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A B S T R A C T

COVID-19 greatly disrupted the global supply chain of nasopharyngeal swabs, and thus new products have
come to market with little data to support their use. In this prospective study, 2 new 3D printed nasopharyn-
geal swab designs were evaluated against the standard, flocked nasopharyngeal swab for the diagnosis of
COVID-19. Seventy adult patients (37 COVID-positive and 33 COVID-negative) underwent consecutive diag-
nostic reverse transcription polymerase chain reaction testing, with a flocked swab followed by one or two
3D printed swabs. The “Lattice Swab” (manufacturer Resolution Medical) demonstrated 93.3% sensitivity
(95% CI, 77.9%−99.2%) and 96.8% specificity (83.3%−99.9%), yielding k = 0.90 (0.85−0.96). The “Origin KXG”
(manufacturer Origin Laboratories) demonstrated 83.9% sensitivity (66.3%−94.6%) and 100% specificity
(88.8%−100.0%), yielding k = 0.84 (0.77−0.91). Both 3D printed nasopharyngeal swab results have high con-
cordance with the control swab results. The decision to use 3D printed nasopharyngeal swabs during the
COVID-19 pandemic should be strongly considered by clinical and research laboratories.

© 2020 Elsevier Inc. All rights reserved.
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1. Introduction

COVID-19, the clinical disease caused by the pathogen SARS-CoV-
2, has presented unique challenges to the global community. Among
these challenges is the massive need for population-wide diagnostic
testing to contain the COVID-19 pandemic. In the United States, vari-
ous expert groups have estimated a national need for anywhere from
500 thousand to 30 million targeted tests on a daily basis to mitigate
and to suppress viral transmission (Anonymous, 1 July 2020;
Danielle Allen et al., 20 April 2020; Jennifer Kates et al., 27 April 2020,
Romer, April 2020, ). This immense need combined with traditional
swab manufacturing supply chain interruptions (Thomas, 18
March 2020) presented an opportunity for the additive manufactur-
ing industry (also called the 3D printing industry) to fill the need for
large-scale production of nasopharyngeal (NP) swabs.

In the span of days-to-weeks, numerous 3D printing companies
went through an iterative design process (Bennett et al., 2020;
Callahan et al., 2020) to meet the requirements of the NP swab: (1) to
collect an adequate patient specimen from the nasopharyngeal
mucosa, and (2) to elute the sample into a reverse transcription poly-
merase chain reaction (RT-PCR) assay without affecting the quality of
results. Quality design controls and early clinical use have
demonstrated similar safety profiles to NP swabs currently on the
market (Gupta et al., 2020). 3D printed NP swabs are classified as
Class I, 510(k) Exempt in vitro diagnostic medical device by the U.S.
Food and Drug Administration (FDA) (FDA, 29 June 2020). This desig-
nation implies that manufacturers need to follow Good Manufactur-
ing Practices and have a Quality Management System, but it does not
dictate the clinical performance standards for the swabs. The clinical
validation process is at the discretion of the individual diagnostic lab-
oratory to determine whether a particular NP swab should be consid-
ered for diagnostic use for COVID-19.

The rapid emergence of numerous 3D printed swabs options also
implies a dearth of widely-published clinical efficacy data to recom-
mend for or against their use. Given how important clarity is in the
diagnosis of COVID-19, this study sought to determine the clinical
performance of 3D printed nasopharyngeal swabs compared to FDA-
approved nasopharyngeal swabs already on the market.
2. Materials and methods

2.1. Swab selection

Many swab designs were considered but 2 swab types were ulti-
mately chosen for this study based on swab tip and shaft design,
material, comfort during use, and ability of the company to manufac-
ture large quantities: The Generation 1 “Lattice Swab” by Resolution
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Medical (FDA, 29 June 2020), and the “Origin KXG” by Origin Laborato-
ries (FDA, 20 June 2020), as shown in Fig. 1.

