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PUBLIC SUMMARY
m Detecting SARS-CoV-2 RNA in sputum was most sensitive for routine laboratory
diagnosis of COVID-19, followed by nasopharyngeal swabs

m Viral shedding profiles of the upper and lower respiratory tract were significantly
different between severe and mild cases

m Detection of viral RNA in BALF (bronchoalveolar lavage fluid) improves diagnostic
accuracy in severe cases

m Computed tomography (CT) scan may serve as a complementary tool for the
molecular diagnosis
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The worldwide epidemic of coronavirus disease 2019 (COVID-19) is
ongoing. Rapid and accurate detection of the causative virus SARS-
CoV-2 is vital for the treatment and control of COVID-19. In this study,
the comparative sensitivity of different respiratory specimen types
were retrospectively analyzed using 3,552 clinical samples from 410
COVID-19 patients confirmed by Guangdong CDC (Center for Disease
Control and Prevention). Except for bronchoalveolar lavage fluid
(BALF), the sputum possessed the highest positive rate (73.4%-—
87.5%), followed by nasal swabs (53.1%-85.3%) for both severe and
mild cases during the first 14 days after iliness onset (d.a.0.). Viral
RNA could be detected in all BALF samples collected from the severe
group within 14 d.a.o. and lasted up to 46 d.a.o. Moreover, although
viral RNA was negative in the upper respiratory samples, it was also
positive in BALF samples in most cases from the severe group
during treatment. Notably, no viral RNA was detected in BALF
samples from the mild group. Despite typical ground-glass opacity
observed via computed tomographic scans, no viral RNA was detected
in the first three or all upper respiratory tract specimens from some
COVID-19 patients. In conclusion, sputum is most sensitive for routine
laboratory diagnosis of COVID-19, followed by nasal swabs. Detection
of viral RNA in BALF improves diagnostic accuracy in severe COVID-19
patients.

KEYWORDS: SARS-COV-2; COVID-19; MOLECULAR DIAGNOSIS; RES-
PIRATORY SPECIMENS; VIRAL SHEDDING

INTRODUCTION

The outbreak of coronavirus disease 2019 (COVID-19) caused by the novel
coronavirus, designated as SARS-CoV-2, was first reported at the end of
2019." Globally, as of May 27, 2020, a total of 8,366,417 confirmed cases
of COVID-19, including 450,087 deaths, had been reported to WHO (WHO
COVID-19 Dashboard), and the numbers are still increasing rapidly. Clinical
features varied in different individuals, and some patients showed asymp-
tomatic infection.® ” Recent studies have confirmed the efficient human to
human transmission of SARS-CoV-2.”"'"® More importantly, asymptomatic
cases could also transmit the virus to close contacts, which makes it more
difficult to control the spread of the virus.” Therefore, rapid and accurate
detection of the causative virus SARS-CoV-2 is vital for the control and treat-
ment of COVID-19.

In the early stage of the disease outbreak, diagnosis of the cases
was mostly from lower respiratory tract specimens (usually bronchoal-
veolar lavage fluid [BALF]).® However, collection of the lower respiratory
samples requires both a suction device and a skilled operator, which is
also a painful process for the patients. Therefore, BALF samples are
not feasible for routine laboratory diagnosis and monitoring of SARS-
CoV-2. Instead, collection of nasopharyngeal swabs, oropharyngeal
swabs, and sputum is rapid, simple, and safe. Accordingly, elucidating

the diagnostic sensitivity of different sample types is crucial for the
laboratory diagnosis and monitoring of the viral shedding of SARS-
CoV-2. Moreover, no data on the difference of viral shedding between
the upper and lower respiratory tract specimens are currently available.
In this study, we investigated the diagnostic sensitivity of respiratory
samples, and compared the viral shedding patterns in the upper and
lower respiratory tracts in severe and mild cases. We believe our
results are of great importance for the laboratory diagnosis and treat-
ment of patients with SARS-CoV-2.

RESULTS
Profile of Patients and Samples in This Study

Altogether, a total of 3,552 respiratory specimens from 410 patients were
serially collected during hospitalization, including 559 oropharyngeal swabs,
2,231 nasopharyngeal swabs, 696 sputum samples, and 66 BALF samples.
Of these patients, 90 were severe or critically ill cases (severe group), and 320
were mild and moderate cases (mild group) (Table 1). The severe group aged
from 31 to 86 years with a median age of 60.5, and most patients were in the
45-64 (58.9%) and > 65 (27.8%) age groups (Table 1). In the mild group, the
median age was 41.5 years with a range of 2—81. Unlike the cases in the se-
vere group, most of the cases in the mild group were within the 15-44 (45%)
and 45-64 (36.2%) age groups. The number of male patients (65.6%) was
significantly higher in severe group. The median days after illness onset
(d.a.0.) of the collection of the first specimen was 6 and 5 for the severe
and mild groups, respectively (Table 1). The median number of specimens
collected from each patient was 10 and 7 for the severe and mild groups,
respectively (Table 1).

