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a b s t r a c t 

Real-time polymerase chain reaction (RT-PCR) remains the gold standard for detection of severe acute 

respiratory syndrome coronavirus-2 (SARS-CoV-2). This study tested the performance of a pooled testing 

strategy for RT-PCR and its cost-effectiveness. In total, 1280 leftover respiratory samples collected be- 

tween 19 April and 6 May 2021 were tested in 128 pools of 10 samples each, out of which 16 pools 

were positive. The positivity rate of the unpooled samples was 1.9% (24/1280). After parallel testing 

using the individual and pooled testing strategies, positive agreement was 100% and negative agree- 

ment was 99.8%. The overall median cycle threshold (Ct) value of the unpooled samples was 29.8 (in- 

terquartile range 22.3–34.3). Pools that remained positive when compared with the results of individ- 

ual samples had lower median Ct values compared with those that turned out to be negative (28.8 

versus 34.8; P = 0.0.035). Pooled testing reduced the cost > 4-fold. Pooled testing may be a more cost- 

effective approach to diagnose SARS-CoV-2 in resource-limited settings without compromising diagnostic 

performance. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious 

Diseases. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Coronavirus disease 2019 (COVID-19) continues to be an impor- 

ant global health problem with a significant impact on individ- 

al and global public health ( Fauci et al., 2020 ). In the face of a

apidly spreading disease with a shortage of vaccines and/or ef- 

ective treatment, rapid mass testing has been suggested as one of 

he measures to map, contain and mitigate the COVID-19 pandemic 

 Denny et al., 2020 ). 
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In Uganda, COVID-19 testing is largely performed using real- 

ime polymerase chain reaction (RT-PCR) for detection of severe 

cute respiratory syndrome coronavirus-2 (SARS-CoV-2) in na- 

opharyngeal swabs. However, the current diagnostic platform falls 

hort of the clinical needs as: (a) the population that needs test- 

ng far exceeds the available capacity due to the limited num- 

er of available RT-PCR testing centres in Uganda; (b) the positiv- 

ty rate of SARS-CoV-2 in Uganda fluctuated between 1% and 5% 

n the first wave and between 12% and 20% in the second wave 

 Woldometer, 2021 ), so individual testing is not cost-effective as 

he majority of samples are negative; and (c) RT-PCR testing kits 

re expensive and there is a limited supply due to a high global 
emand. 
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Table 1 

Pooled testing results compared with individual real-time poly- 

merase chain reaction (RT-PCR) reference assays 

Individual RT-PCR testing 

Positive Negative Total 

Pooled testing Positive 21 0 21 

Negative 3 1256 1259 

Total 24 1256 1280 
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Pooled sample testing for SARS-CoV-2 has been shown to be 

easible to detect incident cases of COVID-19 and determine trans- 

ission dynamics in communities and schools ( Joachim et al., 

021 ). The strategy has been found to be cost-effective compared 

ith individual testing ( Abdalhamid et al., 2020 ). The present 

tudy assessed the performance of a pooled testing strategy for RT- 

CR, and determined its effect on diagnostic accuracy while miti- 

ating the cost of testing for COVID-19 compared with individual 

esting in Uganda. 

ethods 

tudy design and setting 

This study conducted cross-sectional, laboratory-based verifica- 

ion of the performance of pooled sample testing using leftover na- 

opharyngeal samples obtained for routine SARS-CoV-2 testing be- 

ween 19 April and 6 May 2021, and biobanked at the Genomics 

nd Molecular Biology Laboratory of the College of Health Sciences 

t Makerere University in Kampala, Uganda. 

tudy procedure 

Leftover samples were selected at random from the pool of 

amples at the Genomics and Molecular Biology Laboratory using 

he Random Number Generator function in Microsoft Excel (Mi- 

rosoft Corp., Redmond, WA, USA). A 100-μL aliquot was obtained 

rom each leftover sample and mixed in a 1.5-mL microcentrifuge 

n batches of 10 samples to form the different pools, as described 

reviously ( Deka and Kalita, 2020 ; Barak et al., 2021 ). After mix-

ng to obtain a homogenous mixture, 100 μL of the pooled sam- 

les was transferred to a clean 1.5-mL microcentrifuge tube, and 

NA was extracted using a viral RNA mini kit (Qiagen, Hilden, Ger- 

any). RT-PCR was performed using an Applied Biosystems PCR 

latform. 

If a pool tested positive on RT-PCR analysis, the samples were 

econvoluted and the process was repeated on the individual sam- 

les that comprised that pool to identify the positive sample. If a 

ool tested negative on RT-PCR analysis, all samples in that pool 

ere declared negative and underwent no further testing. The re- 

ults were compared in parallel with real-time, routine RT-PCR 

esting. 

ata analysis and cost-effectiveness analysis 

The results were compared using a two-by-two table, and pos- 

tive agreement (percentage of cases that matched when the ref- 

rence method was positive), negative agreement (percentage of 

ases that matched when the reference method was negative) 

nd Cohen’s Kappa statistic were calculated. The average cost- 

ffectiveness ratio and incremental cost-effective ratio taking a 

rovider’s perspective and ingredient costing approach were cal- 

ulated using the current market cost of 56 US$ for each RT-PCR 

est in Uganda. Data analysis was performed using Microsoft Excel 

nd GraphPad Prism 8.4. 

