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Chest CT is emerging as a valuable diagnostic tool for clinical management of COVID-19

associated lung disease. Artificial intelligence (AI) has the potential to aid in rapid evaluation

of CT scans for differentiation of COVID-19 findings from other clinical entities. Here we

show that a series of deep learning algorithms, trained in a diverse multinational cohort of

1280 patients to localize parietal pleura/lung parenchyma followed by classification of

COVID-19 pneumonia, can achieve up to 90.8% accuracy, with 84% sensitivity and 93%

specificity, as evaluated in an independent test set (not included in training and validation) of

1337 patients. Normal controls included chest CTs from oncology, emergency, and

pneumonia-related indications. The false positive rate in 140 patients with laboratory con-

firmed other (non COVID-19) pneumonias was 10%. AI-based algorithms can readily identify

CT scans with COVID-19 associated pneumonia, as well as distinguish non-COVID related

pneumonias with high specificity in diverse patient populations.
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Coronavirus Disease 2019 (COVID-19) has become a global
pandemic with an exponential growth rate and an
incompletely understood transmission process. The virus

is harbored most commonly with little or no symptoms, but can
also lead to a rapidly progressive and often fatal pneumonia in
2–8% of those infected1–3. The exact mortality, prevalence, and
transmission dynamics remain somewhat ill-defined in part due
to the unique challenges presented by SARS-CoV-2 infection,
such as peak infectiousness at or just preceding symptom onset
and a poorly understood multi-organ pathophysiology with
dominant features and lethality in the lungs4. The rapid rate of
spread has strained healthcare systems worldwide due to
shortages in key protective equipment and qualified providers5,
partially driven by variable access to point-of-care testing meth-
odologies, including reverse transcription polymerase chain
reaction (RT-PCR). As rapid RT-PCR testing becomes more
available, challenges remain, including high false negative rates,
delays in processing, variabilities in test techniques, and sensi-
tivity sometimes reported as low as 60–70%6,7.

Computed tomography (CT) is a test that provides a window
into pathophysiology that could shed light on several stages of
disease detection and evolution7–9. While challenges continue
with rapid diagnosis of COVID-19, frontline radiologists report a
pattern of infection that is somewhat characteristic with typical
features including ground glass opacities in the lung periphery,
rounded opacities, enlarged intra-infiltrate vessels, and later more
consolidations that are a sign of progressing critical illness. While
CT and RT-PCR are most often concordant9, CT can also detect
early COVID-19 in patients with a negative RT-PCR test9, in
patients without symptoms, or before symptoms develop or after
symptoms resolve10,11. CT evaluation has been an integral part of
the initial evaluation of patients with suspected or confirmed
COVID-19 in multiple centers in Wuhan China and northern
Italy12–15. A recent international expert consensus report sup-
ports the use of chest CT for COVID-19 patients with worsening
respiratory status or in resource constrained environments for
medical triage of patients who present with moderate–severe

clinical features and a high pretest probability of COVID-1916.
However, these guidelines also recommend against using chest
CT in screening or diagnostic settings in part due to similar
radiographic presentation with other influenza-associated pneu-
monias. Techniques for distinguishing between these entities may
strengthen support toward use of CT in diagnostic settings.

Due to the rapid increase in number of new and suspected
COVID-19 cases, there may be a role for artificial intelligence
(AI) approaches for the detection or characterization of COVID-
19 on imaging. CT provides a clear and expeditious window into
this process, and deep learning of large multinational CT data
could provide automated and reproducible biomarkers for clas-
sification and quantification of COVID-19 disease. Prior single
center studies have demonstrated the feasibility of AI for the
detection of COVID-19 infection, or even differentiation from
community acquired pneumonia17,18. AI models are often
severely limited in utility due to homogeneity of data sources,
which in turn limits applicability to other populations, demo-
graphics, or geographies. This study aims to develop and evaluate
an AI algorithm for the detection of COVID-19 on chest CT
using data from a globally diverse, multi-institution dataset. Here
we show robust models can be achieve up to 90% accuracy in
independent test populations, maintaining high specificity in
non-COVID-19 related pneumonias, and demonstrating suffi-
cient generalizability to unseen patient populations/centers.

Results
Patient cohorts for training and testing. In total, 2724 scans
from 2617 patients were used in this study, including 1029 scans
of 922 patients with RT-CPR confirmed COVID-19 and lung
lesions related to COVID-19 pneumonia. This includes one scan
from one patient who was confirmed to have COVID-19 from the
SUNY cohort. Of these, 1387 scans from 1280 patients were
utilized for algorithm development, and 1337 patients were uti-
lized for algorithm testing and evaluation. The split of data in
training, validation, and test datasets can be seen in Table 1.

Table 1 Patient cohorts utilized in model development and testing. Demographic values are reported as absolute numbers for
patient sex and as median (range) for patient age.

