is hard to implement. Thus, we turned to the other way,
which is to calculate every situation and choose the best
results, the brute force method. With the calculation power
of contemporary computers, the algorithm is easy to be
implemented.

RESuLTS

We show the usage of the algorithm in four scenarios.

Multiple-stage pooling without maximal allowed dilution

This is used when we only know the prevalence rate. We
just input the prevalence rate. If the prevalence rate after the
first pooling is still low, we suggest second-stage pooling,
as shown in the flowchart [Figure 1]. This goes on until the
prevalence rate is high enough and the pooling strategy has
no further effect [Table 1]. Multiple pooling strategy is used
to know the prevalence rate only with unlimited maximal
allowed dilution. In this example, the prevalence rate is

Table 1: Multiple pooling strategy with prevalence rate of 0.01

Pooling Prevalence Size Total tests
1 0.01 69 0.014493
2 0.019993483 34 0.029203
3 0.040248674 17 0.043818
4 0.080079554 0.059428
5 0.164388478 0.074636
6 0.320788261 1 0.105809

Prevalence Yes

>037?

[No more pooling J

Pooling

6{ Calculate new prevalence ]

Figure 1: Flowchart of multiple pooling. When the prevalence is <0.3, we
calculated the pooling number from the algorithm and do the pooling. Then we
exclude the negative samples, calculate the new prevalence, and then repeat the
procedure

[ Exclude Negative]
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0.01 [Figure 2]. The strategy showed first-stage RT-PCR tests
by pooling with 69 samples. Then, we excluded negative
samples and collected the positive samples for the second
stage by pooling with 34 samples. Then, we excluded
negative samples and collected the positive samples for the
third stage by pooling with 17 samples. Then, we excluded
negative samples and collected the positive samples for the
fourth stage by pooling with 8 samples. Then, we excluded
negative samples and collected the positive samples for the
fifth stage by pooling with 4 samples. Then, we did the rest
of the positive samples without pooling. In total, we can finish
RT-PCR tests with only 0.1058 tests per sample, which means
that we can save 89.4% on RT-PCR tests.

Pooling with maximal allowed dilution

This is used when we know the prevalence rate and the
maximum allowable dilution. This may happen when the
calculated pooling size is larger than our machine limit,
i.e. the maximum allowable dilution. For example, if our
RT-PCR machine could only detect 10 pooling samples and
the calculated result was 11, then, we need to adjust the
prevalence rate and the pooling size. The result is shown in
Table 2. In this example, the prevalence rate was 0.01 and
the maximum allowed dilution was 10. The strategy showed
first-stage RT-PCR tests by pooling with 10 samples. Then, we
excluded negative samples and collected the positive samples
for the second stage by pooling with 6 samples. Then, we
excluded negative samples and collected the positive samples
for the third stage by pooling with 3 samples. Then, we did
the rest of the positive samples without pooling. Totally, we
could finish RT-PCR tests with only 0.1554 tests per sample.
That is, we can save 84.5% RT-PCR tests.

Array pooling

With prevalence rate, we can calculate the array size. In
this example, the prevalence rate is 0.01 [Figure 2]. The result

Table 2: Multiple pooling strategy with prevelence rate of 0.01
and maximum allowed dilution 10

Pooling Prevalence Size Total tests
1 0.01 10 0.1
2 0.104582901 0.115936
3 0.215817006 3 0.131382
4 0.416818465 0.155373
@ Pooling Strategy - ] X
Prevalence Maximum allowed dilution Array size 24
.01 |[@ | Tests 0.129267192661184
Pooling# Pooling Size Total Tests Real positive rate
1 69 0.0144927536231884 0
2 34 0.0292034292143884 0
3 17 0.0438184520435987 0
4 8 0.0594279296236362 0
5 4 0.0746358081274239 0
6 i 0.105809018679826 0

Figure 2: Snapshot of our program

showed first-stage RT-PCR tests by pooling 24 x 24 arrays.
Thus, we could do with only 0.129 tests per sample and saved
87.1% RT-PCR tests.

