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Background: Chest CT is used in the diagnosis of coronavirus disease 2019 (COVID-19) and is an important complement to
reverse-transcription polymerase chain reaction (RT-PCR) tests.

Purpose:  To investigate the diagnostic value and consistency of chest CT as compared with RT-PCR assay in COVID-19.

Materials and Methods: ~ This study included 1014 patients in Wuhan, China, who underwent both chest CT and RT-PCR tests between
January 6 and February 6, 2020. With use of RT-PCR as the reference standard, the performance of chest CT in the diagnosis of
COVID-19 was assessed. In addition, for patients with multiple RT-PCR assays, the dynamic conversion of RT-PCR results (negative
to positive, positive to negative) was analyzed as compared with serial chest CT scans for those with a time interval between RT-PCR
tests of 4 days or more.

Results:  Of the 1014 patients, 601 of 1014 (59%) had positive RT-PCR results and 888 of 1014 (88%) had positive chest CT
scans. The sensitivity of chest CT in suggesting COVID-19 was 97% (95% confidence interval: 95%, 98%; 580 of 601 patients)
based on positive RT-PCR results. In the 413 patients with negative RT-PCR results, 308 of 413 (75%) had positive chest CT find-
ings. Of those 308 patients, 48% (103 of 308) were considered as highly likely cases and 33% (103 of 308) as probable cases. At
analysis of serial RT-PCR assays and CT scans, the mean interval between the initial negative to positive RI-PCR results was 5.1
days = 1.5; the mean interval between initial positive to subsequent negative RT-PCR results was 6.9 days = 2.3. Of the 1014 pa-
tients, 60% (34 of 57) to 93% (14 of 15) had initial positive CT scans consistent with COVID-19 before (or parallel to) the initial
positive RT-PCR results. Twenty-four of 57 patients (42%) showed improvement on follow-up chest CT scans before the RT-PCR
results turned negative.

Conclusion: Chest CT has a high sensitivity for diagnosis of coronavirus disease 2019 (COVID-19). Chest CT may be considered as

a primary tool for the current COVID-19 detection in epidemic areas.
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A translation of this abstract in Farsi is available in the supplement.

ince December 2019, a number of cases of “unknown
Sviral pneumonia’ related to a local seafood wholesale
market were reported in Wuhan City, Hubei Province,
China (1). A novel coronavirus (severe acute respiratory
syndrome coronavirus 2, or SARS-CoV-2) was suspected
to be the cause, with Phinolophus bat as the alleged origin
(2). In just 2 months, the virus has spread from Wuhan
to the rest of China and another 33 countries. By 24:00
on February 24, accumulative 77 658 confirmed cases with
9126 severe cases and 2663 deaths were documented in
China (3); 2309 confirmed cases with 33 deaths were re-
ported in other countries (including Japan, Korea, Italy,
Singapore, and Iran as the top five countries). As of 24:00
on February 11, a total of 1716 confirmed cases and 1303
clinically diagnosed cases of medical personnel were re-
ported from 422 medical institutions, five of whom died,
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accounting for 0.4% of the nationwide deaths during the
same time period (4).

In the absence of specific therapeutic drugs or vaccines
for coronavirus disease 2019 (COVID-19), it is essential to
detect the disease at an early stage and immediately isolate
the infected person from the healthy population. Accord-
ing to the latest guideline of Diagnosis and Treatment of
Pneumonitis Caused by 2019-nCoV (trial sixth version)
published by the Chinese government (5), the diagnosis
of COVID-19 must be confirmed by means of reverse-
transcription polymerase chain reaction (RT-PCR) or gene
sequencing for respiratory or blood specimens, as the key
indicator for hospitalization. However, with limitations of
sample collection and transportation and limitations in kit
performance, the total positive rate of RT-PCR for throat
swab samples was reported to be approximately 30%-60%
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Abbreviations

CI = confidence interval, COVID-19 = coronavirus disease 2019, RT-
PCR = reverse-transcription polymerase chain reaction

Summary
Chest CT had higher sensitivity for diagnosis of COVID-19 as com-

pared with initial reverse-transcription polymerase chain reaction
from swab samples in the epidemic area of China.
17 2

Key Results

= The positive rates of reverse-transcription polymerase chain reac-
tion (RT-PCR) assay and chest CT in our cohort were 59% (601
of 1014 patients) and 88% (888 of 1014 patients), respectively, for
the diagnosis of patients suspected of having coronavirus disease

2019 (COVID-19).

= With RT-PCR as a reference standard, the sensitivity of chest CT
for COVID-19 was 97% (580 of 601 patients); in 308 patients
with negative RT-PCR results but positive chest CT scans, 147 of
308 (48%) were reconsidered as highly likely cases and 103 of 308
(33%) as probable cases with a comprehensive evaluation.

»  With analysis of serial RT-PCR assays and CT scans, 60% (34 of
57) to 93% (14 of 15) of patients had initial positive chest CT scans
consistent with COVID-19 before the initial positive RT-PCR re-
sults; 42% of patients (24 of 57) showed improvement on follow-up
chest CT scans before the RT-PCR results turned negative.

at initial presentation (6). In the current emergency, the low sen-
sitivity of RT-PCR implies that many patients with COVID-19
may not be identified and may not receive appropriate treatment
in time; such patients constitute a risk for infecting a larger popu-
lation given the highly contagious nature of the virus. Chest CT,
as a routine imaging tool for pneumonia diagnosis, is relatively
easy to perform and can produce fast diagnosis. In this context,
chest CT may provide benefit for diagnosis of COVID-19. As
recently reported, chest CT demonstrates typical radiologic fea-
tures in almost all patients with COVID-19, including ground-
glass opacities, multifocal patchy consolidation, and/or interstitial
changes with a peripheral distribution (7). Those typical features
were also observed in patients with negative RT-PCR results but
clinical symptoms. It has been noted in small-scale studies that the
current RT-PCR testing has limited sensitivity, whereas chest CT
may reveal pulmonary abnormalities consistent with COVID-19
in patients with initial negative RT-PCR results (8,9).

To better understand the diagnostic value of chest CT com-
pared with RT-PCR testing, we report the results of chest CT
in comparison to the initial and serial RT-PCR results in 1014
patients suspected of having COVID-19. A Farsi translation of
the abstract is available in Appendix E1 (online).