Disease cohort Center Demographics Training Validation Testing

COVID-19 Hubei, China 363 Male, 353 female
Median 49 (18a–92)

369 Scans
354 Patients

122 Scans
113 Patients

207 Scans
207 Patients

Milan, Italy 220 Male, 90 female
Median 60 (18–96)

57 Scans
52 Patients

24 Scans
17 Patients

54 Scans
54 Patients

Tokyo, Japan 91 Male, 60 female
Median 60 (4–87)

100 Scans
45 Patients

31 Scans
15 Patients

49 Scans
49 Patients

Milan, Italy 10 Male, 5 female
Median 55 (31–85)

– – 15 Scans
15 Patients

Syracuse, NY, USA bSee footnote – – 1 Scan
1 Patient

Any clinical indication Syracuse, NY, USA 437 Male, 534 female
Median 65 (19–100)

356 Scans
356 Patients

93 Scans
93 Patients

500 Scans
500 Patients

Cancer diagnosis and/or staging LIDC23 N/A 149 Scans
149 Patients

50 Scans
50 Patients

271 Scans
271 Patients

NIH, USA 100 Male
Median 69 (30–89)

– – 100 Scans
100 Patients

Pneumonia Syracuse, NY, USA 73 Male, 42 female
Median 66 (13–101)

– – 140 Scans
140 Patients

NIH, USA 28 Male, 8 female
Median 21 (4–71)

28 Scans
28 Patients

8 Scans
8 Patients

–

Total 1059 Scans
984 Patients

328 Scans
296 Patients

1337 Scans
1337 Patients

aAge was not readily available for all Hubei, China patients.
bDemographics for COVID-19 diagnosis from SUNY is included in all-comer/any clinical indication grouping.
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Prevalence of COVID-19 patients in the testing set was 24.4%
(326/1337). During training, all CTs for a given patient under
conditions described above were included. For testing evaluation,
one scan series per patient was considered. In conditions where
patients underwent multiple CT scans, the initial positive CT with
RT-PCR confirmed disease were used. Two classification models
were developed for further evaluation (Fig. 1), one utilizing the
entire lung region with fixed input size (full 3D) and one utilizing
average score of multiple regions within each lung at fixed image
resolution (hybrid 3D). Training converged at highest validation
accuracy of 92.4% and 91.7% for hybrid 3D and full 3D classi-
fication models, respectively, for the task determining COVID-19
vs. other conditions. Overall performance is shown in Table 2.
The highest test set accuracy was observed with the 3D classifi-
cation model (90.8%), with resultant probability of COVID-19
disease demonstrating 0.949 AUC (Fig. 2).

Algorithm performance evaluation by disease entity. Model
classification accuracy was evaluated individually by disease
cohort (Supplementary Table 1). All models demonstrated mixed
performance in the second Italian Hospital (accuracy 53–60%),
which was excluded from training and validation in both
experimental conditions. Of 15 patients in this dataset, 10
patients demonstrated high disease burden and advanced, bilat-
eral consolidating pneumonia by expert radiologist evaluation.
Misclassification rates in control patients was lowest in patients
undergoing CT for oncologic staging and workup (ranging
3.8–5.5% in SUNY, LIDC, NIH datasets) compared with patients
with laboratory confirmed pneumonias (10%) and general
population of patients undergoing CT as part of clinical care,
ranging 2.7–27.3% for general evaluation to acute/trauma-related
care (Supplementary Table 2). False positive findings in the
cohort of patients with pneumonia further varied by etiology,
with 13.7% in bacterial (7/51), 16.7% in fungal (3/18), and 4.9% in
viral (3/61) infections.

In COVID-19 positive cases from the test set, specificity of AI-
based findings with COVID-19 lung disease were assessed by
visual evaluation and review of Grad-CAM mappings. Visualiza-
tion of region-based activation features from the 3D model are
shown for representative test set patients in Fig. 3. Review of these
Grad-CAM based maps demonstrate consistent activation in
peripheral regions of the lung with COVID-19 associated disease
across variable amounts of disease burden.

Original CT image
Entire 3D lung region

192 × 192 × 64

Multiple crops
192 × 192 × 32

6 crops/lung training
15 crops/lung inference

Lung segmentation Crop to lung region

dn121

dn121

Yes/no 
COVID-19

Yes/no 
COVID-19

mask image to lung regions

(a) Full 3D model

(b) Hybrid 3D model

Fig. 1 3D classification workflow. All CT images under lung segmentation for localization to chest cavity region. Following cropping to lung region, two
methods were considered for differentiation of COVID-19 from other clinical entities. a Full 3D Model resampled the cropped lung region of CT to a fixed
size (192 × 192 × 64 voxels) for input to algorithm. b Hybrid CT resampled the cropped lung region of CT to fixed resolution (1mm × 1mm× 5mm) and
sampled multiple 3D regions (192 × 192 × 32) for input to algorithm. At training, 6 regions/patient were used. At inference 15 regions/patient were used
and results were averaged to produce final probability of COVID-19.

Table 2 Performance of 3D and hybrid 3D classification models for two experimental conditions.