Array pooling with known array

If the pooling array number is beyond the RT-PCR machine
or operators’ limit which becomes unacceptable, we may need
to control the array size. By Equation (1), we could calculate
array size and the result showed that we could do with only
0.2335 tests per sample and saved 76.7% RT-PCR tests with
prevalence 0.02.

We applied this algorithm from prevalence rate = 0.0001-0.0200
with 0.0001 interval. Figure 3 shows that multiple-level pooling is
better than hypercube pooling [12,13,18].

DiscussioN

RT-PCR tests remain the gold standard for diagnosing
COVID-19 infection. Countries with rapid growth of infected
patients usually face a shortage of RT-PCR test resources,
not only the RT-PCR machine but also the time. During the
pandemic, delay of diagnosis costs a lot of lives.

We are pretty sure that pandemics will come again and
again in the near future. A similar scenario will also repeat
again and again. At the beginning of the pandemic, prevalence
is low and the testing kit is limited. In this case, pooling the
samples for RT-PCR tests is a promising solution. However,
most public health authorities are not familiar with how to
pool, single or multiple pooling? Array pooling? Pooling
number? Column or row number of array pooling? Our study
helps the public health authorities in forming their pooling
strategies.

Before using our algorithm, the users must know their
RT-PCR machines’ limit, which is the maximum allowable
dilution. It depends on the required sensitivity. In low
prevalence area, the pool size could be larger, sometimes even
larger than the machines’ limit. In this situation, we can adjust
the pool size.

Another issue is operators’ limit. For the array
pooling strategy, the complexity of the samples is row
number X column number, which is usually larger than 100.

03

PCR Tests

emSingle PoOling === Multiple Pooling

- Array Pooling Hypercube Pooling

Figure 3: Single pooling, multiple pooling, array pooling, and hypercube pooling.
All have good performance. Multiple pooling is the best, hypercube pooling is
the second [12,13]
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We should keep in mind this issue and avoid any operational
mistakes in managing these samples.

There is a website calculator (https:/gillingscovid19.unc.
edu/research-app/covid-19-testing-pooling-calculator). It works
well, however, it does not provide multiple-level pooling larger
than three. In our experience, it happens when the prevalence
rate is smaller than 0.082 and is common. Furthermore,
Internet may not be readily available in some areas. In these
situations, our algorithm works better.

Previous reports used hypercube pooling [1,12,13,18].
Mathematically, its performance is good [Figure 3]. However,
it is really hard for human beings to do hypercube pooling
with four, five, or higher dimensional operations.

In this study, multiple-stage pooling is the best strategy
with the lowest RT-PCR tests and minimal operational
complexity. The operators may just exclude the negative
pooling samples in every iteration and then collect the positive
samples for the next pooling operation. The procedure is much
easier than array pooling and hypercube algorithm. The only
disadvantage is multiple stages, which may not be suitable for
emergent usage.

To save the RT-PCR kits, the best performance is our
invention, multiple pooling. Does it also save time? It depends
on the available resources. If we have unlimited RT-PCR
machines, we can do all RT-PCR tests for all patients at the
same time. Our strategy does not save time in this world with
unlimited RT-PCR machines. However, if we have only one
RT-PCR machine, our strategy does save time. These are
the two extreme situations. Usually, we have some RT-PCR
machines, not only one. Therefore, our strategy saves time in
the majority of real-world settings.

We implement of the algorithm on Windows platform
using C++. We would like to provide it to our readers as
freeware [Figure 2]. We would like to send the executable file
to readers by e-mail.

The algorithm is effective in every situation and should
be easy to implement for other platforms such as iPhone
Operation System or Android.

CONCLUSIONS

Our algorithm shows good performance. We hope it can be
used widely, not only for the COVID-19 pandemic but also
for other pandemics in the future, when PCR tests are needed
for the diagnosis of men while having limited PCR resources.
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