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Abstract: Purpose: Since the prompt recognition of acute pulmonary embolism (PE) and the im-
mediate initiation of treatment can significantly reduce the risk of death, we developed a deep
learning (DL)-based application aimed to automatically detect PEs on chest computed tomogra-
phy angiograms (CTAs) and alert radiologists for an urgent interpretation. Convolutional neural
networks (CNNs) were used to design the application. The associated algorithm used a hybrid
3D/2D UNet topology. The training phase was performed on datasets adequately distributed in
terms of vendors, patient age, slice thickness, and kVp. The objective of this study was to validate
the performance of the algorithm in detecting suspected PEs on CTAs. Methods: The validation
dataset included 387 anonymized real-world chest CTAs from multiple clinical sites (228 U.S. cities).
The data were acquired on 41 different scanner models from five different scanner makers. The
ground truth (presence or absence of PE on CTA images) was established by three independent U.S.
board-certified radiologists. Results: The algorithm correctly identified 170 of 186 exams positive for
PE (sensitivity 91.4% [95% CI: 86.4–95.0%]) and 184 of 201 exams negative for PE (specificity 91.5%
[95% CI: 86.8–95.0%]), leading to an accuracy of 91.5%. False negative cases were either chronic PEs
or PEs at the limit of subsegmental arteries and close to partial volume effect artifacts. Most of the
false positive findings were due to contrast agent-related fluid artifacts, pulmonary veins, and lymph
nodes. Conclusions: The DL-based algorithm has a high degree of diagnostic accuracy with balanced
sensitivity and specificity for the detection of PE on CTAs.

Keywords: pulmonary embolism; computed tomography angiography; artificial intelligence; deep
learning tool; chest CT

1. Introduction

Estimated at around 180,000 deaths per year, pulmonary embolism (PE) remains a
leading cause of death in the United States [1]. It is the third most common cause of
cardiovascular disease events, with only myocardial infarction and stoke having a higher
prevalence [2]. Prompt recognition of acute PE and immediate initiation of anticoagulation
and mechanical thrombectomy can greatly reduce the risk of death [3]. The most common
cause of death from PE is a failure of diagnosis [4]. The clinical presentation of PE is often
nonspecific and can be mimicked by a range of other conditions. The diagnostic approach
to PE usually involves a series of investigations including echocardiography and D-dimer,
establishing the necessity for further confirmatory examinations like chest CT angiography
(CTA) and ventilation/perfusion scans [5]. CTA has become the gold standard diagnostic
modality for PE and has almost eliminated the use of ventilation/perfusion scans [6].
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CTA is a non-invasive, widely available, and rapidly performed modality. However,
the diagnosis of PE in CTA is time-consuming and requires the expertise of radiologists.
As a result, the interpretation process is susceptible to errors and delayed diagnosis [7].
The usage of CTA in emerging departments has increased over 27-fold in the last two
decades [8,9]. Variations in concordance between general and subspecialist radiologists
have been reported as well as between residents, fellows, and attending radiologists [10].
The workload increases in emergency settings, and fatigue from long work hours and
overnight shifts may contribute to an increase in diagnostic errors [11–13]. Studies have
shown that there is up to a 13% discrepancy rate between overnight radiologists and
the day faculty [14–16]. The radiologist’s sensitivity for detecting PE has been measured
in the range of 67 to 87% with a specificity of 89 to 99% [17–19]. Studies have reported
promising results in applying deep learning (DL) models to automate PE diagnosis on
CTA [20–25]. In a systematic review with the meta-analysis of DL-based AI algorithms
developed to detect PE on CTA, published in 2021, five studies provided enough data to
calculate the test accuracies [26]. A pooled sensitivity of 88% per scan and a specificity
of 86% per scan were shown. Furthermore, the authors noticed a patient selection bias
in more than half of the studies with a failure of the study population description. The
question on the potential generalizability of such algorithms remains on hold. Actually,
generalization across institutions, particularly in the setting of varying CT scanner models
and reconstruction methods, present another difficulty in the generalization of automated
diagnosis.