Design Model Validation accuracy Test summary stats

ACC SENS SPEC PPV NPV AUC

Original training schema 3D 0.917 0.908 0.840 0.930 0.794 0.948 0.949
Hybrid 3D 0.924 0.889 0.853 0.901 0.735 0.950 0.947

Independent testing
population

3D 0.939 0.896 0.845 0.916 0.793 0.939 0.941
Hybrid 3D 0.905 0.895 0.751 0.951 0.853 0.909 0.938

Original training design included 1337 patients in testing cohort (of which, n= 326 patients with COVID-19 positivity). Independent testing population design included 1397 patients in testing cohort
(entire patient cohort from Tokyo, Japan excluded from training/validation), with a total of n= 386 patients with COVID-19 positivity.
ACC accuracy, SENS sensitivity, SPEC specificity, PPV positive predictive value, NPV negative predictive value, AUC area under the curve.
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Fig. 2 Model performance. Receiver operating characteristic (ROC) curve
for 3D and hybrid 3D classification models. Both experimental conditions
are shown, with highlighted area to zoom in at upper left area of the curve.
Solid lines represent original training design, dotted lines indicate
independent testing population design.
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Algorithm performance in unseen population domain conditions.
To assess the utility of these models for COVID-19 sensitivity at
independent institutions, the cohort of COVID-19 patients from
Tokyo, Japan were removed from training and validation datasets
and models were retrained utilizing identical algorithm configura-
tion and hyperparameters as the original models. Overall, validation
and testing accuracy were stable between models trained with and
without patients from the leave-out institution (Table 2), with a
modest decrease in AUC (Fig. 2). However, sensitivity in the hybrid
3D model decreased to 75%. Specifically, within patients from the
independent testing center, the 3D classification model correctly
identified 87/109 patients as having COVID-19 associated CT
findings while the hybrid 3D classification model correctly identified
74/109 patients. Evaluation of accuracy, specificity, and sensitivity as
a function of AI-based output from the 3D model demonstrated
consistent model behavior at all likelihood of COVID-19 related cut
points (Supplementary Fig. 1), showing model performance
decreased consistently by 5–10% compared with the entire testing
cohort of COVID-19 positive patients. In hybrid 3D model, lowering
the cutoff probably from 0.5 to 0.376 increased the sensitivity of the
model performance to that of the 3D model, though specificity
decreased from 95.1 to 92.8% (Supplementary Fig. 2).

Discussion
Preliminary studies indicate chest CT has a high sensitivity for
detection of COVID-19 lung pathology and several groups have
demonstrated the potential for AI-based diagnosis, reporting as
high as 95% detection accuracies17–20. Implementation of these
AI efforts at new institutions are hampered by the tendency for
AI to overfit to training populations, including technical bias
from institutional-specific scanners to clinical population bias due
to regional variation in the use and timing of CT. Therefore, this
study was specifically designed to maximize the potential for
generalizability. The hypothesis was that an algorithm trained
from a highly diverse multinational dataset will maintain suffi-
cient performance accuracy when applied to new centers, com-
pared with algorithms trained and testing in only one center. To

achieve this, COVID-19 CT scans were obtained from four
hospitals across China, Italy, and Japan, where there was a wide
variety in clinical timing and practice for CT acquisition. Such CT
indications included screening-based settings (i.e., fever clinics),
where patients underwent CT the same day as initial positive PCR
(China), but also included advanced disease, such as inpatient
hospitalization settings at physician’s discretion (Italy). Further-
more, the inclusion of patients undergoing routine clinical CT
scans for a variety of indications including acute care, trauma,
oncology, and various inpatient settings was designed to expose
the algorithm to diverse clinical presentations. Here we achieved
0.949 AUC in a testing population of 1337 patients resulting in
90.8% accuracy for classification of COVID-19 on chest CT.

The use of CT scans for the purpose of diagnosing COVID-19
pneumonia has been somewhat controversial16. In Hubei Pro-
vince, China, CT scans were used extensively and at presentation,
in an effort to quickly diagnose, isolate, and contain the spread of
the outbreak. Multiple studies have reported a high degree of
sensitivity for chest CT in the diagnosis of COVID-19
pneumonia7,9,13,14. However, multiple radiology and thoracic
professional associations in the US and the UK have recom-
mended against using chest CT for screening or for the routine
diagnosis of COVID-19, in part due to the potential for overlap
with other high prevalence entities such as influenza pneumonia.
In this study, the algorithm has a high specificity in such a setting
of 93%. Sub-analysis within varying clinical indications for CT
scanning demonstrated lower false positive rates in populations
undergoing imaging for oncologic diagnosis and follow-up
compared with acute and trauma care. Notably, this perfor-
mance was consistent in the subgroup of RT-PCR confirmed
influenza pneumonia, which included cases with H1N1. Thus,
given the challenges in confidently distinguishing between
COVID-19 associated pneumonia and other types of pneumonia,
there may be a role for AI in CT-based diagnosis, characteriza-
tion, or quantification of response. Performance was observed to
be highest in patient cohorts from centers utilizing CT earlier in
diagnostic pathway, while settings utilizing CT in cases with

a b c d e

f g h i j

Fig. 3 Grad-CAM* resultant saliency maps for five representative COVID-19 patients from testing set. All images are of correctly predicted positive by
3D model. Within the heatmap, areas of red indicate activation of the algorithm related with COVID-19 prediction. a, b Images and (f, g) associated maps
from Hubei, China cohort. c Image and (h) associated map from Tokyo, Japan cohort. d Image and (i) associated map from an advanced case in Milan, Italy
Center #1. Note activation in non-consolidating areas for prediction of COVID-19, indicating specific features independent of pneumonia-related
consolidation are learned. e Image and (j) associated map of an advanced case in Milan, Italy Center #2. Note: case (e) represents an unseen testing center
from training/validation centers. *footnote: Grad-CAM images are produced from preprocessed input data, including cropping to lung region and resizing
to fixed dimension, which may result in visible changes to anatomic aspect ratio.
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advanced pneumonia demonstrated poorer detection sensitivity.
Further work regarding the diagnostic utility of this algorithm in
the setting of early vs. advanced COVID-19 related pneumonia is
warranted.