2.2. Participants

A minimum sample size of 30 COVID-positive and 30 COVID-neg-
ative patients for each NP swab type was chosen based on the FDA’s
recommendation for clinical evaluation of new diagnostics eligible
for emergency use authorization (EUA). Inclusion criteria for partici-
pants were: 18 years of age and older; an outpatient scheduled for
testing in the preprocedural or preoperative setting to confirm
COVID-negative status; a hospitalized inpatient having already
received a COVID-positive test result in the prior 24 hours. Ambula-
tory outpatients underwent simultaneous swabbing with the control
and experimental swabs. Known COVID-positive inpatients under-
went serial swabbing with the experimental swab(s) within the 24-
hour timeframe of their initial control swab. Patients assessed for the
study were excluded if they had conflicting prior COVID diagnostic
results, if they were physiologically unstable for swabbing, had recent
facial trauma or nasal surgery, had a platelet count <50,000 cells/mL
or absolute neutrophil count <500 cells/mL. All patients underwent a
verbal consent process approved by the Institutional Review Board at
the University of California, Los Angeles.

2.3. Sample collection and determination of results

Sample collection was performed by trained nurses to ensure a
high-quality sample. The swab was inserted into either the right or
left naris based on nurse and patient preference until the nasophar-
ynx was reached. The swab was then gently rotated for several sec-
onds and withdrawn. This process was used for both experimental
and control swabs. With each subsequent swab, the choice of naris
was again at the discretion of the nurse and patient. Collections that
were felt to be likely inadequate samples based on the nurses’ prior
experience were immediately discarded.

Control samples were collected with the Universal Viral Transport
Kit by Becton, Dickinson & Company, which consists of a flocked
swab and 3 mL Universal Viral Transport medium (FDA, 29
June 2020). Experimental swab samples were collected consecutively
to the control and transported in sterile polypropylene tubes with
3 mL saline (0.9% sodium chloride in water) as transport media. After
collection, the samples were promptly delivered to the laboratory
and if not immediately processed via RT-PCR, were stored for less
than 48 hours at 4°C until processing. The RT-PCR machine used to
run the tests was Liaison MDX by DiaSorin Molecular, LLC, using the
parameters outlined for use with the Simplexa COVID-19 Direct Kit
Fig. 1. Swab designs. The Lattice Swab by Resolution Medical (left) and Origin KXG by
Origin Laboratories (right).
assay (EUA March 19, 2020 (FDA, 2 July 2020), with amendment for
use of saline as transport media on March 26, 2020) which tests for
the S gene fragment and the ORF1ab gene fragment of SARS-CoV-2.
Laboratory personnel were blinded to the control sample result, as
well as to patient identifying information. The maximum number of
cycles run for viral detection was a cycle threshold (Ct) of 40. Detec-
tion of either the S gene or the ORF1ab gene, or both, yields a COVID-
positive clinical result. Detection of neither the S gene nor the ORF1ab
gene yields a COVID-negative clinical result.

2.4. Statistical analysis

RT-PCR results are reported categorically as COVID-positive or
COVID-negative. To analyze performance differences between swab
type, sensitivity, and specificity with 95% confidence intervals (CI) for
each experimental swab type was determined in relation to the con-
trol swab. Categorical concordance was calculated using Cohen’s
kappa (k), which is a measure of nonrandom agreement between 2
different tests, with a k > 0.8 implying excellent agreement. All statis-
tical calculations were performed using SAS version 9.4 (SAS Insti-
tute, Cary, NC).

Since the Simplexa assay detects both the S gene and ORF1ab
gene, these data were analyzed separately. For quantitative Ct value
comparison in the COVID-positive patients, a Wilcoxon Signed-Rank
test was performed for paired, dependent, nonparametric data
between each experimental swab and control, as well as between the
2 different experimental swabs. In order to preserve data integrity
and reduce bias that would result from excluding “non-detected”
gene fragments, these results were instead imputed as the value 40,
the maximum Ct for the RT-PCR assay. The difference in Ct values
between the pairs, always calculated as control Ct minus experimen-
tal Ct, is reported as median, first quartile (Q1), and third quartile (Q3)
values. P values >0.05 imply no systematic bias, meaning that the Ct
values among compared swabs are drawn from the same underlying
distribution. Also included are scatterplots comparing Ct values for
ease of visualization.