Detection of SARS-CoV-2 in Different Respiratory Samples from
COVID-19 Cases

The different types of specimens from laboratory-confirmed COVID-19
cases were stratified into three groups based on the collection times:
0-7, 8-14, and >15 d.a.o. Quantitative reverse transcription polymerase
chain reaction (qRT-PCR) assays were performed for each specimen
and the results are shown in Figure 1 and Table 2. In the 0—7 d.a.o. group,
the sputum samples showed the highest positive rate in both the
severe and mild groups (87.5% and 82.6%), followed by nasopharyngeal
swabs (85.3% and 62.1%), and then the oropharyngeal swabs (72.7%
and 53.2%) (Figure 1; Table 2). The sputum samples collected during
8-14 d.a.o. also showed the highest positive rate in both severe (74.4%)
and mild (73.4%) groups. Of note, the positive rate of oropharyngeal
swabs was only 48.1% in the severe group and 457% in the mild
group (Table 2). BALF samples collected within the first 2 weeks (0-7
and 8-14 dao. groups) in the severe group were 100% positive,
while negative in the mild group. Sputum, nasopharyngeal swabs, and
oropharyngeal swabs collected from both groups >15 d.a.o. showed
similar positive rate within each group, while BALF maintained a high
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Table 1. Baseline Characteristics and Specimens of COVID-19 Cases in This Study

COVID-19 Cases

Characteristic Total (N = 410) Severe (N = 90) Mild (N = 320) p Value
Median age (range) 47.5 (2-86) 60.5 (31-86) 41.5 (2-81) <0.0001
Age subgroup (N, %) 410 90 320
<15 years 29 (7.1) 0(0) 29 (9.1) 0.0008
15-44 years 156 (38.0) 12 (13.3) 144 (45) 0.0004
45-64 years 169 (41.1) 53 (58.9) 116 (36.2) 0.0002
>65 years 56 (13.7) 25 (27.8) 31(9.7) <0.0001
Male (n, %) 193 (47.1) 59 (65.6) 134 (41.9) <0.0001
Co-existing chronic medical conditions (n, %) 120 (29.3) 75 (83.3) 45 (14.1) <0.0001
Onset to admission, median days (IQR) 3 (1.5-6) 4(2.25-7) 3 (1-5) 0.0077
Onset to antiviral treatment, median 3(2-6) 4 (3-7) 3(2-6) 0.0034
days (IQR)
Sample types (N, %) 3,552 1,132 2,420
Oropharyngeal swabs 559 (15.7) 231 (20.4) 328 (13.6) <0.0001
Nasopharyngeal swabs 2,231 (62.8) 617 (54.5) 1,614 (66.7) <0.0001
Sputum 696 (19.6) 222 (19.6) 474 (19.6) >0.9999
BALF 66 (1.9) 62 (5.5) 4(0.2) <0.0001
Median d.a.o. of first specimen 5(3-8) 6 (4-8.75) 5(2-8) 0.4888
collection (IQR)
Median number of specimens for each 8(5-12) 10 (8-17) 7 (5-11) <0.0001
patient (IQR)
0-7 d.a.o. 1(0-3) 1(0-2.75) 1(0-3) 0.9397
8-14d.a.0. 2 (1-4) 3(2-5) 2(1-3) <0.0001
>15d.a.0. 4(2-7) 7 (2-11.75) 3(2-6) <0.0001

d.a.o., days after iliness onset; COVID-19, coronavirus disease 2019; IQR, interquartile range.

positive rate of 63.8% in the severe group. Furthermore, the viral loads
(indicated as Ct values) and positive rates in COVID-19 patients gradually
decreased during disease progression. Moreover, the viral loads were

significantly higher in nasopharyngeal swabs collected 8-14 and >15
d.a.o. from cases in the severe group compared with those in the mild
group (Table 2).
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Table 2. Detection of SARS-CoV-2 RNA in Respiratory Specimens from COVID-