We also sought to maximize the generalizability from a
technical standpoint. To reduce the effect of body habitus and
extra-thoracic pathology, a lung segmentation algorithm was
used to localize to chest cavity and ensure the classification
algorithm was focused on the lungs and excluded the presence
of factors outside the patient (such as isolation bags around the
patients in Hubei). All classification models were trained uti-
lizing an aggressive augmentation scheme to minimize over-
fitting. While slice-based or hybrid 3D models demonstrated
high validation accuracies, the simpler model utilizing single
3D volumes produced the most generalizable framework.
Experiments testing the algorithm generalizability demon-
strated 79.8% sensitivity could be achieved when the cohort of
patients from Japan were excluded from training and only used
in testing to evaluate model performance in an unseen domain.
While the model performance exhibited a moderate decrease in
sensitivity, it appeared to generalize well given the variabilities
in CT acquisition and in clinical considerations across multi-
nation cohorts. Prospective validation is certainly needed prior
to making definitive statements on the performance of this AI
system and potential improvements on slice-based and hybrid
models to yield more desirable results.

There are several limitations to this study. Model training
was limited to patients with positive RT-PCR testing and
COVID-19 related pneumonia on chest CT in order to differ-
entiate between COVID-19 related disease and other patholo-
gies. However, CT is often negative despite positive RT-PCR
test21. Given that viral infectiousness can often predate symp-
toms, CT plus RT-PCR is likely a more accurate and sensitive
strategy than either alone, although this is somewhat spec-
ulative11. Delayed RT-PCR or limitations in access or avail-
ability could also make CT testing more attractive for specific
subsets of patients or in a resource constrained environment,
such as persons under investigation for exposure history or
contact tracing, triage for resource utilization, prognosis, or to
assist with isolation compliance, although this is speculative.
Finally, our AI algorithm aims to classify chest CT scans as
positive vs. negative for COVID-19 pneumonia and in posi-
tively classified CT scans, it delivers a saliency map for visua-
lization of AI-associated predictions. While useful for general
visualization of AI output, this does not delineate COVID-19
burden, which may be more accurately depicted by segmenta-
tion algorithms.

The test success metrics are highly dependent upon pretest
background prevalence, and testing practices may vary according
to exposure rates and phase of pandemic22. The prevalence in our
constructed testing set was 24%, which may be representative of
some outbreak dynamics at the time of writing. We were limited
in truly evaluating the generalizability of this model to an inde-
pendent population, as our positive and negative cases were
derived from separate populations. It is also important to note the
prevalence and testing conditions of COVID-19 positive patients
varied by cohort. In Japan, the patients were a mixture of inci-
dental Diamond Princess cruise ship exposures or community
acquired COVID-19, with a diverse multinational population, but
all were all PCR positive with CT lesions. In Italy, CT scans
practice varied from acute care screening to mainly inpatients, or
at the discretion of the treating physician, commonly later in the
disease process. In Hubei Province, China, CT scans were rou-
tinely obtained on the same day as a positive RT-PCR in an acute
setting/fever clinics during the initial outbreak period. RT-PCR
was positive in all patients but was not a requisite for the

diagnosis of COVID-19 at that time, which could be made with
CT and exposure history during peak prevalence during the
outbreak.

In conclusion, an AI system derived from heterogeneous
multinational training data delivers acceptable performance
metrics for the classification of chest CT for COVID-19 infection.
While CT imaging may not necessarily be actively used in the
diagnosis and screening for COVID-19, this deep learning-based
AI approach may serve as a standardized and objective tool to
assist the assessment of imaging findings of COVID-19 and may
potentially be useful as a research tool, clinical trial response
metric, or perhaps as a complementary test tool in very specific
limited populations or for recurrent outbreaks settings.