3. Results

Of 144 total participants assessed for study inclusion, 125 (87%)
met criteria and were approached for consent and 70 (49%) ulti-
mately provided samples for the study. This is further detailed in
Supplementary Figure S1. The most common reason cited by patients
for not consenting to the study was the perceived discomfort of the
NP sample collection, whether or not they had undergone a previous
NP swab collection prior to the study.

The COVID-positive patients were approached in the inpatient
setting at 2 UCLA-affiliated hospitals, Ronald Reagan University Med-
ical Center and UCLA Medical Center, Santa Monica. Eleven of the 37
patients had their clinical swab (control) and one or two 3D printed
swab (experimental) samples collected simultaneously, and thus for
these patients the elapsed time between sample collections was
effectively zero. The remaining 26 of the 37 patients underwent
experimental swabbing within a 24-hour window of their control
swab in order to minimize the potential for change in viral load in
the nasopharynx.

The COVID-negative patient samples were obtained predomi-
nantly in the outpatient “drive-through testing” setting (32 of 33
patients), thereby undergoing the control and experimental swab-
bing simultaneously. Patient recruitment demographics are repre-
sented in Table 1. No adverse events occurred during sample
collection for either group.

Performance data of the experimental swabs can be seen in Fig. 2
(raw PCR data is included in Supplemental Table S1). The Lattice
Swab displayed 93.3% sensitivity (95% CI, 77.9%−99.2%) and 96.7%
specificity (83.3%−99.9%). The 2 false negatives included patients that



Table 1
Study population demographics. The mean age between the two sampled groups was
significantly different (P = 0.004), with the COVID-positive patients mean age 62 years
(SD 17), and the COVID-negative patients mean age 50 years (SD 18).

COVID-positive COVID-negative

Participants, No. (%) Participants, No. (%)
Age, y

18−40 5 (14) 5 (11)
41−60 11 (30) 11 (33)
61−80 15 (41) 11 (33)
81+ 6 (16) 6 (18)

Sex
Male 19 (51) 18 (55)
Female 18 (49) 15 (45)

Setting
Floor/Ambulatory 26 (70) 32 (97)
ICU/Intubated 11 (30) 1 (Romer, April 2020)
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were near the limit of detection, so-called “low-positives,” with con-
trol Ct values of 34.4 and 35.1 cycles. The singular false positive
reflected a patient that was intubated for confirmed COVID-positive
pneumonia by NP swab 5 days prior to the study, had a low-positive
result 5 days later with the experimental Lattice Swab (Ct of 34.0
cycles), but ultimately resulted negative with the study control swab.
The Origin KXG displayed 84% sensitivity (66.3%−94.6%), and 100%
specificity (88.8%−100%). The 5 false negatives included 3 low-posi-
tive controls (Ct of 33.5, 34.4, and 37.2 cycles) and 2 more moderate
controls (Ct of 27.3 and 31.8 cycles).

When analyzing detection of the S gene fragments and the
ORF1ab gene fragments separately, the Wilcoxon-Signed Rank test
suggests no significant difference between either experimental swab
against control for either gene, nor a significant difference between
the 2 experimental swabs for either gene. This is demonstrated by P
values in Table 2 ranging from 0.30 to 0.83 that are calculated based
off the difference between Ct values paired for an individual across
different tests. Comparative data are displayed in Table 2 and
visualized in Fig. 3, which overall shows dense clustering around the
1:1 line.
Fig. 2. Sensitivity, specificity, and Cohen’s kappa (k) results for the Lattice Swab and Origin
higher concordance with the control swab than did the Origin KXG (k = 0.84; 95% CI, 0.77−0.
Twenty-six of 37 COVID-positive swabs were collected with a
delay less than 24 hours between the control and the experimental
swab. When comparing simultaneous-collection pairs to delayed-col-
lection pairs using the Mann Whitney U test for independent sam-
ples, there was no statistically significant difference in swab
performance for either the S gene or the ORF1ab gene if using a strict
P value of 0.05, as shown in Supplemental Table S2 and visualized in
Supplemental Figure S2.
4. Discussion