Materials and Methods

Patients and Data Sources of RT-PCR Results

The institutional review board of our hospital (Tongji Hospital
of Tongji Medical College of Huazhong University of Science
and Technology, Wuhan, Hubei, China) approved this retro-
spective study. The requirement to obtain written informed
consent was waived. W.L. is an employee of Julei Technology
Company. The data from this study were analyzed and con-
trolled by authors who are not employees of medical industry.
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From January 6 to February 6, 2020, a total of 1049 patients
(mean age * standard deviation, 51 years = 15; 467 men
[46%]) who were suspected of having severe acute respiratory
syndrome coronavirus 2 infection and who underwent both
chest CT and laboratory virus nucleic acid testing (RT-PCR
assay with throat swab samples) were retrospectively enrolled
in our study (Fig 1). The RT-PCR results were extracted from
the patients’ electronic medical records in our hospital infor-
mation system. The RT-PCR assays were performed by using
TagMan One-Step RT-PCR Kits (Shanghai Huirui Biotech-
nology [Shanghai, China] or Shanghai BioGerm Medical Bio-
technology [Shanghai, Chinal), which have approved use by
the China Food and Drug Administration. For patients with
multiple RT-PCR assays, the repeated testing conducted up to
and including 3 days after the initial test was adopted as con-
firmation of diagnosis. Repeated testing more than 3 days after
the initial RT-PCR test was used to analyze conversion of RT-
PCR results, in correlation with the chest CT scan(s).

For patients with multiple RT-PCR assays, the diagnosis of
COVID-19 was confirmed when any one of the nucleic acid
test results was positive. If a patient had multiple chest CT scans,
we included the scan with the shortest interval (=7 days) to
compare with the RT-PCR assay for the analysis of diagnostic
performance; any other chest CT scans in the same patient were
used to assess the temporal change of the disease. Patients were
excluded when the time between chest CT and the RT-PCR as-
say was longer than 7 days.

Chest CT Protocols

All images were obtained with one of three CT systems (uCT 780
[United Imaging, Shanghai, China], Optima 660 [GE Healthcare,
Chicago, Ill], or Somatom Definition AS+ [Siemens Healthineers,
Erlangen, Germany]) with patients in the supine position. The
main scanning parameters were as follows: tube voltage, 120 kVp;
automatic tube current modulation; tube current, 30-70 mAs;
pitch, 0.99-1.22 mm; matrix, 512 X 512; slice thickness, 10
mm; and field of view, 350 mm X 350 mm. All images were
then reconstructed with a slice thickness of 0.625-1.250 mm
with the same increment.

Image Analysis

Two radiologists (T.A. and Z.Y., with 12 and 3 years of expe-
rience in interpreting chest CT images, respectively) who were
blinded to RT-PCR results reviewed all chest CT images and
decided on positive or negative CT findings by consensus. The
epidemiologic history and clinical symptoms (fever and/dry
cough) were available for both readers. The radiologists classified
the chest CT scan as positive or negative for COVID-19. The ra-
diologists also described main CT features (ground-glass opacity,
consolidation, reticulation and/or thickened interlobular septa,
nodules) and lesion distribution (left, right, or bilateral lungs).

Statistical Analysis

The statistical analysis was performed with software (SPSS, ver-
sion 21.0; SPSS, Chicago, Ill). Continuous variables are dis-
played as means * standard deviations and categoric variables
as counts and percentages.
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Correlation of Chest CT and RT-PCR Testing for COVID-19 in China

1049 patients suspected of COVID-19
underwent both chest CT and RT-PCR assays
from January 6 to February 6, 2020

Excluded 35 patients : Time-interval of

CT and RT-PCR was longer than 7 days.

Included patients

(n=1014)

}

580 patients with 308 patients with 21 patients with 105 patients with
positive RT-PCR and negative RT-PCR and positive RT-PCR and negative RT-PCR and
positive CT positive CT negative CT negative CT
Figure 1:  Study flowchart. COVID-19 = coronavirus 2019, RT-PCR = reverse-franscription polymerase chain reaction.

Table 1: Summary of Patient Characteristics

Characteristic Value
No. of patients 1014
Age y)
Mean * standard deviation* 51 * 15 (2-95)
<20 7 (1)
20-39 267 (26)
40-59 409 (40)
=60 331 (33)
No. of men 467 (46)
Median time between chest CT and 1 (0-7)
RT-PCR assay (d)*
Results of RT-PCR assay
Positive 601 (59)
Negative 413 (41)
Findings and manifestations of chest CT
Consistent with viral pneumonia (positive) 888 (88)

Ground-glass opacity 409/888 (46)

Consolidation 4471888 (50)

Reticulation and/or thickened interlobular 8/888 (1)
septa

Nodular lesions 24/888 (3)

No CT findings of viral pneumonia 126 (12)

Note.—Except where indicated, data are numbers of patients
with percentages in parentheses. RT-PCR = reverse-
transcription polymerase chain reaction.

* Numbers in parentheses are the range.

With use of RT-PCR results as the reference standard, the
sensitivity, specificity, positive predictive value, negative predic-
tive value, and accuracy of chest CT were calculated. A 95%
confidence interval was obtained with the Wilson score method.
The performance of chest CT in the identification of CO-
VID-19 in different age groups (<60 years and =60 years) and
according to sex was compared with the x? test.

For patients with negative RT-PCR tests but positive CT
results, follow-up chest CT images were rereviewed to further
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confirm the imaging diagnosis if available. Clinical symptoms,
typical imaging features on the initial chest CT scan, and dy-
namic changes on the serial follow-up chest CT scans were com-
bined to classify the patients as highly likely cases, probable cases,
and uncertain cases for those without serial CT scans. Highly
likely cases were defined as patients with clinical symptoms (fe-
ver, cough, fatigue and/or shortness of breath) and typical CT
features with dynamic changes (obvious progression or improve-
ment in a short time) on serial CT scans. Probable cases were
defined as patients with the aforementioned clinical symptoms
and typical CT features but with stable findings on the follow-
up CT scans or without follow-up CT scans. Uncertain cases
were defined as patients with only one positive chest CT scan
indicating viral pneumonia.

As to patients with multiple RT-PCR assays (with time inter-
val of 4 days or more for two consecutive assays), the conversion
of RT-PCR test results (negative to positive and positive to nega-
tive) was analyzed in correlation with the corresponding serial
chest CT scans if available. Change in RT-PCR and CT findings

may reflect viral proliferation or clearance in infected patients.

Results

General Description

Thirty-five patients were excluded because the time between
chest CT and the RT-PCR assay was longer than 7 days. After
exclusion of these patients, 1014 patients (mean age, 51 years
* 15; 467 men [46%]) were available for analysis. Figure 1
shows the study flowchart.