Methods
COVID-19 study population. Patients with COVID-19 infection confirmed by
RT-PCR undergoing CT evaluation for diagnosis or evaluation of infection were
identified for study inclusion at four international centers: (1) 700 patients from
The Xiangyang NO.1 People’s Hospital Affiliated Hospital of Hubei University of
Medicine in Hubei Province, China, (2) 147 patients from the Self-Defense Forces
Central Hospital, Tokyo, Japan, (3) 130 patients from San Paolo Hospital, Milan,
Italy, and (4) 16 patients from Cà Granda Ospedale Maggiore Policlinico Milano,
Milan, Italy. Study inclusion criteria included positive findings for COVID-
pneumonia by expert radiologist interpretation and minimum technical require-
ments. Summary characteristics of each institutional cohort of patients meeting
study criteria are provided in Table 1. The timing of CT scan acquisition in relation
to onset of COVID-19 symptoms and/or diagnosis varied and was highly depen-
dent on regional/national standard of care. In Hubei Province, China, CT scans
were routinely obtained on the same day as a positive RT-PCR in an acute setting
where patients with symptoms reported for clinical assessment, as well as patients
with exposure and/or travel history to high prevalence regions. In Italy, the practice
and use of CT varied by hospital. Patients in the larger Milan cohort underwent CT
in more of a screening-like setting at acute presentation with symptoms or expo-
sure history at the point of care. The smaller Milan cohort of 15 patients were
largely obtained in an inpatient setting. The most diverse cohort was in Japan,
where patients had a mixture of incidental exposures or community acquired
COVID-19. In addition, the CT acquisition parameters varied by center and within
centers (Supplementary Table 3). CTs underwent a centralized evaluation by two
expert radiologists for confirmation of COVID-19 associated lung disease. Local
IRB and ethics and research board approvals for retrospective evaluation were
obtained at each site, along with 2 way data-sharing agreements with NIH. (1) First
Affiliated Hospital of Hubei University of Medicine local ethics approval
#20200702150947, (2) Self-Defense Forces Central Hospital IRB #01–014, and (3)
University of Milan (both cohorts from Italian hospitals) IRB #562–2020. Due to
the nature of the retrospective observational study, individual informed consent
was waived.

Control study population. A balanced control population was identified from two
institutions and one publicly available dataset. The control group weighed multiple
clinical indications for chest CT and confounding diagnoses, such as RT-PCR or
microbiology proven non-COVID-19 pneumonias from bacteria, fungi, and non-
COVID viruses, as well as cancer staging and diagnosis, emergency care, and other
clinical indications for chest CT imaging. These datasets are individually described,
by institution and indication, in Table 1. Briefly, 972 patients undergoing non-
contrast CT scans of the chest at the State University of New York (SUNY) Upstate
Medical Center between 9/15/2020 and 3/15/2020, of which 949 met minimum
technical considerations for inclusion. The distribution of indications for the CTs
in the control group can be seen in Supplementary Table 2. In addition, 143
patients undergoing CT evaluation of laboratory-confirmed pneumonias from
SUNY Upstate Medical Center were collected and characterized for use as a dif-
ferential diagnosis test set, with confirmation of infection by culture (for bacterial
pneumonia) or RT-PCR (for viral cases), of which 140 met minimum technical
considerations for inclusion. The distribution of RT-PCR and culture data are
included in Supplementary Table 4. Similarly, 36 patients at the National Institutes
of Health undergoing CT evaluation of known pneumonia were collected to
broaden the heterogeneity of the control group. A cohort of 102 patients with
unremarkable lung findings were identified from a population of men with prostate
cancer undergoing staging at the National Institutes of Health for inclusion as a
non-diseased normal cohort, of which 100 met minimum technical considerations
for inclusion. Local IRB and ethics approvals for retrospective evaluation and data
sharing were obtained at each site: (1) NIH pneumonia cohort IRB #12-CC-0075,
(2) NIH prostate cancer staging cohort IRB #18-C-0017, and (3) SUNY Upstate
Medical University IRB #1578307–1. Due to the nature of the retrospective
observational study, individual informed consent was waived. Finally, a total of 470
CTs were derived from the publicly available dataset LIDC (downloaded 3/25/
2020). This dataset is an open-source dataset consisting of CT scans of the thorax
from seven academic centers and includes lung nodules of various sizes23.
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Summary of dataset inclusion is provided in Table 1. The image characteristics of
these datasets can be seen in Supplementary Table 3.

Algorithm development. The design and workflow of the classification algorithm
is shown in Fig. 1. Briefly, a lung segmentation algorithm was developed to identify
and localize whole lung regions, which were then used as input for CT-based
prediction of COVID-19 disease. Multiple classification models and rationales
were implemented, including a hybrid model that performs 3D classification on
multiple crops (i.e., several slices) at fixed resolution within an image, and a full 3D
image classification implementation considering one complete volume at a
fixed size.

Lung segmentation model. The lung segmentation model was trained using the
AH-Net architecture24. In order to address the challenges from GGO/consolidation
patterns, the network trained with LIDC dataset consisting of 1018 images and 95
in-house CT volumes from a training set defined in Table 1, which had con-
siderable amounts of GGO/consolidation observations to ensure accurate seg-
mentation in cases with a large proportion of altered parenchyma (Supplementary
Fig. 3). The in-house data were manually annotated by two expert radiologists. All
images were resampled to a resolution of 0.8 mm × 0.8 mm × 5.0 mm and intensity
clipped to a HU range (−1000, 500). Acceptable use was determined after the
algorithm achieved mean 0.95 Dice similarity coefficient (range 0.85–0.99, std. dev
0.06) at validation.

