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Background: This study outlines the development, implementation, and impact of a laboratory-developed, ex-

traction-free real-time PCR assay as the primary diagnostic test for severe acute respiratory syndrome coronavirus

2 (SARS-CoV-2) in a pediatric hospital.

Methods: Clinical specimens from both upper and lower respiratory tract sources were validated, including na-

sopharyngeal aspirates, nasopharyngeal swabs, anterior nares swabs, and tracheal aspirates (n¼333 clinical sam-

ples). Testing volumes and laboratory turnaround times were then compared before and after implementation to

investigate effects of the workflow changes.

Results: Compared to magnetic-bead extraction platforms, extraction-free real-time PCR demonstrated �95%
positive agreement and �97% negative agreement across all tested sources. Implementation of this workflow re-

duced laboratory turnaround time from an average of 8.8 (þ/�5.5) h to 3.6 (þ/�1.3) h despite increasing testing

volumes (from 1515 to 4884 tests per week over the reported period of testing).

Conclusions: The extraction-free workflow reduced extraction reagent cost for SARS-CoV-2 testing by 97%,

shortened sample handling time, and significantly alleviated supply chain scarcities due to the elimination of spe-

cialized extraction reagents for routine testing. Overall, this assay is a viable option for laboratories to increase ef-

ficiency and navigate reagent shortages for SARS-CoV-2 diagnostic testing.

BACKGROUND

Diagnostic testing for severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), the etio-
logic agent of coronavirus infectious disease 2019
(COVID-19), has become an unprecedented chal-
lenge for clinical laboratories. Because of the

pathogen’s novelty and its rapid spread through
the global population (1), public health and clinical
laboratories have dedicated extensive resources
to developing sustainable testing infrastructure.
This process has been plagued by reagent short-
ages, personnel burnout, and frequent updates to
regulatory requirements (2, 3 ). As a result,
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laboratories struggled to reach the necessary ca-
pacity, and turnaround times have lengthened
considerably as demand for testing increased.
Real-time PCR testing remains the gold stan-

dard for the detection and diagnosis of viral infec-
tions. The simplest form of this technology
includes separate extraction of nucleic acid mate-
rial followed by amplification and quantification of
nucleic acid on a thermocycler with primers/
probes specific for the pathogen of interest. Lab-
developed real-time PCR assays were the first
implemented to detect SARS-CoV-2 early in the
pandemic response (4, 5). However, as the burden
of COVID-19 testing has increased, many clinical
laboratories in the United States have responded
by bringing on new testing platforms, and increas-
ingly, these include commercial all-in-one options
following emergency use authorization by the
Food and Drug Administration. Commercial SARS-
CoV-2 testing platforms are less technically de-
manding than manual real-time PCR assays and
often capable of higher throughput and rapid
turnaround times; however, they are more expen-
sive. In addition, reagent shortages associated
with commercial platforms have limited the capac-
ity of high throughput systems, forcing laborato-
ries to use multiple test platforms and to
continually adjust workflows based on reagent

availability. To avoid these hurdles and remain in-
dependent of manufacturer-specific reagents, the
Infectious Disease Diagnostic Laboratory (IDDL) at
the Children’s Hospital of Philadelphia maintained
a laboratory-developed test consisting of manual
real-time PCR and adapted this assay to include
an extraction-free protocol.
Extraction-free real-time PCR assays eliminate

the costly and time-intensive step of isolating nu-
cleic acid from patient specimens. Variations of
these assays have been published for the detec-
tion of SARS-CoV-2, testing varying temperatures
for heat-inactivation (6–9) and buffers for stability
(10). In the IDDL, we developed a modified version
of a heat-inactivation protocol based on methods
previously published by the Centers of Disease
Control and Prevention (5), which has shown close
correlation with traditional extraction procedures
(7, 8, 11–13) and achieves full viral inactivation
(14). In the following study, we describe the strat-
egy undertaken by the Children’s Hospital of
Philadelphia to implement an extraction-free diag-
nostic testing workflow. Through our validation
work, the extraction-free workflow demonstrated
equivalent performance to automated extraction
(MagNA Pure) for a range of specimen types.
Following its implementation, we observed a sig-
nificant reduction in turnaround times, enabling