Of the 1014 patients, 601 had positive RT-PCR results and
413 had negative RT-PCR results, for a positive rate of 59%
(95% confidence interval [CI]: 56%, 62%) (Fig 1). Of the 601
patients with positive RT-PCR results, 580 (97%) had positive
chest CT scans. Of the 413 patients with negative RT-PCR re-
sult, 308 (75%) had positive chest CT scans.

The median time between the paired chest CT examinations
and RT-PCR assays was 1 day (range, 0—7 days). Of the 1014
patients, 888 (88%; 95% CI: 86%, 90%) had positive chest CT

radiology.rsna.org = Radiology: Volume 296: Number 2—August 2020
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Figure 2: Axial (top) and coronal (bottom) chest CT images in a 29-year-old man with fever for 6 days. Reverse-franscription polymerase chain reaction assay for
severe acute respiratory syndrome coronavirus 2 using a swab sample was performed on February 5, 2020, with a positive result. Dates of examination are shown on im-
ages. A, Chest CT scans obtained at onset show normal findings. B, Chest CT scans show minimal ground-glass opacities in bilateral lower lung lobes (arrows). C, Chest

CT scans show increased ground-glass opacities (arrowheads). D, Chest CT scans show the progression of pneumonia with mixed ground-glass opacities and linear

opacities in the subpleural area. E, Chest CT scans show absorption of both ground-glass opacities and organizing pneumonia.
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Figure 3: Chest CTimages in a 34-year-old man with fever for 4 days. Positive result of reverse-transcription polymerase chain reactfion assay for

severe acute respiratory syndrome coronavirus 2 using a swab sample was obtained on February 8, 2020. Dates of examination are shown on im-

ages. A, Chest CT scan with magnification of lesions in coronal and sagittal planes shows a nodule with reversed halo sign in left lower lobe (box) at

the early stage of the pneumonia. B, Chest CT scans in different axial planes and coronal reconstruction show bilateral multifocal ground-glass opaci-

ties. The nodular opacity resolved.

findings. The main chest CT findings were ground-glass opac-
ity (409 of 888 patients [46%]) and consolidations (447 of 888
patients [50%]) (Table 1, Figs 2—4). Most patients (801 of 888
[90%]) had bilateral chest CT findings.

Performance of Chest CT in Diagnosing COVID-19

There were 888 patients with positive chest CT findings
(<60 years, n = 587; =60 years, n = 301; 420 men, 468
women). With RT-PCR results as the reference standard, the

Radiology: Volume 296: Number 2—August 2020 = radiology.rsna.org

sensitivity, specificity, and accuracy of chest CT in indicat-
ing COVID-19 infection were 97% (95% CI: 95%, 98%;
580 of 601 patients), 25% (95% CI: 22%, 30%; 105 of 413
patients), and 68% (95% CI: 65%, 70%; 685 of 1014 pa-
tients), respectively.

The performance of chest CT in diagnosing COVID-19 in
different age and sex groups is reported in Table 2. The positive
predictive values and accuracy of chest CT in diagnosing CO-
VID-19 were higher in patients aged 60 years or older than in

E35



Correlation of Chest CT and RT-PCR Testing for COVID-19 in China

3

01272020 g 02-02-2020  _A_ 02-09-2020  _4

Figure 4: Chest CTimages in a 46-year-old woman with fever for 4 days. The result of reverse-transcription polymerase chain reaction as-

say for severe acute respiratory syndrome coronavirus 2 using a swab sample was positive on February 4, 2020, and was negative on February
12. Chest CT scans obtained on, A, January 27, 2019, B, February 2, 2020, and, C, February 09, 2020, show gradual absorption of bilateral
ground-glass opacities and linear consolidation.

Table 2: Performance of Chest CT in the Diagnosis of COVID-19

Results* Test Performance
Parameter TP TN FP FN Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)
Overall 580 105 308 21 97 (580/601) 25 (105/413) 65 (580/888) 83 (105/126) 68 (685/1014)
[95, 98] [22, 30] [62, 68] [76, 89] [65, 70]
Age
<60y 362 81 225 15 96 (362/377) 27 (81/3006) 62 (362/587) 84 (81/96) 65 (443/683)
[94, 98] [22, 32] [58, 66] [76, 90] (61, 68]
=60y 218 24 83 6 97 (218/224) 22 (24/107) 72 (218/301) 80 (24/30) 73 (242/331)
[94, 99] (16, 31] [67,77] [63,91] (68, 78]
Sex
M 272 35 148 12 96 (272/284) 19 (35/183) 65 (272/420) 75 (35/47) 66 (307/467)
[93, 98] (14, 25] [60, 69] [61, 85] (61, 70]
F 308 70 160 9 97 (308/317) 30 (70/230) 66 (308/468) 89 (70/79) 69 (378/547)
[95, 99] (25, 37] [61, 70] [80, 94] [65, 73]

Note.—Results of RT-PCR were used as the reference standard. Data in parentheses are numbers of patients used to calculate percentages.
Data in brackets are 95% confidence intervals. COVID-19 = coronavirus disease 2019, FN = false negative, FP = false positive, NPV =
negative predictive value, PPV = positive predictive value, RI-PCR = reverse-transcription polymerase chain reaction, TN = true negative,
TP = true positive.

* Data are numbers of patients.

E36 radiology.rsna.org = Radiology: Volume 296: Number 2—August 2020
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Figure 5: Chest CTimages in a 62-year-old man with fever for 2 weeks and dyspnea for 1 day. Negative results of reverse-transcription polymerase chain reaction as-

say for severe acute respiratory syndrome coronavirus 2 using a swab samples were obtained on February 3 and 11, 2020, respectively. Dates of examination are shown

on images. A, Axial chest CT images show multiple ground-glass opacities in bilateral lungs. B, Axial chest CT images show enlarged multiple ground-glass opacities. C,
Axial chest CT images show progression of disease from ground-glass opacities to multifocal organizing consolidation. D, Axial chest CT scans show partial absorption of

the organizing consolidation.

those younger than 60 years (P = .001 and .009, respectively);
and no difference existed for sensitivity, specificity, and negative
predictive value (P = .40, .41, and .58, respectively). The specific-
ity and negative predictive value of chest CT in diagnosing CO-
VID-19 were greater for women than for men (2 =.009 and .04,
respectively); no difference existed for sensitivity, positive predic-
tive value, and accuracy (P = .36, .74, and .25, respectively).