3D printing can offer unique healthcare solutions due to the
capacity for rapid design iteration in conjunction with high-through-
put manufacturing. This was demonstrated in April 2020 by Callahan
et al. at Beth Israel Deaconess Medical Center, where open-source,
collaborative efforts with 3D printing companies resulted in the suc-
cessful design and validation of multiple new NP swabs in the course
of only 22 days (Callahan et al., 2020). More recently the FDA, the
National Institutes of Health, the Department of Veterans Affairs, and
America Makes have entered a multi-institutional collaborative to
make 3D printing data and resources publicly available to accelerate
the pace of product development (FDA, 19 June 2020). The transpar-
ency of this translational research process can serve as a model for
other urgent medical supply shortages that might arise in the future
during times of crisis. Yet as time allows, these stop-gap solutions
need to be carefully examined to ensure that they indeed stand up to
the rigors of safety and efficacy expected during the treatment of
human disease.

Compared to other published data directly evaluating 3D printed
NP swab performance against the traditional flocked NP swab
(Bennett et al., 2020; Callahan et al., 2020), this study offers data on a
large sample of COVID-positive patients. In this study the sensitivities
of the swabs are robust with a relatively narrow 95% CI. Given the
high infectivity of SARS-CoV-2 it is of utmost importance to use
swabs and assays with high sensitivity. Because nasopharyngeal
swabbing is uncomfortable for the patient and centers may have vari-
able access to large numbers of patients with SARS-CoV-2 infection, it
KXG in comparison to control swab. The Lattice Swab (k = 0.90; 95% CI, 0.85−0.96) had
91), however both of these values suggest “excellent” agreement between tests.



Table 2
Comparison of median and quartile Ct value differences between swab type pairs with SARS-CoV-2 RT-PCR positive results using the Wilcoxon Signed-Rank test.

# Total pairs # S gene pairs S gene DCt,
cycles median [Q1, Q3]

P value # ORF1ab gene pairs ORF1ab gene DCt, cycles
median [Q1, Q3]

P value

Control vs Lattice Swab 31 28 �0.7 (�2.9, 2.9) 0.83 29 �0.6 (�1.8, 2.6) 0.53
Control vs Origin KXG 31 29 �0.8 (�3.1, 3.3) 0.83 29 �0.2 (�2.4, 5.3) 0.73
Lattice Swab vs Origin KXG 26 23 �1.0 (�2.4, 1.1) 0.38 23 �0.3 (�3.8, 1.1) 0.30

Nondetected results were imputed with a value of 40, unless both compared tests exhibited nondetected results, in which case they were removed from analysis. DCt was calcu-
lated as the control Ct minus the experimental Ct, or in the third case, the Lattice Swab Ct minus the Origin KXG Ct. This data is visualized in more detail in the Table S1. Q1 = first
quartile, Q3 = third quartile.
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may not be feasible for single healthcare entities to validate multiple
3D printed swab designs. Therefore, clinicians need to select the
most promising designs prior to use in a clinical setting, as was done
in this study.

The FDA has issued EUAs to COVID-19 molecular diagnostic plat-
forms that show promising early results, with a minimum data
requirement of 30 COVID-positive and 30 COVID-negative patients
(FDA, 1 July 2020). This small sample size reflects a compromise
between demonstrating early convincing data to allow for wide-
spread diagnostic use and getting new technologies to market
urgently during a crisis − assuming there is careful ongoing monitor-
ing and re-evaluation of results. While 3D printed NP swabs alone
are not eligible for EUA as a Class I 510(k) exempt device, this study
and sample size was modeled with similar intent. Data supplement-
ing and verifying early claims of sensitivity and specificity should
continue to be collected by clinical laboratories that use new technol-
ogies, and 3D printed swabs are no exception.