IMPACT STATEMENT

The extraction-free severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) real-time PCR assay

reported here was validated with samples from pediatric and adult patients and used to expand access to

testing at the Children’s Hospital of Philadelphia for both groups. This report outlines the analytic and oper-

ational feasibility of a laboratory-developed extraction-free SARS-CoV-2 assay that does not require addi-

tional specialized equipment. A significant reduction in both turnaround time and reagent costs was ob-

served with implementation of the assay, highlighting the potential of this approach for clinical labs seeking

to increase their capacity for testing while managing resource constraints imposed by the COVID-19

pandemic.
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the lab to better serve both the diagnostic needs
of the hospital and the local pediatric community.
Overall, the extraction-free workflow minimized
cost, increased reagent flexibility, and decreased
hands-on technologist handling time for SARS-
CoV-2 diagnostic testing.

METHODS

Heat-Inactivation as an Alternative to
Magnetic Bead Extraction

An extraction-free method was used for heat in-
activation of the SARS-CoV-2. Clinical samples
(75 mL) were added to a 96-well plate and then
firmly sealed with aluminum foil (ThermoFisher
AB0626). Samples were vortexed for 1min, then
heated in a standard benchtop thermocycler
(Applied Biosystems) to 95 �C for 5min, and then
cooled to 4 �C. This protocol is a modification of
the heat treatment outlined in the CDC’s
Emergency Use Authorization: Appendix A: Heat
Treatment Alternative to Extraction (5). After cool-
ing, samples were kept on 0 to 7 �C cold blocks
and vortexed, centrifuged, and then mixed thor-
oughly by pipetting with a multichannel micropi-
pette prior to plating for real-time PCR.
This heat-inactivation protocol was compared to

testing using traditional nucleic acid extraction on
an automated magnetic bead platform. For this
method, 200mL of clinical samples were aliquoted
and then extracted using the MagNA Pure LC 2.0
System (Roche, Indianapolis, IN, USA) with the as-
sociated MagNA Pure LC Total Nucleic Acid
Isolation protocol and eluted in 66mL total volume.

Laboratory-Developed Real-Time PCR

Real-time PCR for SARS-CoV-2 was performed
on a clean bench, physically separated from the
extraction/inactivation instrumentation. First, 5 mL
of extracted or heat-inactivated product was
added to 15 mL of Mastermix consisting of
Quantabioplex (QuantaBio cat 95168), COVID N2

primer/probe sets for an amplicon length of ap-
proximately 127 base pairs (forward 5-TTACAA
ACATTGGCCGCAAA-30, reverse 5-GCGCGACATTCC
GAAGAA-30, probe: 5-FAM-ACAATTTGCCCCCAGC
GCTTCAG-BHQ1-3; FAM¼6-carboxyfluorescein,
BHQ-1¼Black Hole Quencher 1) at 450nM/reac-
tion, and ribonuclease P primer (forward 5-
AGATTTGGACCTGCGAGCG-30, reverse 5-GAGCGG
CTGTCTCCACAAGT-30, probe: 5-Cy5-TTCTGACCT-
TAO-GAAGGCTCTGCGCG-30lAbRQSp; Cy5¼ cya-
nine 5, 3lAbRQSp¼ Iowa Black Quencher) as an
internal control. Primer-probe BLAST analysis was
also performed using the US National Library of
Medicine Standard Nucleotide BLAST database.
There were no concerning or significant findings.
The N2 primer-probe sets showed 100% homol-
ogy with SARS-CoV-2. Amplification and detection
were performed on a QuantStudio Dx Real-Time
PCR Instrument (ThermoFisher) using Quant
Studio Dx software. PCR conditions were set to
50 �C for 10min and then held at 95 �C for 5min.
Samples then went through 40 cycles of denatur-
ation at 95 �C for 3 s and extension/annealing at
60 �C for 30 s.