Discrepant Findings between Chest CT and RT-PCR
Twenty-one patients (mean age, 46 years = 24; 12 men [57%)])
had positive RT-PCR results but without lesions at initial chest
CT. The chest CT images in 308 patients (mean age, 47 years *
14; 148 men [48%)]) were suggestive of COVID-19, while their
RT-PCR assays from throat swab samples were negative (Figs 5,
6). Of these 308 patients, 256 (83%) had bilateral lung lesions
consisting of ground-glass opacities (126 of 308 patients [41%])
and consolidations (172 of 308 patients [56%]) at chest CT.
On the basis of the analysis of clinical symptoms, CT fea-
tures, and serial CT scans if available, 147 of the 308 patients
(48%) were considered as highly likely cases, 103 (33%) as prob-

able cases, and 58 (19%) as uncertain cases.

Analysis of Multiple RT-PCR Assays and Serial Chest CT Scans
A total of 258 patients underwent multiple RT-PCR assays
(Table 3). For patients with follow-up RT-PCR testing (with
time interval >3 days for two consecutive assays), the mean in-
terval between initial negative to positive RI-PCR results was

Radiology: Volume 296: Number 2—August 2020 = radiology.rsna.org

5.1 days = 1.5, with a range of 4-8 days and a median of 4
days (7 = 15). The mean time between initial positive RT-PCR
testing and subsequent negative change was 6.9 days * 2.3,
with a range of 4-15 days and a median of 7 days (# = 57). In
the subgroup of patients with negative to positive RT-PCR re-
sults, 67% (10 of 15 patients) showed initial positive chest CT
findings before the initial negative RT-PCR results and 93%
(14 of 15 patients) showed that the initial chest CT scan had
typical imaging features consistent with COVID-19 before (or
parallel to) the initial positive RT-PCR results, with a median
lead time of 8 days (range, 0-21 days). In the subgroup of
patients with positive to negative RT-PCR results, 60% (34 of
57 patients) showed the initial chest CT scan had typical imag-
ing features consistent with COVID-19 before (or parallel to)
the initial positive RT-PCR results, with a median lead time of
6 days (range, 0-27 days); almost all patients (56 of 57) had
initial positive chest CT scans before or within 6 days of the
initial positive RT-PCR results. In addition, 42% (24 of 57
patients) showed improvement on follow-up chest CT scans
before the RT-PCR results turned negative; only 3.5% (two of
57 patients) showed disease progression on the follow-up CT
scans after the RT-PCR results turned negative (Fig 7).

Discussion

Early diagnosis of coronavirus disease 2019 (COVID-19) is
crucial for disease treatment and control. Compared with re-
verse-transcription polymerase chain reaction (RT-PCR), chest
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Figure 6: Chest CTimages in a 63-year-old woman with fever for 11 days. Negative results of reverse-franscription polymerase chain reaction
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assay for severe acute respiratory syndrome coronavirus 2 using swab samples were obtained on February 2 and 11, 2020, respectively. Chest CT

scans obtained on, A, January 28, 2020, B, February 6, and, C, February 13 show typical mixed ground-glass opacities and multifocal consolidation

shadows in bilateral lungs without evidence of resolution over 16 days.

Table 3: Details of Multiple RT-PCR Assays in 258 Patients

Pairs of

Characteristic Patients  Consecutive Tests

No. of tests performed

2 205 (80) ...
3 45 (17) ...
4 8 (3)
Time between consecutive tests (d)
0-3 178 (56, 7 = 158)
=4 141 (44, n = 129)

Dynamic change*
57 (44) 57/129
15 (12) 15/129

From positive to negative results
From negative to positive results

Note.—Data are numbers of patients, with percentages in paren-
theses. The mean interval between initial positive

RT-PCR test result and subsequent negative change was 6.9 days
* 2.3 (range, 4-15 days; median, 7 days). The mean interval
between initial negative RT-PCR test result and subsequent
positive change was 5.1 days * 1.5 (range, 4-8 days; median,

4 days). RT-PCR = reverse-transcription polymerase chain reaction.
* Dynamic change of two consecutive tests with time interval of
4 days or more.

CT may be a more reliable, practical, and rapid method to
diagnose and assess COVID-19, especially in the area affected
by the epidemic. With RT-PCR results as the reference stan-
dard in 1014 patients, the sensitivity, specificity, and accuracy
of chest CT in indicating COVID-19 infection were 97% (580
of 601 patients), 25% (105 of 413 patients), and 68% (685 of
1014 patients), respectively. The positive predictive value and
negative predictive value were 65% (580 of 888 patients) and
83% (105 of 126 patients), respectively.

According to current diagnostic criteria, viral nucleic acid
tests by means of RT-PCR assay play a vital role in determining
hospitalization and isolation for individual patients. However,
its lack of sensitivity, insufficient stability, and relatively long
processing time were detrimental to the control of the disease
epidemic. In our study, the positive rate of RT-PCR assay for
throat swab samples was 59% (95% CI: 56%, 62%), which was
consistent with that in a previous report (95% CI: 30%, 60%)
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(6). In addition, a number of any external factors may affect RT-
PCR testing results, including sampling operations, specimen
source (upper or lower respiratory tract), sampling timing (dif-
ferent periods of the disease development) (6), and performance
of detection kits. As such, the results of RI-PCR tests must be
interpreted with caution.

Chest CT is a conventional, noninvasive imaging modality
with high accuracy and speed. On the basis of available data
published in recent literature, almost all patients with CO-
VID-19 had characteristic CT features in the disease process
(8,10-13), such as different degrees of ground-glass opacities
with and/or without crazy-paving sign, multifocal organizing
pneumonia, and architectural distortion in a peripheral distri-
bution. From our study, in addition, about 60% of patients (34
of 57) had typical CT features consistent with COVID-19 be-
fore (or parallel to) the initial positive RT-PCR results, and al-
most all patients (56 of 57) had initial positive chest CT scans
before or within 6 days of the initial positive RT-PCR results.
This indicates that CT can be very useful in the early detection
of suspected cases.

In this study, 97% of patients confirmed to have COVID-19
with RT-PCR assays showed positive findings at chest CT, which
was higher than that reported by Guan et al (86.2%) (14). A
likely explanation is that patients in this study were all from the
largest hospital in Wuhan, China, the central area of the out-
break of COVID-19. In this context, radiologists were more
likely to make a diagnosis of COVID-19 when typical CT fea-
tures were found. Given the sensitivity of chest CT (hence its
value in preventing further spread of disease), clinical diagnosis
criteria based on typical CT imaging features were temporarily
adopted in the revised 5th edition of the Guideline of Diagnosis
and Treatment, which was only applicable in Hubei Province,
China (15). In addition, Pan et al (12) demonstrated that mul-
tiple repeat chest CT examinations can accurately reflect disease
evolution and monitor the treatment effect. We also observed
that 42% of patients (24 of 57) showed improvement on follow-
up chest CT scans, which was earlier than the RT-PCT results
turning negative. Only two of 57 patients (3.5%) showed pro-
gression on follow-up chest CT scans after RT-PCR test results
turned negative.