Image classification model. Both the hybrid 3D and full 3D models used in this
study were based on a Densnet-121 architecture adapted to utilize 3D operations
(i.e., 3D convolutions) compared to original 2D implementation25. Images were
clipped to HU range (−1000, 500) and cropped to bounding box fitting to the
maximum dimensions of lung regions with an extended 5 voxel buffer. For the full
3D model, the entire lung region (without masking) was resampled to size 192 ×
192 × 64 for training and inference. For the hybrid model, images were resampled
to resolution 1 mm × 1mm× 5mm and sub-crops of 192 × 192 × 32 were sampled
from lung regions, applying mask to obtain lung-only tissue, at a frequency of 6
crops/patient for training and 15 crops/patient at inference. These implementations
are shown in Fig. 1.

Data augmentation was performed to avoid bias of center-specific
characteristics, and included image intensity and contrast adjustment, introduction
of random gaussian noise, flipping, and rotation. Within each mini batch, data
were sampled to ensure class balance between COVID and non-COVID groups.
Attention/activation maps to visualize regions within the image utilized for
prediction were generated using Grad-CAM method26. Algorithm development
was implemented in Tensorflow and code is publicly available as part of the
NVIDIA Clara Train SDK on NGC27.

Statistical analysis. Classification performance was evaluated by overall accuracy,
positive predictive value, negative predictive value, sensitivity, and specificity for
correctly distinguishing between COVID-19 vs. any other condition. Summary
statistics of false positive predictions (incorrectly labeling as COVID-19) were
reported separately for pneumonia cohorts and all-comer/any-indication cohorts.
Hold out test sets were identified for each model with attention to the ability to
translate models across demographics and disease stages.

Reproducibility of the training schema and generalizability of resultant models
were assessed by removing the cohort of COVID-19 patients from Tokyo, Japan
from training and validation datasets. Models were retrained utilizing identical
algorithm configuration and hyperparameters as the original models. Overall
performance, as well as accuracy specific to Japan cohort, were reported and used
for evaluation.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
Due to the multinational nature of the datasets, restrictions on data sharing agreements
are governed by each institution’s policies. At the time of publication, local IRB and
ethics approvals were not obtained to allow public sharing of raw imaging data from
individual centers contributing to this paper. A portion of this study utilized data from
publicly available dataset LIDC (downloaded 3/25/2020; https://wiki.
cancerimagingarchive.net/display/Public/LIDC-IDRI) 23. Readers are invited to contact
the corresponding author for further information on data availability and data sharing
policies.

Code availability
All models presented in this work were developed using NVIDIA Clara Train platform.
As such, all NVIDIA-related frameworks and models specific to this publications are
available at no cost as part of the NVIDIA Clara Train SDK on NGC27 at https://ngc.
nvidia.com/catalog/containers/nvidia:clara:ai-covid-19. This includes both inference-

based pipelines for evaluation, as well as model weights for further training or fine tuning
in outside institutions.

Received: 8 May 2020; Accepted: 13 July 2020;

References
1. Hoehl, S. et al. Evidence of SARS-CoV-2 infection in returning travelers from

Wuhan, China. N. Engl. J. Med . https://doi.org/10.1056/NEJMc2001899
(2020).

2. Lai, C. C. et al. Asymptomatic carrier state, acute respiratory disease, and
pneumonia due to severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2): facts and myths. J. Microbiol. Immunol. Infect. https://doi.org/
10.1016/j.jmii.2020.02.012 (2020).

3. Sohrabi, C. et al. World Health Organization declares global emergency: a
review of the 2019 novel coronavirus (COVID-19). Int J. Surg. 76, 71–76
(2020).

4. He, X. et al. Temporal dynamics in viral shedding and transmissibility of
COVID-19. Nat. Med. https://doi.org/10.1038/s41591-020-0869-5 (2020).

5. Ranney, M. L., Griffeth, V. & Jha, A. K. Critical supply shortages—the need for
ventilators and personal protective equipment during the Covid-19 pandemic.
N. Engl. J. Med. https://doi.org/10.1056/NEJMp2006141 (2020).

6. Yang, Y. et al. Evaluating the accuracy of different respiratory specimens in the
laboratory diagnosis and monitoring the viral shedding of 2019-nCoV
infections. medRxiv. Preprint at https://www.medrxiv.org/content/10.1101/
2020.02.11.20021493v2 (2020).

7. Fang, Y. et al. Sensitivity of chest CT for COVID-19: comparison to RT-PCR.
Radiology. https://doi.org/10.1148/radiol.2020200432 (2020).

8. Yu, M. et al. Thin-section chest CT imaging of coronavirus disease 2019
pneumonia: comparison between patients with mild and severe disease.
Radiol. Cardiothorac. Imaging 2 https://doi.org/10.1148/ryct.2020200126
(2020).

9. Xie, X. et al. Chest CT for typical 2019-nCoV pneumonia: relationship to
negative RT-PCR testing. Radiology. https://doi.org/10.1148/
radiol.2020200343 (2020).

10. Inui, S. et al. Chest CT findings in cases from the cruise ship “Diamond
Princess” with coronavirus disease 2019 (COVID-19). Radiol. Cardiothorac.
Imaging. 2, p.e200110 https://doi.org/10.1148/ryct.2020200110 (2020).