19 Cases
COVID-19 Cases
Collection
Date Sample Types Severe Mild p Values
0-7 d.a.o.
Positive oropharyngeal 40/55 (72.7) 84/158 (53.2) 0.0116
rate
(n/N, %) nasopharyngeal 58/68 (85.3) 195/314 (62.1)  0.0002
sputum 14/16 (87.5) 38/46 (82.6) >0.9999
BALF 2/2 (100.0) 0/0 (0) >0.9999
Ct values oropharyngeal 29.5 (18.86— 29.50 (15.46—  0.8957
(median; 36.32) 37.38)
range)
nasopharyngeal 29.3 (19.19- 29 (14.57-38) 0.1974
37.66)
Sputum 26 (19-32.2) 28 (17.94-38)  0.2707
BALF 225 (21-24) - N/A
8-14 d.a.o.
Positive oropharyngeal 39/81 (48.1) 48/105 (45.7) 0.7685
rate
(n/N, %) nasopharyngeal 117/170 (68.8) 241/454 (53.1) 0.0004
Sputum 29/39 (74.4) 80/109 (73.4)  >0.9999
BALF 13/13 (100) 0/2 (0) 0.0095
Ctvalues oropharyngeal 30.22 (20.73—-  31.1(20.81- 0.5956
(median; 36.25) 37.06)
range)
nasopharyngeal  30.92 (19.7- 32.74 (18.44-  <0.0001
38) 38)
Sputum 30 (15.42-38)  31.23 (19.66—  0.221
38)
BALF 27 (19-35) - N/A
>15d.a.0.
Positive  oropharyngeal 30/95 (31.6) 14/65 (21.5) 0.4621
rate
(n/N, %)  nasopharyngeal 129/379 (34.0) 192/846 (22.7) <0.0001
Sputum 64/167 (38.3)  94/319 (29.5)  0.053
BALF 30/47 (63.8) 0/2 (0) 0.375
Ctvalues oropharyngeal 34.6 (24.27- 34.8 (27.84~ 0.5651
(median; 38) 38)
range)
nasopharyngeal  33.36 (21.8- 35(23.71-38)  0.0257
38)
Sputum 33.32(23-38) 35.2(19-38)  0.0967
BALF 31 (20-37) - N/A

N/A, not applicable; BALF, bronchoalveolar lavage fluid; d.a.o., days after
iliness onset.

Different Viral Shedding Profiles in the Upper and Lower Respiratory

Tracts in COVID-19 Cases

Serial samples from both upper (marked in green) and lower (BALF,
marked in black) respiratory tracts from 21 COVID-19 patients were collected
and analyzed (Figure 2). The patients were also grouped into severe (N = 18,
marked in red) and mild (N = 3, marked in black) groups, and the detection
results of viral RNA are shown in Figure 2. For the cases in the severe group,
viral RNA could be detected in the upper respiratory tract samples from 15
cases, while not in cases 02, 06, and 07. Viral RNA in BALF could be detected

as early as 4 d.a.o., with low Ct values in severe cases, and the duration varied
from 20 (case 10) to 46 (case 12) d.a.o0. Of note, although viral RNA was nega-
tive in the upper respiratory tract of some cases (cases 01, 03,07, 11,12, 13,
and 16), it was also positive in BALF during disease progression. With regard
to the three cases in the mild group, viral RNA was only detected in the upper
respiratory samples, but not in the BALF samples.

Computed Tomography Scan May Serve as an Important
Complementary Tool for the Diagnosis of COVID-19

The epidemiological and clinical features of 12 cases from whom viral
RNA was not detected in the first three or all of the upper respiratory samples
were analyzed in detail (Figure S1). The patients were aged from 10 to 73; 6
were in the severe group and the others were in the mild group. Nine cases
had a history of traveling to or living in Wuhan, and two had close contact with
confirmed cases. Viral RNA was tested negative in the first three or all of the
upper respiratory samples. However, viral RNA was detected either by the
further detection of upper respiratory samples (cases 21-28) or BALF sam-
ples (cases 02, 04, 06, and 07) (Figures 2 and S1). A computed tomography
(CT) scan of 11 cases (case 24 not available) showed typical ground-glass
opacity in the lung, suggesting a viral pneumonia (Figure 3). Consistent
with the CT scan, the PiO,/FiO, values and Murray scores of the cases
(case 26 not available) also indicated the lung injury.