Analytical Sensitivity

Validation was performed using remnant clinical
samples collected from upper and lower respira-
tory tract sources (nasopharyngeal [NP] aspirates,
NP swabs, anterior nares swabs, tracheal aspi-
rates) that were frozen at �80�C. Samples were
thawed at room temperature prior to testing.
The analytical sensitivity of the assay was deter-

mined by diluting out a strong positive sample
from both the upper respiratory tract (NP aspi-
rate) and the lower respiratory tract (tracheal aspi-
rate). These sources were used as representative
because they are more technically challenging
than swab samples. These samples were diluted
from their original concentration (cycle threshold
[Ct]¼ 18.9) into pooled remnant aspirate from
negative samples. An 8-member dilution series
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was extracted on the MagNA Pure or the
extraction-free platform and then quantified 10
times over 5days. To determine the limit of detec-
tion, probit analysis was used to extrapolate
the concentration at which 95% of samples would
be detected. Dilutions of ATCC VR-32765D
Quantitative RNA (lot #70033491 8�10e5 ge-
nome equivalents/mL) were employed to make the
standard curve for quantitation of the viral copies.
Precision was determined by testing the same
sample from each source over 5days on both the
MagNA Pure and extraction-free platforms and
comparing the Ct values. Each sample was tested
10 times, and descriptive statistics were gener-
ated to determine the intraassay precision.

Clinical Accuracy Analysis

At least 40 positive and 40 negative remnant
samples with a range of Ct values on initial clinical
testing were collected for each sample source,
with the exception of nasal aspirates. Twenty of
the positive nasal aspirate samples were contrived
by spiking sample from positive patients into neg-
ative nasal aspirate matrix to replicate a clinical
sample with similar properties. Samples were
then retested and recharacterized as positive or
negative for this analysis based on their result
when thawed and extracted on the MagNA Pure
instrument. All samples were thawed and tested
side by side using heat inactivation and extraction
on the same day. Two samples (1 NP swab sample
and 1 tracheal aspirate) were invalid based on lack
of Ribonuclease P amplification and were there-
fore excluded from the analysis. One tracheal as-
pirate sample was classified as negative based on
the MagNA Pure reaction but amplified using the
extraction-free platform. This sample was included
in the footnote of Table 1.
A comparison of clinical accuracy was deter-

mined by comparing at least 40 known positive
and negative samples across the following testing
sources: NP aspirates, NP swabs, anterior

nares swabs, and tracheal aspirates. Negative per-
centage agreement was calculated for a compari-
son between magnetic-bead extraction and
extraction-free platforms. Similarly, positive per-
centage agreement (PPA) was calculated for all
samples across these platforms as well as for all
samples excluding the weakest positives defined
by having Ct values <35 on the magnetic bead ex-
traction platforms.
Direct comparison of extraction methods was

similarly determined by comparing the Ct values
for positive SARS-CoV-2 specimens extracted us-
ing a magnetic-bead platform compared to those
tested using the extraction-free workflow.

Implementation of Extraction-Free Workflow

The extraction-free test was put into clinical use
as the primary molecular SARS-CoV-2 assay for
the laboratory following validation, allowing sev-
eral ancillary workflow changes in addition to the
elimination of the nucleic acid extraction step (Fig.
1 ). Initially, testing included labeling secondary
tubes after sample receipt, aliquoting the samples
into the secondary tubes, and passing the second-
ary tubes to another bench for extraction.
Following extraction, product was plated to a 96-
well plate for real-time PCR. With the implementa-
tion of the test modification, samples were plated
directly to a 96-well plate after receipt in the labo-
ratory. Plates were then covered with pierceable
foil films to minimize contamination due to splash-
ing during subsequent plate handling steps. After
heat inactivation, samples were then transferred
to a second 96-well plate for real-time PCR using a
multichannel pipette to pierce the foil. In the event
of an invalid sample (ribonuclease P amplification
not detected), samples were reflexed to the mag-
netic bead extraction platform and repeated.