11. Ai, T. et al. Correlation of chest CT and RT-PCR testing in coronavirus
disease 2019 (COVID-19) in China: a report of 1014 Cases. Radiology https://
doi.org/10.1148/radiol.2020200642 (2020).

12. Jin, S. et al. AI-assisted CT imaging analysis for COVID-19 screening:
building and deploying a medical AI system in four weeks. medRxiv https://
www.medrxiv.org/content/10.1101/2020.1103.1119.20039354v20039351
(2020).

13. Li, Y. & Xia, L. Coronavirus disease 2019 (COVID-19): role of chest CT in
diagnosis and management. Am. J. Roentgenol. 1–7. https://doi.org/10.2214/
AJR.20.22954 (2020).

14. Zhao, W., Zhong, Z., Xie, X., Yu, Q. & Liu, J. Relation between chest CT
findings and clinical conditions of coronavirus disease (COVID-19)
pneumonia: a multicenter study. Am. J. Roentgenol. 1–6. https://doi.org/
10.2214/AJR.20.22976 (2020).

15. Sverzellati, N. et al. Integrated radiologic algorithm for COVID-19 pandemic.
J. Thorac. Imaging. https://doi.org/10.1097/RTI.0000000000000516 (2020).

16. Rubin, G. D. et al. The role of chest imaging in patient management during
the COVID-19 pandemic: a multinational consensus statement from the
Fleischner society. Chest https://doi.org/10.1148/radiol.2020201365 (2020).

17. Wang, S. et al. A deep learning algorithm using CT images to screen for
Corona Virus Disease (COVID-19). medRxiv. Preprint at https://www.
medrxiv.org/content/10.1101/2020.02.14.20023028v5 (2020).

18. Li, L. et al. Artificial intelligence distinguishes COVID-19 from community
acquired pneumonia on chest CT. Radiology https://doi.org/10.1148/
radiol.2020200905 (2020).

19. Shi, F. et al. Review of artificial intelligence techniques in imaging data
acquisition, segmentation and diagnosis for COVID-19. IEEE Rev. Biomed.
Eng. 1–1. https://doi.org/10.1109/RBME.2020.2987975 (2020).

20. Jin, S. et al. AI-assisted CT imaging analysis for COVID-19 screening: building
and deploying a medical AI system in four weeks. medRxiv. Preprint at
https://www.medrxiv.org/content/10.1101/2020.03.19.20039354v1 (2020).

21. Yang, W. & Yan, F. Patients with RT-PCR-confirmed COVID-19 and normal
chest CT. Radiology 295, E3 (2020).

22. Eng, J. & Bluemke, D. Imaging publications in the COVID-19 pandemic:
applying new research results to clinical practice. Radiology. https://doi.org/
10.1148/radiol.2020201724 (2020).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-17971-2

6 NATURE COMMUNICATIONS |         (2020) 11:4080 | https://doi.org/10.1038/s41467-020-17971-2 | www.nature.com/naturecommunications

https://wiki.cancerimagingarchive.net/display/Public/LIDC-IDRI
https://wiki.cancerimagingarchive.net/display/Public/LIDC-IDRI
https://ngc.nvidia.com/catalog/containers/nvidia:clara:ai-covid-19
https://ngc.nvidia.com/catalog/containers/nvidia:clara:ai-covid-19
https://doi.org/10.1056/NEJMc2001899
https://doi.org/10.1016/j.jmii.2020.02.012
https://doi.org/10.1016/j.jmii.2020.02.012
https://doi.org/10.1038/s41591-020-0869-5
https://doi.org/10.1056/NEJMp2006141
https://www.medrxiv.org/content/10.1101/2020.02.11.20021493v2
https://www.medrxiv.org/content/10.1101/2020.02.11.20021493v2
https://doi.org/10.1148/radiol.2020200432
https://doi.org/10.1148/ryct.2020200126
https://doi.org/10.1148/radiol.2020200343
https://doi.org/10.1148/radiol.2020200343
https://doi.org/10.1148/ryct.2020200110
https://doi.org/10.1148/radiol.2020200642
https://doi.org/10.1148/radiol.2020200642
https://www.medrxiv.org/content/10.1101/2020.1103.1119.20039354v20039351
https://www.medrxiv.org/content/10.1101/2020.1103.1119.20039354v20039351
https://doi.org/10.2214/AJR.20.22954
https://doi.org/10.2214/AJR.20.22954
https://doi.org/10.2214/AJR.20.22976
https://doi.org/10.2214/AJR.20.22976
https://doi.org/10.1097/RTI.0000000000000516
https://doi.org/10.1148/radiol.2020201365
https://www.medrxiv.org/content/10.1101/2020.02.14.20023028v5
https://www.medrxiv.org/content/10.1101/2020.02.14.20023028v5
https://doi.org/10.1148/radiol.2020200905
https://doi.org/10.1148/radiol.2020200905
https://doi.org/10.1109/RBME.2020.2987975
https://www.medrxiv.org/content/10.1101/2020.03.19.20039354v1
https://doi.org/10.1148/radiol.2020201724
https://doi.org/10.1148/radiol.2020201724
www.nature.com/naturecommunications


23. Armato, S. G. 3rd et al. The lung image database consortium (LIDC) and
image database resource initiative (IDRI): a completed reference database of
lung nodules on CT scans. Med. Phys. 38, 915–931 (2011).