Determining noninferiority between swab types was not
attempted, given that considerable data on test variance and on what
quantitative values constitute an appropriate clinically important dif-
ference have not been widely proposed and accepted by the COVID-
19 molecular diagnostics expert community. This is the case for both
the qualitative comparison between COVID-positive and COVID-neg-
ative status, as well as for the quantitative comparison between sam-
ples with high Ct values and low Ct values.

The Mann-Whitney U test for simultaneous-collection vs delayed-
collection pairs demonstrates no difference in performance between
the swab samples. However, this difference may ultimately result in
statistical significance if a larger sample size was obtained or if there
was a longer average mean time elapsed, as indicated by the compar-
ison of control swab to Origin KXG for the ORF1ab gene fragment in
Supplemental Table S2 (P = 0.052 with a mean time elapsed of 18.2h
in the delayed-collection subgroup). This reinforces the notion that it
Fig. 3. Comparison of Ct values between swab type pairs with SARS-CoV-2 RT-PCR positive
detected singular gene fragment results for all swabs were imputed with a Ct value of 40. N
similar between different swab types. DCt >5 cycles between swab types lie outside of the d
trol (11 S gene, 5 ORF1ab gene), in 20 of 62 for the Origin KXG vs control (9 S gene, 11 ORF1a
is important to minimize the time elapsed during specimen collection
when comparing results between 2 different devices.

The use of specialized viral transport media for the control swabs
compared to saline media for the 3D printed swabs may also cause
some variability in results. While data for the Simplexa assay compar-
ing the 2 media has not been published, it can be inferred that they
have similar performance given the FDA granted an EUA amendment
for this purpose (FDA, 2 July 2020). The use of saline media was
unavoidable due to shortages in supplies during the pandemic.

It is clear that 3D printed swabs have an important role to play in
responding to the COVID-19 pandemic, yet certain limitations of this
study need to be understood to make its findings actionable.

First, there is inherent error in treating any currently-approved NP
swab as the provisional “reference standard” for comparison
(Deeks and Altman, 1999; Trikalinos TA, 2012; Woloshin et al., 2020).
For example, if 2 identical swabs were collected simultaneously from
a single patient, those 2 swabs still may not show perfect concor-
dance due to inherent variation in sample collection. Realizing that
the comparator reference standard test is imperfect changes the
meaning of test sensitivity and specificity, particularly for patients
near the limit of detection with a high Ct value.

Second, the clinical sensitivity of NP swabs for diagnosing COVID-
19 varies widely in the literature, with some estimates as low as 70%
(Woloshin et al., 2020). This is more likely to be related to error in
sample collection and handling than to misdiagnosis by RT-PCR. NP
swabbing is a medical procedure that requires a detailed understand-
ing of nasal anatomy, and collecting a blind NP sample can be both
uncomfortable for the patient and difficult for the clinician. As with
any procedure, there is a significant learning curve to overcome prior
to achieving proficiency. Disease-specific sources of uncertainty
include the timing of testing during disease course and the anatomic
location of sampling. Collection-specific sources of uncertainty
include significant time elapsing between sample collection and
results. Positivity for either the S gene or ORF1ab gene signified clinical positivity. Non-
ote the general clustering around the 1:1 dashed line, indicating Ct values were often
otted line, and occurred in 16 of 62 gene fragment samples for the Lattice Swab vs con-
b gene), and in 13 of 50 for the Origin KXG vs Lattice Swab (6 S gene, 7 ORF1ab gene).
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testing, improper storage temperatures, and inappropriate handling
during sample collection, transport, and processing. Many variables
affect the overall performance of a test and over-reliance on any one
single result can lead to misdiagnosis, particularly when it does not
complement the patient’s history and clinical presentation. It is the
authors’ opinion that when clinical diagnosis is in doubt, especially
when pretest probability is high but the test returns negative
(Woloshin et al., 2020), confirmatory testing should likely be
repeated as RT-PCR analytical sensitivity is excellent but NP swab
clinical sensitivity is more variable.