The objective of our study was to validate a commercially available AI-powered appli-
cation, named CINA-PE v1.0.3, for suspected PE triage and prioritization. The algorithm
was trained and tested on data from multiple clinical sites and vendors. The validation of
the application presented in this study was performed on CTA exams acquired on various
CT scanners from multiple clinical sites through the U.S. The diagnostic performance of the
device to detect PE was measured by a comparison with the ground truth established by
several expert U.S. board-certified radiologists. Furthermore, an evaluation of the triage
effectiveness was performed by measuring the standalone per-case processing time (time-
to-notifications) of the chest CTA images. Our results demonstrated good performance of
this AI-based algorithm, opening the way for its use to help radiologists by highlighting
the exams that are positive for PE in the worklist, thereby accelerating the diagnosis and
communication workflow.

2. Material and Methods
2.1. AI Algorithm: General Architecture, Training, and Testing

Convolutional neural networks (CNNs) were used to design the application. The
algorithm used a hybrid 3D/2D UNet [21,22] topology comprising four stages. The first
stage extracted the lung and main pulmonary artery pixels from the pixel volume. Then, the
region proposal network generated a first segmentation of PEs, which were then sharpened
by the false positive network using a CNN region proposal network. The post-processing
stage eliminated false-positives outside the lung and the main pulmonary artery, and finally,
a logic function between all voxel-wise masks was used to establish the final decision.

For the training phase, a K-fold cross validation schema was implemented, allowing us
to pre-compute masks for each fold without introducing bias. A dataset of 150 CTAs with a
balanced proportion of healthy lungs and lung diseases (pneumonia, ground-glass opacity,
pleural effusion, etc.) was used to train the lung and main pulmonary artery segmentation
algorithm. Then, a dataset of 4795 CTAs was used to train the region proposal network
and false positive reduction networks. A masked softmax cross entropy was used as the
loss function. The datasets were provided from several U.S. clinical centers and were
adequately distributed in terms of vendors (Canon Medical Systems Corporation, GE
Healthcare, Philips Healthcare, Siemens Healthineers), patient age, slice thickness, and kVp.
The training datasets were provided by an American Teleradiology Company on behalf of
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a data sharing partnership. The ground truth of the training phase was established by an
expert on a per-slice segmentation level.

The testing phase was performed using 109 (62 positive) CTAs adequately distributed
in terms of vendors, patient age, slice thickness, etc. A total of 2 FP and 2 FN were observed,
leading to an overall sensitivity of 96.8% [88.8–99.6%], specificity of 95.7% [85.5–99.5%],
and accuracy of 96.3%.

2.2. Data Selection for Validation

This is a retrospective multicenter and blinded standalone performance study. All
validation anonymized data were received from the same data sharing partnership with
the American Teleradiology Company from 228 U.S. clinical sites. The validation dataset
was different from the one used for the algorithm’s training and testing, and have never
been used in any way in the development of a software device. A waiver of consent was
obtained from the Western Institutional Review Board for all cases. Informed consent for
participation was not required for this study in accordance with the national legislation
and institutional requirements.

The PASS sample size (Kaysville, UT, USA) software was used to calculate the mini-
mum number of cases needed to achieve a 95% CI lower bound of at least 80%, assuming a
point estimate of 90% (for sensitivity and specificity, separately). Using the binomial dichoto-
mous endpoint for one sample study, at least 137 positive and 137 negative anonymized
cases were required.

The Teleradiology company used a specific tool (Natural Language Processing of
radiology reports) to find relevant examinations (i.e., suspected positive PE and potentially
negative ones) to send approximately the same portions of positive and negative cases.
Among the received data, we consecutively preselected the cases that were compatible
with the recommended requirements summarized in the list of inclusion criteria for the PE
study (Table 1). A total of 387 anonymized CTA cases were considered for the standalone
performance validation of the automated device.

Table 1. The inclusion criteria were chest CTAs acquired on adults (≥18 years old) that met the
following acquisition requirements.

Acquisition Parameters

Matrix size ≥ 512 × 512 (rectangular matrix accepted)

Axial acquisition only

Slice thickness ≤ 2.5 mm with no gap between successive slices

Radiation dose parameters: 60 kVp to 160 kVp

Reconstruction diameter above 200 mm

Contrast intensity: Minimum opacification the in the main pulmonary artery (mPA) = 180 HU
(Hounsfield units)

Contrast timing: Minimum opacification ratio between the mPA and the ascending aorta = 0.95