DISCUSSION

Laboratory detection of viral RNA using gRT-PCR in the respiratory sam-
ples of suspected individuals is now considered one of the essential criteria
for the diagnosis of COVID-19. According to our results, apart from the BALF
samples collected from severe cases, sputum samples showed the highest
positive rate for COVID-19 patients with different degrees of disease severity,
followed by nasopharyngeal swabs, and oropharyngeal swab specimens
showed the fewest positive results. As recent studies showed that only a
small portion (28%-33.7%) of COVID-19 cases showed sputum produc-
tion,>® nasopharyngeal swabs may serve as the most widely applicable sam-
ples for laboratory diagnosis of COVID-19. Notably, viral RNA could not be de-
tected in the upper respiratory samples from some severe cases (cases 02,
06, and 07), while the results were positive in the BALF samples; and in some
patients, such as case 04 and cases 21-28 of our study, the viruses were not
detected in the first three samples, while they were finally laboratory
confirmed either by further detection of upper respiratory samples (cases
21-28) or BALF samples. These results suggest that suspected cases, espe-
cially those with exposure history and clinical symptoms should not be
excluded from a diagnosis of COVID-19 despite viral RNA was not detected
in the upper respiratory tract samples. Under such circumstances, a CT scan
might provide important evidence for the diagnosis of COVID-19. As shown in
our study, although no viral RNA was detected in the first 3 or all of the upper
respiratory samples from 12 cases in either severe or mild groups, the CT
scans identified typical viral pneumonia linked to COVID-19,>%'2 and finally
SARS-CoV-2 infection was laboratory confirmed. Because human to human
transmission of SARS-CoV-2 is efficient,””'*"® more attention should be paid
to such cases to prevent further spread of the virus. Furthermore, similar to
SARS-CoV,'*'” recent studies have found that SARS-CoV-2 RNA can also be
detected in rectal swabs or stools, with positive rates varying from 29% to
83.3%,'°?® indicating that rectal swabs or stool could also be considered
as a possible complement to the respiratory specimens.

Interestingly, BALF samples collected within 14 d.a.o. from the severe
group showed a 100% positive rate for viral RNA in each patient, while, in
contrast, no viral RNA was detected in the six BALF samples from the mild
group. Although the sample size was small, it also indicated that the viral dis-
tribution was associated with disease severity; however, why the virus was
retained in the upper respiratory tract in some individuals merits further inves-
tigation. What should be also noted is that, during the antiviral treatment, even
though viral RNA in the upper respiratory tract was not detected, it was still
positive in the BALF samples of some severe cases (cases 01, 03, 07, 11,
12,13, and 16). This is consistent with the findings of a recent study that viral
RNA and virus particles were also found in the lung, even though negative

uoneAouu| ayL

@ CellPress Partner Journal

The Innovation 7, 100061, November 25, 2020 3




The Innovation

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49
D.A.O
! 3233351 U 252826360 : U U U U U : YU 34 u u y
Case 011 19 30 20 U 32 U U
Case 02: AUAZU6 Uuuvuuvuuuvuvuyuuvuyuuuy
Case 03} 2229U =2 3? - 3l"Jo 3 5
" U U U 30260 : U2931  U27 37 .U U 26 U U U
Case 04} M 24 27 27 24 31 34 U 30 28 U
- isz*: UU352028 29303334 37 340 u
Case 06 u_uvuuuy u_u
Case 07} MUU U:,EJ4UU
24
a—— 24 2524 30 — U
. 31 U 3635 26 34U IEY u_u u_ U
Case 09} Y 23 28 2431 78 . 28 U U U
Case 10} 2330 U 3133 U u u_u
ase 10FxK 27 V] 3234 37U
. 30 36U U U 31 Uuuuy
Case 11k vy 2% T 336U
Case 1222 1934222323280 32 . 33U U UU 37 U U 34 WUy ‘uuu
vy 2926 24 31 26 31 37 30 33 U
. 263233 . 38U U . U Uu_u
Case 13} 36 33 37 3% U
. 19 33253131 U uu
Case 14F—%x 73 29 34 33 U
Beseris] Vaazey 3% U __ R
o zm_ny —l—uuy
L U 31 U u U
Case 177737 38 2935
Case 18| 202023252022 gg 34 . 313535 Uy U
Case 19} 302331350 3630030 U U U
Case 20} MU323 U
Case 21| YUy 31 usu u

Figure 2. Serial Detection of Viral RNA in Different Sites of the Respiratory Tract from 21 COVID-19 Cases Numbers of cases from severe and mild groups are marked in
red and black, respectively. The detection results of samples from the upper respiratory tract are in green, and from the lower respiratory tract (BALF) in black. Lower cycle

threshold (Ct) values indicate higher viral loads. The black and red arrows indicate

results were found in three consecutive nasopharyngeal swab samples.?
Therefore, detection of viral RNA in BALF samples, which has been proved
to contribute to the diagnosis of SARS-CoV and MERS-CoV infec-
tions,'*1*?52 may improve the accuracy of diagnosis and monitoring of viral
shedding in severe and critically ill COVID-19 patients. Furthermore, we found
that viral shedding in the lower respiratory tract could last up to 46 d.a.o,
which was far longer than the previous findings based on upper respiratory
samples.?”?® The unusual viral shedding profile of SARS-CoV-2 should be
treated with discretion when formulating strategies for treatment and
combating of viral transmission.