Third, the sensitivity and specificity values reported in this study
are derived from different patient populations. The sensitivity is
derived from a cohort of known COVID-positive patients by labora-
tory confirmation. The specificity is derived from a cohort of COVID-
negative patients that were anticipated to have a low pretest proba-
bility of having COVID-19. Some were sent for testing by their pri-
mary care provider for suspicious symptoms, while others were sent
by their surgeon or proceduralist without symptoms in order to ver-
ify COVID-negative status prior to a planned procedure. This spec-
trum bias (Zhou et al., 2002) was unavoidable, due in part to the
urgent need to enroll patients to understand the effectiveness of the
swabs during the pandemic, but also because the local incidence of
COVID-positivity was <5% for patients tested during this time frame,
and thus it would have taken extensive time and resources to collect
30 COVID-positive samples if randomly selected from the broader
testing population.

Finally, there are many unanswered questions regarding the
interpretation of RT-PCR results and Ct values for SARS-CoV-2. For
example, what is the minimal clinically important difference in Ct
values between 2 tests, and is that difference consistent across the
range of infectiousness? Is the 3-cycle difference between 15 and 18
cycles less clinically relevant than the 3-cycle difference between 34
and 37 cycles? What does a “low-positive” mean in terms of infec-
tiousness (W€olfel et al., 2020)? How comparable are Ct values from
different assays? To what extent does viral RNA detection imply rep-
lication-competence (Bullard et al., 2020)? Until some of these chal-
lenging questions can be definitively answered with further research,
clinical laboratories will need to continue making critical decisions
based on insufficient evidence.

5. Conclusion

The 3D printed NP swabs evaluated in this study have high con-
cordance with traditional flocked NP swabs and should be strongly
considered by clinical laboratories to supplement deficits they may
face in their COVID-19 NP swab supply chain.

Authorship statement

Gabriel Oland: Conceptualization, Data Curation, Formal Analysis,
Investigation, Methodology, Project Administration, Visualization,
Writing − original draft, Writing − review and editing; Omai Garner:
Funding Acquisition, Resources, Writing − review and editing; Anna-
belle De St Maurice: Conceptualization, Methodology, Supervision,
Writing − review and editing

Acknowledgments

The authors would like to thank the following individuals for
ongoing consultation and administrative and clinical support: Jenny
Ahn, Desert Horse-Grant, Arash Naeim, Marlene Berro, Sandy Binder,
Laura Yost, Ellen Pollack, Robert Cherry, Hailinh Nguyen, William
Werre, Shaun Yang, Lauren Furtick, Molly Steele, Gordon Giffin, Irene
Chung, Courtney Speedy, Margie Weiman, Jennifer Zanotti, Quanna
Batiste-Brown, Holly Wilhalme, Ramy Arnaout, Stuart Steinbock,
Shawn Patterson, Joe DeSimone, and Serene Wachli.

This research received statistical support through the NIH
National Center for Advancing Translational Science (NCATS) UCLA
CTSI (grant number UL1TR001881), and financial support in purchas-
ing 3D printed materials from the UCLA COVID Cost Center. The 3D
printed swab manufacturing companies Resolution Medical and Ori-
gin Laboratories had no role in the study design or decision to publish
this work.

The authors have no conflicts of interest to disclose.
Supplementary materials

Supplementary material associated with this article can be found,
in the online version, at doi:10.1016/j.diagmicrobio.2020.115257.
References

Anonymous. 1 July 2020. Pandemics Explained, onHarvard Global Health Institute.
https://globalepidemics.org/july-6-2020-state-testing-targets/. Accessed

Bennett I, Bulterys PL, Chang M, DeSimone JM, Fralick J, Herring M, et al. The rapid
deployment of a 3D printed latticed nasopharyngeal swab for COVID-19 testing
made using digital light synthesis. medRxiv 2020. doi: 10.1101/2020.05.25.
20112201:2020.05.25.20112201.