Soft tissue reconstruction kernel

2.3. The Ground Truth

Two U.S. board certified expert radiologists (DC and BW), blinded to each other,
proceeded with the visual analysis of the selected chest CTA datasets to determine whether
there was (or not) a suspected PE on the CTAs. Positive cases were considered when
any acute or chronic occlusion (marginal or endoluminal filling defect) was seen within
the main, lobar, interlobar, and/or segmental arteries only, since the occlusions of the
subsegmental arteries were not targeted by the software. Consequently, if the operators
noticed only the presence of occlusions of the subsegmental arteries, they were asked to
label the case as being negative. In the case of discrepancy between both radiologists, a
third U.S. board-certified radiologist (PC) reviewed the axial CTA series. The final ground
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truth (presence or absence of PE) was established by majority consensus. Additionally,
the operators were asked to report any confounding condition (i.e., streak artifact, motion
artifacts, presence of tumor, pleural effusion, catheter etc.) if observed.

2.4. Post-Processing

The next step consisted of processing the same selected anonymized dataset by a U.S.
Food and Drug Administration (FDA) cleared and CE-marked AI-powered application for
suspected PE triage and prioritization, named CINA-PE (v1.0.3, Avicenna.AI, La Ciotat,
France), which is the subject of the current standalone performance validation study. All
received data were automatically processed by the application, and notifications of the
suspected findings (if any) were automatically displayed along with the image series
information. No visualization of the data, or any interpretation of the displayed images
was required for this step analysis. The results were automatically computed and collected
for analysis. The evaluations were performed blind, without access to the results of the
U.S. board-certified radiologists’. For all CTA cases, the notification time, time between
the end of the DICOM reception (made available for PE image processing), and the end of
processing (positive or negative identification) were measured.

2.5. Statistical Analysis

The comparison between the results provided by the U.S. board-certified radiologists
and those automatically computed by CINA-PE was performed according to the numbers of
the true positive (TP), true negative (TN), false positive (FP) and false negative (FN) values.
Sensitivity, specificity, accuracy, and area under the receiver operating characteristic curve
(ROC AUC) were computed for the entire cohort. The 95% confidence intervals (95% CI)
were calculated for sensitivity and specificity using the exact binomial distribution (Clopper–
Pearson). The lower bound of the two-sided 95% CI were compared to a performance goal
of 80% for sensitivity and specificity. Furthermore, the Matthews correlation coefficient
(MCC) was calculated to measure the quality of binary classifications, which generates a
high score only if the binary predictor is able to correctly predict the majority of positive
and negative data instances, and returns a value between −1 and +1, where a coefficient of
+1 represents a perfect prediction.

Positive and negative predictive values were also computed using sensitivity and
specificity with varying prevalence values (from 10% to 50%, increment of 5%).

A stratified statistical analysis on the imaging acquisition parameters (scanner makers,
number of detector rows and slice thickness) and the patient groups (age, sex, and U.S
regions) was also calculated (Supplementary Materials—Table S1).

Additionally, PE prioritization and triage effectiveness (mean ± SD, lower and upper
95% CI limits, median, minimum, and maximum values) were evaluated by the standalone
per-case processing time of the device.

3. Results
3.1. Data Distribution

The mean ± SD age of the 387 patients included in the performance study was
62.5 ± 16.3 y/o (min = 19 y/o and max = 90 y/o). Male and female populations were
almost equally distributed (53% and 47%, respectively). The clinical data were acquired in
228 cities, located in 43 different states. For stratified analysis, the 387 cases were grouped
by U.S. regions (Pacific, Continental, Northeast, and Southeast). The CTA examinations
were performed on 41 different scanners including 17, five, 14, four, and one different
models from GE Healthcare, Philips Healthcare, Siemens Healthinners, Canon Medical
Systems Corporation (formerly Toshiba), and Philips-Neusoft Medical Systems (PNMS),
respectively. The number of detector rows varied from 8 to 320. For 25 (6.5%) cases, the
number of detector rows was not available. All data (100%) had slice thickness values
lower or equal to 2.5 mm, as recommended for an optimal use of the PE triage application.
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3.2. Ground Truth Results

Among the 387 included CTA cases, one U.S. board-certified radiologist (BW) assessed
192 cases as being positive and 195 as being negative, whereas the second U.S. board-
certified radiologist (DC) annotated 188 cases as being positive and 199 as being negative
for the same cohort. Disagreements were observed between both operators for 30 (7.8%)
cases (very good inter-rater agreement was computed according to Cohen’s Kappa = 0.84
[95% CI: 0.79–0.89]). After a review of the discrepant cases by the third radiologist (PC),
the ground truth established by majority consensus was 186 (48.1%) positive and 201
(51.9%) negative cases. The distribution of the PE cases in terms of positives and negatives
for different categories (i.e., scanner makers, patient age and sex, U.S. regions, etc.) are
presented in Supplementary Materials—Table S1.