Laboratory Workflow Metric Analysis

Analysis of laboratory workflow metrics was
accomplished using data compiled by the
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Children’s Hospital of Philadelphia Department
of Pathology and Laboratory Medicine Division
of Pathology Informatics, using R and Rstudio
for analysis and visualization (15, 16). These data
include a comparison of testing volumes and av-
erage turnaround time for all tests run on the
laboratory developed test 6weeks prior to and
6weeks post implementation of the extraction-
free workflow (implemented on October 12,
2020). During this time period, there were 4 out-
liers with turnaround times >24h due to atypi-
cal circumstances which were excluded from the
data visualized in Fig. 3 but are included in
Supplemental Table 3.

Statistical Analysis

Descriptive statistics (average, SD, standard er-
ror of the mean) were generated in Excel for sen-
sitivity and intraassay precision. For comparison of
methods, a Student’s t-test and linear regression
analysis were used to determine significant differ-
ences and confidence intervals between extrac-
tion platforms. These analyses were performed in
GraphPad Prism version 9.

Ethics

This project was undertaken as a quality im-
provement initiative and as such does not

Table 1. Clinical accuracy comparison analysis for samples extracted on the MagNA Pure compared to
extraction-free workflow.

Extraction-free

MagNA Pure
extraction Positive Negative Total

Positive%
agreement
(total)

Positive%
agreement
(Ct<35)

Negative %
agreement
(total)

NP swabs

Total positive 38 2 40 95.0%

Positive (Ct<35) 35 1 36 97.2%

Total negative 0 43 43 100.0%

Anterior nares swabs

Total positive 38 2 40 95.0%

Positive (Ct<35) 36 1 37 97.3%

Total Negative 0 46 46 100.0%

NP aspirates

Total positive 39 1 40 97.5%

Positive (Ct<35) 38 0 38 100.0%

Total negative 0 44 44 100.0%

Tracheal aspiratesa

Total positive 39 1 40 97.5%

Positive (Ct<35) 33 0 33 100.0%

Total negative 1 40 41 97.6%

Sources tested include NP swabs, anterior nares swabs, NP aspirates, and tracheal aspirates. PPA shown for total positive samples and for subset
of samples with Ct< 35 to exclude the weakest positive samples. Negative percentage agreement calculated for total negative samples .
aOne sample was not detected using the MagNA Pure but was detected at Ct ¼ 38.11 on the extraction-free platform .
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constitute human subjects research, as docu-
mented with the Children’s Hospital of Philadel-
phia Institutional Review Board.

RESULTS

Analytical Sensitivity of Extraction-Free
Protocol for SARS-CoV-2 Detection

To validate the extraction-free platform for clini-
cal use, we first determined the analytical sensitiv-
ity using patient samples from both upper and
lower respiratory sources. We generated an 8-
member dilution panel from a strong positive na-
sal aspirate and tracheal aspirate sample
(Supplemental Table 1). We then extrapolated the
limit at which 95% of samples could be reliably
detected. For the extraction-free workflow, the na-
sal aspirate sample limit of detection was 2.6E3
copies/mL, and the tracheal aspirate sample limit
of detection was 3.0E3 copies/mL. For compari-
son, the same dilution panel run after MagNA

Pure extraction found the limit of detection at
3.9E3 copies/mL for the nasal aspirate and at
4.0E3 copies/mL for tracheal aspirates. Next, the
precision of the assay was calculated by compar-
ing 10 replicates of the same sample run over
5 days (Supplemental Table 2). From these results,
the Ct SD of NP aspirates from the extraction-free
workflow was 0.34, compared to 0.37 when
extracted with the MagNA Pure. Tracheal aspi-
rates, which are known to be a technically chal-
lenging respiratory source, demonstrated an SD
of 0.76 with the extraction-free workflow com-
pared to 0.78 when extracted with the MagNA
Pure. These results show that the extraction-free
platform had comparable sensitivity and intraas-
say precision to extraction with the MagNA Pure.