esults 

In total, 1280 samples were tested using both individual and 

ooled sample testing methods. The positivity rate of the unpooled 

amples was 1.9% (24/1280). In total, 128 pools of 10 samples each 

ere made, out of which 16 pools were positive. These were de- 

onvoluted and the samples were run individually to identify those 

hat were truly positive. Deconvolution identified 21 samples that 

ere positive out of the 24 obtained using individual testing. Three 

f the pools which tested negative contained one positive sample 
356 
ach, while three of the 16 pools that tested positive contained 

ore than one positive sample. Positive and negative agreements 

etween pooled and individual testing were 100% and 99.8%, re- 

pectively ( Table 1 ). The probability of agreement was 99.8% and 

ohen’s kappa statistic was 0.932. The overall median cycle thresh- 

ld (Ct) value of the unpooled samples was 29.8 (interquartile 

ange 22.3–34.3). Pools that remained positive when compared 

ith the results of individual samples had lower median Ct values 

ompared with those that turned out to be negative (28.8 versus 

4.8; P = 0.0.035). 

The average cost-effectiveness ratio was four-fold lower using 

ooled sample testing compared with individual sample testing 

12.6 US$ per test versus 56 US$ per test, respectively) ( Figure 1 ).

he total cost for pooled testing was 77.5% less than individual 

esting (16,128 US$ versus 71,680 US$, respectively). The incremen- 

al cost-effectiveness ratio was 55,552 US$ for further identification 

f three positive tests using the individual testing method. 

iscussion 

This study to assess the diagnostic performance and cost- 

ffectiveness of a pooled testing strategy for RT-PCR had two main 

ndings. Firstly, pooled testing using a pool size of 10 had almost- 

erfect agreement with individual testing. Secondly, the pooled 

esting strategy reduced the cost of the test > 4-fold and reduced 

he cost of testing by 77% while maintaining a high level of agree- 

ent with individual testing. The findings are similar to those in 

ther studies which showed that pooled testing increases cost- 

ffectiveness without much influence on the accuracy of PCR test- 

ng ( Borillo et al., 2020 ; Alcoba-Florez et al., 2021 ; Barak et al.,

021 ; Deckert et al., 2021 ; Kagan et al., 2021 ; Lim et al., 2020 ).

revious studies have indicated that a pool size ≤10 is required 

o maintain the sensitivity and cost-effectiveness of pooled testing 

 Barak et al., 2021 ). 

As the vast majority of people with COVID-19 remain asymp- 

omatic ( Dhama et al., 2020 ), large-scale screening using a pooled 

ample strategy may be employed in settings such as schools, 

he community and other high-volume test settings for rapid 

dentification of cases and limitation of SARS-CoV-2 transmission 

 Joachim et al., 2021 ). Moreover, batched testing of pooled spec- 

mens to detect SARS-CoV-2 has been shown to be an effective 

trategy to conserve resources and to substantially increase testing 

apacity, especially in resource-limited settings ( Abdalhamid et al., 

020 ). The present study found that the pooled strategy reduced 

he costs significantly. This finding is consistent with previous 

tudies which showed that combining samples and testing them in 

roups significantly reduces the number of tests required, substan- 

ially lowering costs without reducing the diagnostic performance 

f this highly sensitive RT-PCR assay ( Singh et al., 2021 ). 

The results of this study have far-reaching implications for 

ealth ministries in resource-limited settings which have to plan to 

ncrease testing services in their countries at the same time as pro- 

iding adequate medical services to individuals with severe COVID- 

9. A sensitive testing strategy that cuts costs would be very help- 

ul in resource-limited settings, as the money saved could be used 
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Figure 1. Comparison of the number of positive tests detected, total cost of testing 1280 samples, cost-effectiveness ratio and number of tests performed between pooled 

testing and individual testing. 
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o purchase other medical supplies while increasing the number 

f tests performed. Larger population-level trials utilizing pooled 

esting are underway in Rwanda and South Africa ( Mutesa et al., 

021 ). Importantly, pooled testing may be influenced by the popu- 

ation positivity rate for SARS-CoV-2. Previous studies have shown 

hat pooled testing is appropriate in settings with positivity rates 

 10% ( Deka and Kalita, 2020 ). 

This study has some limitations. It was conducted as a single 

aboratory experiment, and only one pool size (10 samples) was 

ested. More studies are needed to optimize sample pooling strate- 

ies and define clearly the clinical significance of missing a few 

ositive samples on the spread of COVID-19. The three positive 

amples that were falsely detected as negative using pooled test- 

ng in this study highlight the pitfalls of pooled testing, and cau- 

ion should be taken, especially when adopting pooled testing as 

 routine method of testing. Other algorithms to increase the sen- 

itivity of pooled testing, such as testing close contacts together, 

educing the pool size and testing multiple times, may be needed. 

hese should be studied in future research. 

onclusion 

This study found that a pooled testing strategy for RT-PCR is a 

easible and cost-effective option compared with individual testing 

n Uganda. These results are crucial in planning for strategies to be 

sed in mass testing campaigns in the face of the current high cost 

f RT-PCR testing of individual samples. 
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