For patients with negative RT-PCR tests, more than 70%
had typical CT manifestations. On one hand, due to the over-
lap of CT imaging features between COVID-19 and other viral

radiology.rsna.org = Radiology: Volume 296: Number 2—August 2020
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Positive RT-PCR

Analysis of serial reverse-transcription polymerase chain reaction (RT-PCR) assays in correlation with serial chest CT scans. A, Chart shows subgroup with posi-

tive to negative RT-PCR results (n = 57). B, Chart shows subgroup with negative to positive RT-PCR results (n = 15). Horizontal axis is the time point of initial chest CT and

follow-up chest CT scans relative to the time point of the consecutive two RT-PCR tests (before positive RT-PCR, negative numbers; after RT-PCR, positive numbers).

pneumonia, false-positive cases of COVID-19 can be identified
with chest CT. Nevertheless, considering the rapidly spreading
epidemic of COVID-19, the priority was to identify any CT
case suspicious for COVID-19 to isolate the patients and ad-
minister appropriate treatment. In the context of emergency
disease control, some false-positive cases may be acceptable. On
the other hand, given the relatively low positive rate of RT-PCR
assay, some “false-positive” cases at CT may indeed be “true-
positive” if RT-PCR assay is an imperfect standard of reference.
In fact, from the results of this study, about 81% of the patients
with negative RT-PCR results but positive chest CT scans were

Radiology: Volume 296: Number 2—August 2020 = radiology.rsna.org

reclassified as highly likely or probable cases of COVID-19 by
means of the comprehensive analysis of clinical symptoms, typi-
cal CT manifestations, and dynamic CT follow-up. On the basis
of serial RT-PCR tests and CT scans, 90% of patients (14 of 15)
had initial positive chest CT consistent with COVID-19 before
(or parallel to) the initial positive RI-PCR results. As such, it
can be speculated that those negative RT-PCR results could be
problematic. In patients with negative RT-PCR tests, a combina-
tion of exposure history, clinical symptoms, typical CT imaging
features, and dynamic changes should be used to identify CO-
VID-19 with higher sensitivity.
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Our study has several limitations. First, by using RT-PCR
assays with a relatively low positive rate as the reference stan-
dard, the sensitivity of chest CT for COVID-19 may be overes-
timated and the specificity underestimated. In an area affected
by epidemic, negative RT-PCR findings but positive CT features
can still be highly suggestive of COVID-19. This has important
clinical and societal implications; rapid detection with high sen-
sitivity of viral infection may allow better control of viral spread.
A second limitation is that clinical and laboratory data were
limited during this urgent period when regional hospitals were
overloaded. Nevertheless, the results reported herein from the
center of the epidemic area should supply important informa-
tion regarding the value of CT and RT-PCR in combating the
prevalent disease.

In conclusion, chest CT has high sensitivity for the diagno-
sis of COVID-19. Our data and analysis suggest that chest CT
should be considered for COVID-19 screening, comprehensive
evaluation, and follow-up, especially in epidemic areas with high
pretest probability for disease.
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Combination of CT and RT-PCR
1n the screening or diagnosis of
COVID-19
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oronavirus Disease 2019 (COVID-19), emerged
Neither chest CT nor RT-PCR testing alone is ac- ‘ in Wuhan, China, in December 2019. As of 10
curate enough for the diagnosis of COVID-19 in- March 2020, COVID-19 cases have been report-
fection. ed in 114 countries from all Continents except Antarcti-

ca, with accumulative 80932 cases in China and 29432
in other countries [1]. The transmission potential of
COVID-19, determined by reproduction number (RO) of 3.28, is much higher that of severe acute res-
piratory syndrome (SARS) [2]. Bold measures taken by China have effectively curbed the rapid spread of
this new respiratory disease source and changed the dangerous process of rapid spread of the epidemic
[3]. The world is not yet ready to organize and implement the measures that have been proved to be ef-
ficient and effective by China to block or minimize the spread of new coronavirus [3]. The crude case-fa-
tality rate (CFR) of COVID-19 is reported to be 2.3% in all patients [4], while higher to be 61.5% in crit-
ically ill patients [5]. Therefore, early screening and quarantining mild or asymptomatic cases and early
diagnosis of sever patients for intensive treatment are urgent to avoid the pandemic of COVID-19.

Reverse Transcription-Polymerase Chain Reaction (RT-PCR) testing was recommended to confirm COV-
ID-19 cases by China medical authority [6], however the total positive rate of RT-PCR for throat swab
samples was about 30% to 60% at initial presentation. Chest Computed Tomography (CT), a routine im-
aging method, has also been applied to diagnose COVID-19 infection [7]. A study on the correlation of
chest CT and RT-PCR testing of COVID-19 based on 1014 cases demonstrated that the sensitivity of chest
CT imaging for COVID-19 was 97%

(580/601), and the specificity was 25% [ . )
(105/413), with RE-PCR as a diagnosis cri- Parallel tests with CT and RT-PCT are recom-
terion [8]. As a new emerging infectious dis- mended to be applied in the screening of CO-
ease, there is no gold criteria for the diagno- VID-19 for isolation, while series test with CT
sis of COVID-19. Our current study showed or RT-PCT should be used in COVID-19 diag-
that if chest CT was taken as a reference of nosis confirmation for treatment.

diagnosis standard, the sensitivity of RI-PCR . W
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Table 1. The performance of RT-PCR for COVID-19 infection  testing for COVID-19 was 65% (580/888), and the specificity

with chest CT result as reference is 83% (105/126) (Table 1). Thus, if both sensitivity and spec-
H) RT-PCR SENSITIVITY SPECIFICITY ificity were taken into account simultaneously, neither chest
positive NEGATIVE | i /1H)) (95% CI) CT nor RT-PCR testing alone is accurate enough for the diag-
Positive 580 308 65% 33% nosis of COVID-19 infection.
Negative 21 105 (62%-68%)  (76%-89%)

Considering that asymptomatic cases are also of higher trans-
mission potential, sensitivity should be first considered for the
screening purpose of COVID-19 infection. When confirma-
tion for intensive treatment, specificity should be first consid-
ered to avoid false treatment. Parallel tests and serial test are needed to increase both sensitivity and spec-
ificity. Parallel tests perform RT-PCR and CT imaging at the same time and the results are cross-referenced
to make the diagnosis [9]. Serial test employs as a secondary screening test which is performed only if the
result of initial screening test is positive [9]. For screening purposes, parallel tests, ie, positive in either
RT-PCR or chest CT is used to clinically diagnose COVID-19, can improve sensitivity and decrease false
negative cases. For therapy purposes serial tests should be used to improve specificity and decrease false
positive cases. Consequently, we recommend that parallel tests are used in screening, while series tests
should be used for diagnosis confirmation of COVID-19. The proposed strategic approach for screening
and diagnosis confirmation of COVID-19 infection might also be of reference significance for other coun-
tries or other emerging infectious disease.