Clinical Accuracy of SARS-CoV-2 Detection
Using Extraction-Free Platform for Upper
and Lower Respiratory Specimens

Samples collected from nasal aspirates and tra-
cheal aspirates demonstrated 97.5% PPA (39/40)

Accessioning Pre-amplification Post-amplification

Primary patient sample

MagNA Pure LC 2.0 extraction
~2 hours for 32 samples

Thermocycler heat-inactivation
~15 minutes for 92 samples

Labeling, aliquoting
secondary patient sample

Individual handling 
of extracted products

Primary sample direct 
to 96-well plate

Batched handling 
of inactivated samples

Detection plate prefilled 
with MasterMix

Detection plate prefilled 
with MasterMix

Fig. 1. Schematic of SARS-CoV2 testing workflow in the IDDL. Samples were extracted using either mag-
netic bead extraction on the MagNA Pure LC 2.0 extraction platform or heat inactivated using extrac-
tion-free platform. Graphics were created with Biorender.com.
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with the extraction-free workflow compared to the
MagNA Pure extraction (Table 1). NP swabs and
anterior nares swabs demonstrated a slightly
lower PPA of 95% (38/40). Analysis of a subset of
strong positive samples, defined as having a Ct
value <35, demonstrated 100% PPA for nasal
aspirates and tracheal aspirates and 97.3% PPA
for NP swabs and anterior nares swabs. All sam-
ples that were negative by the MagNA Pure extrac-
tion replicated on the extraction-free platform,
demonstrating � 97% negative percentage agree-
ment. Together, these data support the
extraction-free protocol as a robust testing strat-
egy for identifying the presence or absence of
SARS-CoV-2 RNA in clinical samples.
To directly compare the extraction-free protocol

to the traditional extraction platform, we analyzed
the Ct values of known positive samples. In this
analysis, samples tested from anterior nares
swabs were the only source that demonstrated a
significant Ct change of 0.92, indicating a slight
loss in sensitivity when heat inactivating this sam-
ple type. In contrast, samples from NP swabs,

nasal aspirates, and tracheal aspirates tested with
the extraction-free protocol were not statistically
different from when tested with the MagNA Pure
extraction platform (Fig. 2). To determine if this re-
lationship held across the entire range of data, we
performed a linear regression analysis (Supple-
mental Fig. 1) and found that the extraction-free
protocol and the MagNA Pure-generated Ct values
were not statistically different from a perfect cor-
relation. This analysis further highlighted the con-
sistency in samples tested for NP swabs, anterior
nares swabs, and nasal aspirates. In contrast,
analysis of tracheal aspirates detected 4 outliers
with high variability, which was unbiased toward
either platform. This variability was not surprising
as these are technically difficult samples with high
viscosity and are a challenging source for respira-
tory viral testing.

Workflow Impact

The extraction-free workflow conferred advan-
tages in reduced cost, increased reagent flexibility,

N= 38 pairs
Mean of difference = 0.92
SD of differences = 1.28

P value = <0.0001

N= 39 pairs
Mean of difference = 0.18
SD of differences = 1.16

P value = 0.35

N= 39 pairs
Mean of difference = 0.36
SD of differences = 1.78

P value = 0.22

N= 39
Mean of difference = 0.24
SD of differences = 4.08

P value = 0.72
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Fig. 2. Comparison of methods for samples extracted on the MagNA Pure compared to extraction-free
protocols. Sources tested include (A) anterior nares swabs, (B) nasopharyngeal swabs, (C) nasopharyn-
geal aspirates, and (D) tracheal aspirates. Descriptive statistics include mean and SD between samples
run on both platforms. A Student’s t-test was used to determine significant differences between
protocols.
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and shortened sample handling time. The tech-
nique requires few reagents or materials and only
a vortex and thermocycler for instrumentation,
making it significantly more cost-effective, reduc-
ing total extraction reagent cost for each test
by 97%. It also lessens dependence on
manufacturer-specific reagents for automated ex-
traction platforms. The IDDL previously required 2
types of commercial extraction platforms from

different manufacturers (1 not directly analyzed in
this study) to meet volume demands in the face of
ongoing reagent shortages. Last, by handling sam-
ples in a 96-well plate from the initial aliquot
through the heat-inactivation step, technicians
plating the real-time PCR assay could use multi-
channel pipettes, which was more labor-intensive
when putting together plates from individual
tubes of extracted product. This change to the