3.3. Sensitivity, Specificity, AUC, Accuracy, and MCC

The AI-powered algorithm achieved its primary endpoint of lower 95% CI bounds
≥80% for sensitivity and specificity. As presented in Table 2, the sensitivity was 91.4% [95%
CI: 86.4–95.0%], the specificity was 91.5% [95% CI: 86.8–95.0%], and the area under the
receiver operating characteristic curve (AUC) was 0.92 [95% CI: 0.88–0.94] (p < 0.0001). The
ROC curve is illustrated in Figure 1. Among the 387 tested data, 354 cases provided no
difference between the operators’ visual assessments (ground truth) and the automatically
computed results provided by the application (Figure 2), leading to an accuracy of 91.5%
[95% CI: 88.2–94.1%] (Table 2). The MCC was 0.83, which is a factor of a very good
prediction.

Table 2. Statistical findings for CINA-PE.

Statistical Findings

TP 170 Sensitivity
[95% CI]

91.4%
[86.4–95.0%]

FN 16 Specificity
[95% CI]

91.5%
[86.8–95.0%]

TN 184 Accuracy
[95% CI]

91.5%
[88.2–94.1%]

FP 17 AUC
[95% CI]

0.92 *
[0.88–0.94]

* Significance level p (area = 0.5) < 0.0001.
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(filling defect within the arterial lumen), correctly detected by the CINA-PE software considered as a
true positive case. Top (a): The red arrow shows the clot within the arterial lumen. Bottom (b): Axial
image targeted on the right lower lobe.

There were 16 FNs with a miss rate for PE of 8.6% (16/186 positive cases). Among
them, six corresponded to small chronic PEs. The location and cause of the other FN cases
are reported in Supplementary Materials—Table S2. Among these 16 FN cases, three were
a cause of disagreement between the radiologists in charge to provide the ground truth,
with huge difficulty to visualize the clots on the images. Several missed PEs were at the
limit of subsegmental arteries and close to the partial volume effect artifacts (Figure 3).
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Figure 3. Case of the false negative response of the algorithm in the left upper lobe. Top (a): Axial
image showing excellent opacification of pulmonary arteries. The red arrow shows the small filling
defect within the termination of the segmental artery just close to the origin of subsegmental arteries.
Note the presence of bilateral pleural effusion. Bottom (b): Axial image targeted on the left lung
illustrating the presence of PE.

A total of 17/201 (8.5%) cases were false positives. Among them, six cases were
complicated cases and were the subject of disagreements between the experts. Six PEs
were correctly detected within subsegmental arteries, but these were the cases considered
as “negative” by the readers, since the application was not designed/trained to flag sub-
segmental arteries. The other false positives were due to the presence of important noise,
streak and/or motion artifacts (Figure 4), or the partial volume effect artifact. The location
and cause of the false positives are reported in Supplementary Materials—Table S3.
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axial image showing motion artifacts blurring the pseudo-lesion.

3.4. Positive and Negative Predictive Values

Positive and negative predictive values with varying prevalence values (from 10 to
50%, increment of 5%) are provided in Table 3. The negative predictive values exceeded
91% and varied from 91.4% for a PE prevalence of 50% to 99.0% for a prevalence of 10%.
The positive predictive values ranged between 54.6% for a prevalence of 10% and 91.5% for
a prevalence of 50%, and exceeded 82% for a prevalence higher than 30%.

3.5. Stratified Analysis

The stratifications are provided for the subgroups of imaging acquisitions and scan
parameters (scanner makers, number of detector rows and slice thickness), and the patient
groups (U.S. regions, patient age and sex). The algorithm performance across all subgroups
is presented in Table S1 (Supplementary Materials). The stratified statistical analysis
showed sensitivities between 86.7% and 100%, and specificities between 82.4% and 95.5%.
Therefore, for all categories, and for each group, the sensitivities and specificities were
higher than 82%.
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Table 3. Summary of positive and negative predictive values for CINA–PE application, completed by
varying prevalence values (from 10% to 50%, increments of 5%).