CT — computed tomography, RT-PCR — reverse transcriptase
polymerase chain reaction, CI — confidence interval
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Photo: Parallel or serial test (from the authors’ own collection, used with permission).
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October 22, 2015

The Honorable Maria A. Pallante
Register of Copyrights

U.S. Copyright Office

101 Independence Avenue, S.E.
Washington, D.C. 20540

Dear Ms. Pallante:

Over the past few decades, digital technologies have revolutionized our world. Our
intellectual property laws have helped to enable these developments, promoting creativity and
innovation. as well as dissemination of, and consumer access to, creative works. One result of
recent technological developments is that copyrighted software is ubiquitous in our daily lives.
Copyrighted software is now essential to the operation of our refrigerators, our cars, our farm
equipment, our wireless phones, and virtually any other device you can think of.

As software plays an ever-increasing role in defining consumer interactions with devices
and products, many questions are being asked about how consumers can lawfully use products
that rely on software to function. The public is rightly seeking clarity. This is a complex field,
and how we interact with software in our products touches on numerous important policy arenas,
including intellectual property, privacy, consumer protection, public safety, cybersecurity,
competition, and the evolution of the digital marketplace. Our laws should work together to
promote the public interest in each of these areas, including the interests of consumers, creators,
and technology companies wishing to engage in lawful behavior.

We write to you in an effort to better understand and evaluate how our copyright laws
enable creative expression, foster innovative business models, and allow legitimate uses in this
software-enabled environment. Some of the issues raised relating to restrictions on use of
software-cnabled devices may not be driven primarily by copyright issues and, to the extent
action is called for we may need to look outside of copyright law. But there is undoubtedly a
need to understand how copyright is implicated.

To help us make informed policymaking choices in this area, we request that the
Copyright Office undertake a comprehensive review of the role of copyright in the complex set
of relationships at the heart of these issues. The Office’s longstanding interest and expertise in
the intersection of copyright law and technology is essential to understanding how copyright
shapes our interactions with software in the things we own. Specifically, we would like you to
study and report on the following topics:
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e the provisions of the copyright law that are implicated by the ubiquity of
copyrighted software in everyday products;

e whether, and to what extent, the design, distribution, and legitimate uses of
products are being enabled and/or frustrated by the application of existing
copyright law to software in everyday products;

e whether, and to what extent, innovative services are being enabled and/or
frustrated by the application of existing copyright law to software in everyday
products;

e whether, and to what extent, legitimate interests or business models for copyright
owners and users could be undermined or improved by changes to the copyright
law in this area; and

o identify key issues in how the copyright law intersects with other arcas of law in
establishing how products that rely on software to function can be lawfully used.

This list of topics is not exhaustive. Please examine any other topic that the Office
determines is relevant to our inquiry. To the extent that the Office believes legislative, or other,
changes are necessary, please make appropriate recommendations.

In performing this review, we request that the Office seek public input, including from
interested industry stakeholders, consumer advocacy groups, and relevant federal agencies. We
also ask that you complete the report no later than December 15, 2016 and that you keep our
staff updated on your progress during its completion.

This is a serious matter, deserving of the careful assessment and expert assistance that the
Copyright Office can provide. We look forward to receiving your analysis.

Sincerely,
CHARLES E. GRASSLEY PATRICK LEAHY i
Chairman Ranking Member

Committee on the Judiciary Committee on the Judiciary
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Executive Summary

U.S. copyright laws have protected computer software for many years, and today that
regime of legal protection supports an industry that is a major engine of economic
growth. In the last quarter century, the software industry has added millions of jobs and
increased the U.S. gross domestic product by hundreds of billions of dollars. Software
has transformed our way of life, paving the way for personal computers, video games,
digital photography, the internet, music and movie streaming services, smartphones, the
Internet of Things, cryptocurrencies, and self-driving cars. In the near future, software
will be behind even more innovations, like artificial intelligence and advanced robotics.

71

In short, as one software entrepreneur famously put it, “software is eating the world.

One result of the spread of software is that consumers now routinely use software-
enabled products for everything from adjusting the thermostats in their homes, to
driving to work, to getting a midnight snack from the fridge. This near-ubiquity has led
some to question whether current copyright laws provide adequate guidance regarding
the sometimes complex copyright issues arising in relation to software embedded in
consumer products. These concerns span a wide range of uses, including resale, repair,
research, and beyond. For example, to the extent that repairing a software-enabled
device requires copying or altering a copyrighted computer program, does the law limit
consumers’ right to engage in such activity? How might consumers’ ability to sell or
convey such a device be affected if the embedded software is subject to a licensing
agreement?

In light of these and other concerns, in October 2015, Chairman Chuck Grassley and
Ranking Member Patrick Leahy of the Senate Judiciary Committee (the “Committee”)
requested that the Copyright Office provide its expert advice, in “an effort to better
understand and evaluate how our copyright laws enable creative expression, foster
innovative business models, and allow legitimate uses in this software-enabled
environment.”?> Among other issues, the Committee requested that the Office study and
report on: (1) the provisions of the copyright law that are implicated by the ubiquity of
copyrighted software in everyday products; (2) the law’s effect on the design,
distribution, and legitimate uses of such products, as well as on innovative services
related thereto; (3) the effects that statutory changes in this area could have on
stakeholder interests and business models; and (4) the intersection of copyright
provisions with other areas of law in this context.®> The Committee also asked the Office

! Marc Andreessen, Why Software Is Eating The World, WALL ST. J. (Aug. 20, 2011), http://www.wsj.com/
articles/SB10001424053111903480904576512250915629460.

2 Letter from Chairman Chuck Grassley and Ranking Member Patrick Leahy, S. Comm. on the Judiciary, to
Maria A. Pallante, Register of Copyrights & Dir., U.S. Copyright Office, at 1 (Oct. 22, 2015) (“Grassley/Leahy
Letter”), http://www.copyright.gov/policy/software/grassley_leahy-software-study-request-10222015.pdf.

31d. at 1-2.
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to make appropriate legislative or other recommendations, if it believed changes were
necessary.