Fig. 3. SARS-CoV-2 testing performance analysis in the IDDL. (A) Daily volume of testing performed by
the laboratory developed real-time PCR assay .(B) Laboratory turnaround time in hours from receipt of
samples to resulting. Data were compiled from 6weeks prior to and post implementation of the ex-
traction-free workflow in the laboratory. Boxplot data are shown with minimum, maximum, sample
median, and quartiles plotted, and outliers are shown as dots.
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protocol, while not technically advanced, signifi-
cantly reduced the time for technicians handling
high volumes of postamplification samples.
We were interested in understanding how these

workflow changes affected the efficiency of
COVID-19 testing. To measure this, we quantified
the volume and turnaround time of testing
6weeks before and 6weeks following the
extraction-free protocol implementation (Fig. 3).
Over these 12weeks, volumes increased continu-
ously as the demand for testing escalated, from a
weekly volume of 1515 to 4884. Despite this in-
crease, a dramatic drop-off in turnaround time
was evident starting on October 12, 2020, when
the extraction-free workflow was implemented.
Specifically, within-laboratory turnaround time
during the week of October 5–11 averaged 8.8 (þ/
�5.5) h and dropped to 3.6 (þ/�1.3) h during the
week of October 12–18. There were no other ma-
jor workflow or staffing changes during these
12weeks that would confound this analysis of
turnaround time. Indeed, 2 technologists left the
laboratory during these 12weeks, underscoring
the time-saving benefits of this extraction-free
platform. Beyond the increased processing speed,
variability in turnaround time was also greatly re-
duced and remained consistently decreased in
the weeks following implementation. Overall,
these data demonstrate the extraction-free work-
flow dramatically increased laboratory efficiency in
SARS-CoV-2 testing.

CONCLUSION

Due to the continuously increasing demand for
SARS-CoV-2 testing, clinical laboratories have
employed a variety of strategies to improve test-
ing capacity and efficiency. The IDDL is experi-
enced with laboratory-developed molecular
assays using real-time PCR technology, which pro-
vides flexibility to adapt to pathogens of clinical in-
terest in a pediatric population. However, these

assays are extremely labor intensive and not well-
suited for the demands of SARS-CoV-2 testing vol-
umes. Extraction-free real-time PCR assays offer a
viable solution to these challenges by (a) eliminat-
ing a costly and time-intensive extraction protocol,
(b) reducing dependence on manufacturer-
specific reagents and supplies, and (c) streamlin-
ing the workflow to decrease technologist effort.
Our results demonstrate that heat-inactivation

is a viable alternative to traditional extraction
methods for all sources tested, with >95% PPA
compared to conventional extraction protocols
and no more than a 1 Ct reduction in sensitivity.
This is consistent with prior reports of this tech-
nology (7, 11, 12), and adds newly assessed respi-
ratory sample types (NP and tracheal aspirates)
for statistical power. As a result of these changes,
our turnaround time for SARS-CoV-2 testing was
more than halved. In practice, these improve-
ments allowed us to meet the growing demand
for rapid testing, particularly for screening
patients before aerosol-generating procedures,
while also supporting efforts to expand access to
pediatric testing within our community, which in-
creased our testing volume.
In addition to improving efficiency, this project

also decreased dependence on manufacturer-
specific reagents. Reagent flexibility is especially
challenging under pandemic conditions, as consis-
tent supply shortages have required laboratories
to pivot between platforms and suppliers to stock
reagents necessary for in-house testing. Because
this workflow requires generalized real-time PCR
reagents and simple instrumentation, reliance on
specific manufacturers to provide reagent kits, col-
lection tubes, and maintenance was decreased.
Last, through simple modifications to sample han-
dling workflows, a large part of the burden of ali-
quoting and pipetting was eliminated, reducing
technologist hands-on time and improving effi-
ciency within the laboratory. Our findings suggest
that heat inactivation as an alternative to auto-
mated extractors may have utility for other
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laboratories challenged by supply chain shortages
and can provide flexibility under current pan
demic conditions where the supply chain for
manufacturer-specific reagents is unpredictable.

SUPPLEMENTAL MATERIAL

Supplemental material is available at The Journal
of Applied Laboratory Medicine online.
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