Bullard J, Dust K, Funk D, Strong JE, Alexander D, Garnett L, et al. Predicting infectious
SARS-CoV-2 from diagnostic samples. Clin Infect Dis 2020. doi: 10.1093/cid/
ciaa638.

Callahan CJ, Lee R, Zulauf KE, Tamburello L, Smith KP, Previtera J, et al. Open develop-
ment and clinical validation of multiple 3D-printed nasopharyngeal collection
swabs: rapid resolution of a critical COVID-19 testing bottleneck. J Clin Microbiol
2020. doi: 10.1128/JCM.00876-20.

Danielle Allen SB, Cohen J, Eckersley P, Eifler M, Gostin L, Goux D, et al. Roadmap to
pandemic resilience. : Harvard University, Edmond J. Safra Center for Ethics; 20
April 2020.

Deeks JJ, Altman DG. Sensitivity and specificity and their confidence intervals cannot
exceed 100%. BMJ 1999;318:193–4.

FDA. Emergency use authorizations for medical devices. : United States Food and Drug
Administration; 1 July 2020 on https://www.fda.gov/medical-devices/emergency-
situations-medical-devices/emergency-use-authorizations-medical-devices.
Accessed 3 July 2020.

FDA. 3D printing in FDA’s rapid response to COVID-19. : United States Food and
Drug Administration; 19 June 2020 on https://www.fda.gov/emergency-pre
paredness-and-response/coronavirus-disease-2019-covid-19/3d-printing-fdas-
rapid-response-covid-19. Accessed 3 July 2020.

FDA. In vitro diagnostics EUAs. : United States Food and Drug Administration; 2 July
2020 on https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-
19-emergency-use-authorizations-medical-devices/vitro-diagnostics-euas#indi
vidual-molecular. Accessed 3 July 2020.

FDA. Universal viral transport kits. : U.S. Food and Drug Administration Establishment
Registration and Device Listing; 29 June 2020. on https://www.accessdata.fda.gov/
scripts/cdrh/cfdocs/cfRL/rl.cfm?lid=191802&lpcd=JSM. Accessed 3 July 2020.

FDA. Origin KXG. : U.S. Food and Drug Administration Establishment Registration and
Device Listing; 29 June 2020. on https://www.accessdata.fda.gov/scrIpts/cdrh/
cfdocs/cfRL/rl.cfm?lid=670634&lpcd=KXG. Accessed 3 July 2020.

FDA. Lattice swab. : U.S. Food and Drug Administration Establishment Registration and
Device Listing; 29 June 2020. on https://www.accessdata.fda.gov/scrIpts/cdrh/
cfdocs/cfRL/rl.cfm?lid=664747&lpcd=KXF. Accessed 3 July 2020.

FDA. Applicator, absorbent tipped, sterile. : U.S. Food and Drug Administration Product
Classification; 29 June 2020. on https://www.accessdata.fda.gov/scripts/cdrh/
cfdocs/cfPCD/classification.cfm?ID=2676. Accessed 3 July 2020.

Gupta K, Bellino PM, Charness ME. Adverse effects of nasopharyngeal swabs: three-
dimensional printed versus commercial swabs. Infect Control Hosp Epidemiol
2020. doi: 10.1017/ice.2020.297:1-1.

Jennifer Kates JM, Orgera K, Levitt L. What testing capacity do we need?. : Kaiser Family
Foundation; 27 April 2020 on. Accessed 3 July 2020.

Romer P. Roadmap to responsibly reopen America. : New York University; April 2020.
Thomas K. The latest obstacle to getting tested? A shortage of swabs and face masks. :

The New York Times; 18 March 2020.
Trikalinos TA BC. Methods guide for medical test reviews. Rockville, MD: Agency for

Healthcare Research and Quality (US); June 2012. https://www.ncbi.nlm.nih.gov/
books/NBK98232/.

W€olfel R, Corman VM, Guggemos W, Seilmaier M, Zange S, M€uller MA, et al. Virological
assessment of hospitalized patients with COVID-2019. Nature 2020;581:465–9.