The Committee’s request was limited to embedded software in everyday products. The
Committee did not ask the Office to review copyright law as applied to software and
computer programs generally. Accordingly, a foundational issue in this Report is how
to define the specific subset of software that is the subject of this study. As discussed in
Part I, the Office found a general consensus that it would be a mistake to statutorily
distinguish between software in everyday products and other kinds of software. At the
same time, there is no question that the spread of software in everyday products raises
unique issues. These products share certain common characteristics, and since the
Office’s focus is on products with these shared traits, the Office does not analyze
software generally.

The Copyright Office endeavored to examine how existing copyright law doctrines
might address the particular issues that arise with respect to these products. In Part III,
the Report describes the relevant copyright law doctrines potentially operating in the
context of software-enabled consumer products. In addition, the Report briefly
identifies some of the complex issues outside of copyright—including privacy and
cybersecurity —that have arisen in this context. These issues are being investigated by a
number of other components of the federal government, including the Federal Trade
Commission, the Department of Homeland Security, and the Department of Commerce.
The Copyright Office’s analysis is thus limited to the copyright issues presented by the
spread of software-enabled consumer products.

Part IV then addresses how software-enabled consumer products can be resold, repaired
or improved, researched for security flaws, or made to interoperate with other products
or software. In each case, the Office finds that faithful application of existing copyright
law doctrines should provide no barrier to legitimate uses. In short:

e The Office’s study did not reveal evidence that consumers have been prevented
from reselling or otherwise disposing of their software-enabled consumer
products. The Office does not see a current need for legislative change relating to
resale, so long as courts properly apply the first-sale right embodied in section
109 of the Copyright Act.

e The Office recognizes the value of allowing the public to freely repair defective
consumer products and tinker with products to improve their function. But
establishing a new statutory framework explicitly permitting repair and
tinkering does not appear to be necessary at this time. Properly understood,
existing copyright law doctrines—including the idea/expression dichotomy, fair
use, merger, scenes d faire, and section 117 —should continue to facilitate these
types of activities.

ii
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e Similarly, the Office recognizes the value of allowing the public to engage in
good-faith security research of software-enabled consumer products. Again,
however, statutory changes (at least outside the context of the anticircumvention
provisions in section 1201) do not appear to be necessary at present. Existing
copyright law doctrines should protect this legitimate activity.

e The Office recognizes the significance of preserving the ability to develop
products and services that can interoperate with software-enabled consumer
products, and the related goal of preserving competition in the marketplace.
While a new statutory framework might help reduce some uncertainty in this
area, such action does not appear to be necessary at this time. Again, faithful
application of existing copyright law doctrines can preserve the twin principles
of interoperability and competition.

The Copyright Office also examined the reach and scope of licensing practices for
embedded software, an issue that implicates several subsidiary issues, including: the
relationship of the Copyright Act to state contract law; whether, and in what
circumstances, violations of the terms of software licenses would constitute copyright
infringement; and confusion among consumers regarding licensing terms for embedded
software. The Office’s study found that, in certain circumstances, such as resale, there is
only limited evidence regarding real-world restrictions. Accordingly, the Office believes
that the question of ownership versus licensing, while very important, is one that can be
resolved with the proper application of existing case law.

The Copyright Office acknowledges that relying on flexible doctrines like merger, scenes
a faire, and fair use brings less certainty than bright-line legislative fixes would; in some
cases, clarification may only come after litigation. But formal application of copyright
law to software-enabled consumer products is still relatively recent. In the context of the
technologically driven products at issue in this Report, legislation carries its own risks,
including that it might address the technologies of today but may fail to anticipate the
different technologies—and distinct concerns—of tomorrow. In that respect, established
copyright doctrines benefit from the ability to adapt more deftly to specific situations.
As this Report demonstrates, copyright doctrines such as fair use, merger, and scenes a
faire have regularly been extended and applied to new technologies as they have
developed. And the Office offers this Report as a roadmap of sorts for those seeking to
make legitimate use of embedded software.

In sum, the Copyright Office believes that existing copyright law is, at least at this time,
well-suited to handle this new age of embedded software, so that innovators can
continue to improve our lives and revolutionize our world.
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I. Background and Study History*

A.  Legal Background

When Congress passed the first federal copyright law in 1790, it protected only books,
maps, and charts.5 As time and technology marched on, however, Congress expanded
protection to additional categories of works, from photographs to film, to sound
recordings, and eventually, computer programs.® The earliest attempts to protect
computer programs in the 1960s were somewhat inelegant, with the Copyright Office
registering the first computer programs as “books” under the “Rule of Doubt.””

The United States has traveled far from the time of that first registration, to an age in
which computer programs and software are major drivers of the economy and the
distribution of information. Indeed, in the last quarter century, the software industry
has added millions of jobs and increased the value of the U.S. gross domestic product
(“GDP”) by hundreds of billions of dollars.® The industry attributes much of this
growth directly to copyright law.°

+ All references to written comments submitted by participants in the Copyright Office’s study are by party
name (abbreviated where appropriate), followed by “Initial Comments” or “Reply Comments” (e.g., “iFixit
Initial Comments,” “Copyright Alliance Reply Comments”). References to the transcripts of the Office’s two
hearings are by page and line number, date, and name and affiliation of speaker (e.g., Tr. at 8:21-24 (May 24,
2016) (Sy Damle, U.S. Copyright Office)). Both written comments and transcripts of the roundtable hearings
are available on the study website at http://www.copyright.gov/policy/software/.

5 Act of May 31, 1790, ch. 15, § 1, 1 Stat. 124, 124.

617 U.S.C. §§ 101, 102(a), 106; U.S. COPYRIGHT OFFICE, COMPENDIUM OF U.S. COPYRIGHT OFFICE PRACTICES
§§ 102.7, 503.1(B) (3d ed. 2014) (“COMPENDIUM (THIRD)").

7 The first Office registration was for two computer programs—one on magnetic tape and the other printed
on paper—as “books.” See Computer Program Copyrighted for First Time, N.Y. TIMES 43, May 8, 1964, at 43, 51;
see also U.S. COPYRIGHT OFFICE, CIRCULAR 31D (1965). For more information on the “Rule of Doubt,” see
COMPENDIUM (THIRD) § 607.

8 Bus. SOFTWARE ALL., THE $1 TRILLION ECONOMIC IMPACT OF SOFTWARE 3 (2016), http://softwareimpact.bsa.org/
pdf/Economic_Impact_of_Software_Report.pdf (finding that, in 2014, the software industry added $475.3
billion dollars to the GDP and employed 2.5 million people); ROBERT J. SHAPIRO, SOFTWARE & INFO. INDUS.
Ass'N, THE U.S. SOFTWARE INDUSTRY: AN ENGINE FOR ECONOMIC GROWTH AND EMPLOYMENT 2 (2014),
https://www .siia.net/ Admin/FileManagement.aspx/LinkClick.aspx?fileticket=y LPWO0SrBfk4%3D&portalid=0
(noting that between 1997 and 2012, software industry production increased from $149 billion to $425
billion, and that direct employment in the software industry also increased from 778,000 jobs in 1990 to 2.5
million jobs in 2014).