There are some limitations within our study. Firstly, it is assumed that the
gRT-PCR assay is 100% accurate, which cannot be guaranteed and may
contribute to false-positive or -negative results. Secondly, most of the sam-
ples were collected after the patients had received antiviral treatment, which
might influence the viral shedding. Thirdly, the number of BALF samples was
limited, especially from the mild group. Therefore, it will be necessary to in-
crease the number of BALF samples to obtain a more accurate conclusion
on the differences in viral shedding between cases with severe and mild
COVID-19. To our knowledge, this is the first study that systematically
analyzed the comparative sensitivity of different respiratory specimen types

hospital admission and the start of antiviral treatment, respectively.

for molecular diagnosis and monitoring of SARS-CoV-2 shedding in COVID-
19 patients, and the differences in viral shedding profiles between the upper
and lower respiratory tracts from COVID-19 patients, in combination with dis-
ease severity and progression. Although some other residual confounders,
such as age, gender, sample collection, and processing might also influence
the positive rate, our study still provides important information about sample
selection to improve the accuracy of laboratory diagnosis of COVID-19.

MATERIALS AND METHODS
Patients and Samples

Four hundred and ten patients with confirmed COVID-19 from the Guangdong CDC
(Center for Disease Control and Prevention), who were hospitalized in Shenzhen Third
People’s Hospital, were included. A total of 3,552 samples collected from the respira-
tory tract of patients, including nasopharyngeal swabs, oropharyngeal swabs, sputum,
and BALF, were serially collected upon admission and at various time points there-
after. Sample collection dates were divided into 0-7, 8-14, and >15 d.a.o. groups,
and patients were divided into severe (including severe and critically ill cases) and
mild (including moderate and mild cases) groups according to the guidelines on
SARS-CoV-2 infection from the National Health Commission of the People’s Republic
of China. The study was performed in accordance with guidelines approved by the
Ethics Committees from Shenzhen Third People’s Hospital.
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Case 28

qRT-PCR

Viral RNA was extracted from the samples using a QlAamp Viral RNA Kit (QIAGEN,
Heiden, Germany), and gRT-PCR was performed using a China Food and Drug Admin-
istration-approved commercial kit specifically designed for SARS-CoV-2 detection
(BioGerm, Shanghai, China) targeting the ORF7ab and N genes as recommended by
the Chinese CDC (China CDC). The specimens were considered positive if the Ct value
was <38, and negative if the results were undetermined. Specimens with a Ct value
higher than 38 were repeatedly tested. The specimen was considered positive if the
repeated results were the same as the initial result and between 38 and 40. If the
repeated Ct value was undetectable, the specimen was considered negative. All the
experiments and interpretation of the qRT-PCR results were carried out by professional
technicians in the diagnostic laboratory.

Classification of Disease Severity

In terms of disease severity, COVID-19 was graded into critically ill, severe, moder-
ate, and mild groups according to China National Health Commission Guidelines for
Diagnosis and Treatment of SARS-CoV-2 infection as reported previously.?

Quantification of Hypoxia and Murray Score

Quantification of hypoxia was carried out as reported previously.>%*" In brief, the par-
tial pressure of oxygen (PaO,) in arterial blood taken from patients at various time
points after hospitalization was measured using an ABL90 blood gas analyzer (Radi-
ometer). The fraction of inspired oxygen (FiO,) was calculated using the following for-
mula: Fi0, = (21 + oxygen flow (in units of L/min) x 4)/100. The PaO,/FiO, ratio (in units
of mmHg) was calculated by dividing the PaO, value with the FiO, value. A PaO,/FiO,
ratio less than or equal to 100 mmHg is considered one of the criteria for severe acute
respiratory distress syndrome. Murray scores were calculated as reported.®?

Statistical Analyses
The unpaired, two-tailed t test was used to determine whether differences in the Ct
values were statistically significant. Fisher's exact test analysis was used to analyze

Figure 3. CT Scan of 11 Cases from Whom SARS-CoV-2
RNA Was Not Detected in the Upper Respiratory Specimens
for at Least the First 3 Tests

positive rates. A p value lower than 0.05 was considered statistically significant. Sta-
tistical analyses were performed using GraphPad Prism.
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