Woloshin S, Patel N, Kesselheim AS. False negative tests for SARS-CoV-2 infection -
challenges and implications. N Engl J Med 2020. doi: 10.1056/NEJMp2015897.

Zhou X, Obuchowski NA, McClish DK. Statistical methods in diagnostic medicine. New
York: JohnWiley & Sons; 2002.

https://doi.org/10.1016/j.diagmicrobio.2020.115257
https://globalepidemics.org/july-6-2020-state-testing-targets/
http://dx.doi.org/10.1101/2020.05.25.<?A3B2 re 3j?>20112201:2020.05.25.20112201
http://dx.doi.org/10.1101/2020.05.25.<?A3B2 re 3j?>20112201:2020.05.25.20112201
http://dx.doi.org/10.1093/cid/ciaa638
http://dx.doi.org/10.1093/cid/ciaa638
http://dx.doi.org/10.1128/JCM.00876-20
http://refhub.elsevier.com/S0732-8893(20)30634-9/sbref0005
http://refhub.elsevier.com/S0732-8893(20)30634-9/sbref0005
http://refhub.elsevier.com/S0732-8893(20)30634-9/sbref0005
http://refhub.elsevier.com/S0732-8893(20)30634-9/sbref0006
http://refhub.elsevier.com/S0732-8893(20)30634-9/sbref0006
http://refhub.elsevier.com/S0732-8893(20)30634-9/sbref0006
https://www.fda.gov/medical-devices/emergency-situations-medical-devices/emergency-use-authorizations-medical-devices
https://www.fda.gov/medical-devices/emergency-situations-medical-devices/emergency-use-authorizations-medical-devices
https://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/3d-printing-fdas-rapid-response-covid-19
https://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/3d-printing-fdas-rapid-response-covid-19
https://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/3d-printing-fdas-rapid-response-covid-19
https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizations-medical-devices/vitro-diagnostics-euas#individual-molecular
https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizations-medical-devices/vitro-diagnostics-euas#individual-molecular
https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizations-medical-devices/vitro-diagnostics-euas#individual-molecular
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfRL/rl.cfm?lid=191802&lpcd=JSM
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfRL/rl.cfm?lid=191802&lpcd=JSM
https://www.accessdata.fda.gov/scrIpts/cdrh/cfdocs/cfRL/rl.cfm?lid=670634&lpcd=KXG
https://www.accessdata.fda.gov/scrIpts/cdrh/cfdocs/cfRL/rl.cfm?lid=670634&lpcd=KXG
https://www.accessdata.fda.gov/scrIpts/cdrh/cfdocs/cfRL/rl.cfm?lid=664747&lpcd=KXF
https://www.accessdata.fda.gov/scrIpts/cdrh/cfdocs/cfRL/rl.cfm?lid=664747&lpcd=KXF
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfPCD/classification.cfm?ID=2676
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfPCD/classification.cfm?ID=2676
http://dx.doi.org/10.1017/ice.2020.297:1-1
http://refhub.elsevier.com/S0732-8893(20)30634-9/sbref0015
http://refhub.elsevier.com/S0732-8893(20)30634-9/sbref0015
http://refhub.elsevier.com/S0732-8893(20)30634-9/sbref0016
http://refhub.elsevier.com/S0732-8893(20)30634-9/sbref0017
http://refhub.elsevier.com/S0732-8893(20)30634-9/sbref0017
https://www.ncbi.nlm.nih.gov/books/NBK98232/
https://www.ncbi.nlm.nih.gov/books/NBK98232/
http://refhub.elsevier.com/S0732-8893(20)30634-9/sbref0019
http://refhub.elsevier.com/S0732-8893(20)30634-9/sbref0019
http://refhub.elsevier.com/S0732-8893(20)30634-9/sbref0019
http://refhub.elsevier.com/S0732-8893(20)30634-9/sbref0019
http://dx.doi.org/10.1056/NEJMp2015897
http://refhub.elsevier.com/S0732-8893(20)30634-9/sbref0021
http://refhub.elsevier.com/S0732-8893(20)30634-9/sbref0021