% See BSA Initial Comments at 2-3 (“The existing U.S. copyright framework for software has given rise to the
most innovative and diverse software industry in the world,” and “we are on the cusp of an era of even
greater software-driven innovation, due in large measure to strong and comprehensive copyright protection
for software.”); Copyright Alliance Initial Comments at 2 (noting that “copyright drives innovation in the
software industry, an industry that is flourishing in the digital age under the current legal framework”);
ESA Initial Comments at 2 (asserting that “strong copyright protection for software (embedded and

1
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Today, the law is well-settled that computer programs generally are protected by
copyright law, and are governed by the same doctrines as other types of works. In the
Copyright Act of 1976, Congress acknowledged that copyright law covers computer
programs, while simultaneously removing from protection “any idea, procedure,
process, system, method of operation, concept, principle, or discovery, regardless of the
form in which it is described, explained, illustrated, or embodied in such work.” 1
Congress also created the National Commission on New Technological Uses of
Copyrighted Works (“CONTU”) to study issues raised by new technologies, including
computers.!! Congress eventually followed CONTU’s recommendations to define
“computer programs” in the Act and to amend section 117 to allow copies or
adaptations of computer programs to be made either “as an essential step” of using the
computer, or for archival purposes.?

Over subsequent years, Congress has addressed computer programs periodically by,
among other things, passing the Computer Software Rental Amendments Act of 1990
(“CSRAA”),”3 which created a narrow exception to the first-sale doctrine by prohibiting
the rental, lease, or lending of computer programs, and by amending section 117 yet
again in the Digital Millennium Copyright Act (“DMCA”) to preserve independent
repair.”* Throughout this period, Congress has continually maintained a robust
copyright regime for software.

Though the scope of copyright protection for software has been relatively stable over
time, the marketplace is changing; some would say radically. The reach of software is
almost infinite. In the past, “consumer software was typically found in standalone
applications and operating systems that ran primarily on desktop or laptop
computers.”’> It could also be found in “[l]imited categories of software-enabled
consumer products . . ., including early video game consoles, calculators, and
microwaves, but these were the exception rather than the rule.”'® By contrast, “[t]oday’s

otherwise) has been a tremendous policy success that has enabled decades of innovation and creativity in
product design and functionality”); Microsoft Initial Comments at 5 (stating that “software developers have
relied on copyright protection for over four decades to justify massive investments in software innovation”);
SIIA Initial Comments at 5 (stating that the “market ecosystem [for software] has spawned frenetically
paced innovation and development while maintaining the incentives to create that the copyright law
provides”).

1017 U.S.C. § 102(b).

11 Pub. L. No. 93-573, § 201, 88 Stat. 1873, 1873-74 (1974); see also CONTU, FINAL REPORT 9 (1978) (“CONTU
Report”).

12 See CONTU Report at 12-13; Act of Dec. 12, 1980, Pub. L. No. 96-517, § 10, 94 Stat. 3015, 3028-29.
13 Pub. L. No. 101-650, tit.8, 104 Stat. 5089, 5134-37 (1990) (codified at 17 U.S.C. § 109(b)).

14144 CONG. REC. 511,890 (daily ed. Oct. 8, 1998) (statement of Sen. Leahy).

15 Engine Advocacy Initial Comments at 1.

16 Id.
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consumer products and devices—from smartphones and home appliances to vehicles
and medical devices—integrate software code. That code doesn’t just offer new bells
and whistles that improve on existing products; it is essential to the basic functionality of
many devices.”"” Software is now nearly ubiquitous and, “[a]s parts increasingly
incorporate computer software, functions that used to be performed by hardware
components now are controlled by software embedded in those parts.”'® The
incorporation of networking capabilities into consumer products has led to the “Internet
of Things.”" Indeed, “we are in the midst of a transformational new generation of
software innovation. Smartphones, tablets, and other mobile devices not only provide
computing ‘on the go,” they also are bringing billions of new users online.”?

This boom in technology embedded in everyday products is not altogether
unanticipated. Including software in “consumer devices is hardly a new phenomenon; a
huge number of ‘everyday products,” including microwave ovens and handheld
calculators, have since the early-1970s featured embedded software.”?" As noted,
copyright law has been credited by some as paving the way for these new technological
advances,? and the public has benefited greatly from the new and creative ways that
everyday products enhance their lives, and will continue to benefit from the possibility
of further innovation.?

Nevertheless, the spread of software in recent years has led some to question whether
the current state of copyright law is sufficient to handle the sometimes complex

17 Aaron Perzanowski et al. Initial Comments at 1.

18 Auto Care Ass'n Initial Comments at 3 (noting also that “[tJoday’s engines, transmissions, oxygen sensors,
ignitions, brakes, emissions systems, electric windows, air blowers, air bags, and even windshield wipers
are just a few of the systems in which manufacturers have replaced purely electro-mechanical parts with
microprocessors and software controls. The function of these parts is the same regardless of whether
implemented in hardware or software.”).

19 See Afua Bruce, Dan Correa & Suhas Subramanyam, Internet of Things: Examining Opportunities and
Challenges, WHITE HOUSE: BLOG (Aug. 30, 2016), https://www.whitehouse.gov/blog/2016/08/30/internet-
things-examining-opportunities-and-challenges.

20 Microsoft Initial Comments at 2.
21 BSA Initial Comments at 1; see also ESA Initial Comments at 3-4.

2 Copyright Alliance Initial Comments at 13 (“Copyright plays a significant role in this innovation boom. It
is a critical driver of technological innovation and economic competitiveness.”); ESA Initial Comments at 7
(“Copyright law is largely responsible for providing necessary incentives for both game and game device
makers - ensuring they have the ability to expand features and access and still protect their innovation.”).

2 BSA Initial Comments at 3 (“Consumers now have access to a range of IoT [Internet of Things] products
capable of improving ‘conservation, efficiency, productivity, public safety, health, education and more.”
(citation omitted)); CCIA Initial Comments at 1 (“As the Office’s notice observes, the omnipresence of
software in modern consumer products has greatly improved features and functions for users.”); Engine
Advocacy Initial Comments at 1 (“The increasing prevalence of software-enabled products and the r