24. Liu, S. et al. 3d anisotropic hybrid network: Transferring convolutional
features from 2d images to 3d anisotropic volumes. (Computing and
Computer-Assisted Intervention (pp. 851–858). Springer, Cham., International
Conference on Medical Image Computing and Computer-Assisted
Intervention).

25. Huang, G., Liu, Z., van der Maaten, L. & Weinberger, K. Q. Densely connected
convolutional networks. In arXiv e-prints. Preprint at https://arxiv.org/abs/
1608.06993 (2016).

26. Selvaraju, R. R. et al. Grad-CAM: visual explanations from deep networks via
gradient-based localization. Int. J. Computer Vis. 128, 336–359 (2020).

27. NVIDIA Clara Train SDK v3. https://docs.nvidia.com/clara/tlt-mi/clara-train-
sdk-v3.0/index.html# (2020).

Acknowledgements
This work was supported by the NIH Center for Interventional Oncology and the
Intramural Research Program of the National Institutes of Health (NIH) by intramural
NIH Grants NIH Z01 1ZID # BC011242 and CL040015 and the NIH Intramural Tar-
geted Anti-COVID-19 (ITAC) Program. This project has been funded in whole or in part
with federal funds from the National Cancer Institute, National Institutes of Health,
under Contract No. 75N91019D00024, Task Order No. 75N91019F00129. The content of
this publication does not necessarily reflect the views or policies of the Department of
Health and Human Services, nor does mention of trade names, commercial products, or
organizations imply endorsement by the U.S. Government. NIH may have intellectual
property in the field. The opinions expressed herein are those of the authors alone, and
do necessarily represent those of the NIH nor the US Government. Mention of com-
mercial products or policies should not be misconstrued as endorsement by the NIH.
NIH and NVIDIA have a Cooperative Research and Development Agreement. M.B. is a
recipient of the 2019 Alain Rahmouni SFR-CERF research grant provided by the French
Society of Radiology together with the French Academic College of Radiology. We are
thankful to Cinzia Mennini, MD, contributed toward data and discussions for this work.
Thanks also for assistance in discussions and guidance: William Dahut, Tom Mistelli,
John Gallin, Bruce Tromberg, Cliff Lane, Ken Rose, Jeff Solomon, Irwin Feuerstein,
David Spiro, Kaiyong Sun, Rob Suh, Hayet Amalou, Corey Arnold, Dieter Enzmann,
Steve Raman, Gregg Cohen, Andrew Feng, Abdul Hamid-Halabi, Kimberly Powell,
Wentau Zhu, Xiaosong Wang, Jeff Plum, and Colleen Ruan.

Author contributions
S.A.H., T.H.S., S.W., S.X., E.B.T., H.R., Z.X., D.X., M.F., B.J.W., and B.T. contributed to
original research design of study. T.H.S., S.X., E.B.T., A.I., E.S., G.G.P., G.F., C.G., G.I.,

D.L., K.T., H.O., H.M., F.P., M.C., G.C., P.A., B.J.W., and B.T. contributed to data
collection. S.A.H., T.H.S., S.X., E.B.T., H.R., Z.X., D.Y., A.M., D.X., M.F., B.J.W., and B.T.
contributed to experimental studies and results. T.H.S., V.A., A.A., M.B., M.K., D.L.,
N.V., U.B., D.H., A.M., E.J., R.S., and P.L.C. contributed collaborative support and
review. S.A.H., T.H.S., S.X., E.B.T., H.R., Z.X., V.A., U.B., K.T., H.O., H.M., F.P., M.C.,
G.C., P.A., B.J.W., and B.T. contributed to paper drafting/writing.

Competing interests
H.R., Z.X., D.Y., A.M., D.X., and M.F. are employed by NVIDIA Corporation. N.V. is
employed by Philips Research, North America.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-17971-2.

Correspondence and requests for materials should be addressed to B.J.W. or B.T.

Peer review information Nature Communications thanks Adrien Depeursinge, Heung-Il
Suk and the other, anonymous, reviewer(s) for their contribution to the peer review of
this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-17971-2 ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:4080 | https://doi.org/10.1038/s41467-020-17971-2 |www.nature.com/naturecommunications 7

https://arxiv.org/abs/1608.06993
https://arxiv.org/abs/1608.06993
https://docs.nvidia.com/clara/tlt-mi/clara-train-sdk-v3.0/index.html#
https://docs.nvidia.com/clara/tlt-mi/clara-train-sdk-v3.0/index.html#
https://doi.org/10.1038/s41467-020-17971-2
https://doi.org/10.1038/s41467-020-17971-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Artificial intelligence for the detection of COVID-19 pneumonia on chest CT using multinational datasets
	Results
	Patient cohorts for training and testing
	Algorithm performance evaluation by disease entity
	Algorithm performance in unseen population domain conditions

	Discussion
	Methods
	COVID-19 study population
	Control study population
	Algorithm development
	Lung segmentation model
	Image classification model
	Statistical analysis

	Reporting summary
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