Prevalence (%) CINA—PE Positive
Predictive Value (%)

CINA—PE Negative
Predictive Value (%)

10 54.6 99.0

15 65.6 98.4

20 73.0 97.7

25 78.3 97.0

30 82.2 96.1

35 85.3 95.2

40 87.8 94.1

45 89.8 92.9

50 91.5 91.4

3.6. Time-to-Notification

The application was run with the following hardware specifications: CPU: 8 threads
at 3.0+ GHz and RAM: 16 GB. Time-to-notification (TTN) was calculated for all 387 cases.
The mean TTN ± SD was 43.6 ± 9.9 s with 42.6 and 44.6 s for the lower and upper 95% CI
limits, respectively. The median value was 41.7 s. The minimum and maximum TTN were
26.2 and 82.0 s, respectively.

4. Discussion

We conducted a retrospective, multicenter, and blinded study to validate the stan-
dalone performance of a new AI-powered application for suspected PE triage and prioriti-
zation on chest CTA images and to test its generalizability. The data came from multiple
U.S. clinical sites acquired on five different scanner makers and 41 different scanner models.
They included 186 (48.1%) positive PE cases. This validation study focused on assessing
the standalone diagnostic performance of the algorithm when compared to the ground
truth established by three U.S. board certified expert radiologists. The results showed an
accuracy of 91.5% when compared to the visual assessment of the operators. The sensitivity
and specificity exceeded 91% with a ROC-AUC of 0.92. In addition, the TTN ranging
between 26 and 82 s was well-adapted for practical use in emergency radiology.

According to the literature, other DL solutions achieved performances inferior or simi-
lar to those of CINA-PE, but with important limitations. Indeed, Ajmera et al. developed a
2D segmentation model consisting of U-Net architecture to detect PEs on CTAs. They tested
the model performance on a single external dataset consisting of CTAs from 251 patients
of whom 55 presented PE. Sensitivity and specificity were 80% and 74% respectively with
an accuracy of 0.76 [25]. Huang et al. developed and evaluated an end-to-end DL model
capable of detecting PE using the entire volumetric CTA imaging examination. This model
achieved an AUC of 0.84 for automatic PE detection on the hold out test set and 0.85 AUC
on the external datasets [20]. Liu et al. trained a DL model on the CTAs of 590 patients (460
with PE and 130 without PE) for the segmentation of the clots. Validation was performed
on an in-house dataset made of 288 patients (186 with PE and 102 without PE). The AUC
was 0.92, the sensitivity was 94.6%, but the specificity was only 76.5% [22]. Huhtanen et al.
also developed a DL model trained and validated on 600 CTAs, and tested their model
on 200 CTAs. The model achieved good performances (AUC 0.94, sensitivity 93.5% and
specificity 86.6%). However, they only used data from a unique institution and the majority
of the data was acquired with CT scanners from one vendor [24]. Finally, Weiker et al.
trained and validated a DL solution comprising a Resnet architecture (Briefcase, Aidoc
Medical) on 28,000 CTAs acquired at various institutions for automatic PE prioritization
and triage. The diagnostic accuracy, measured on a test dataset including 232 positive



Diagnostics 2023, 13, 1324 10 of 13

and 1233 negative examinations was high with a sensitivity of 92.7% and a specificity of
95.5% [23]. However, the dataset selection for the test was made from a single institution,
missing the evaluation of potential generalizability. On the other hand, in a more recent
publication, investigators used the Briefcase software to retrospectively assess the presence
or absence of PE on CTA examinations performed in various emergency departments and
sent to interpretation centers of three French cities (Bordeaux, Lyon, and Marseille), thus
reinforcing the validation of the algorithm [27].

The objective of CINA-PE is to detect acute PE on CTAs. However, even if chronic PE
is not generally an urgent finding that warrants immediate triage or an immediate need to
treat the patient, particular attention must be paid for “chronic PEs”, which may be missed
by the application as in six cases of our series, especially in the presence of acquisition
artifacts. The other FNs observed in our study were difficult cases with PE locations close
to the partial volume effect artifacts, at the limit of subsegmental arteries, with bad quality
of the image acquisitions, or in the case of complete occlusion of the artery.

As the CINA-PE application was not trained to flag subsegmental arteries, the cases
of subsegmental PEs detected by the algorithm and confirmed by the radiologists were
considered as false positives. Indeed, as reported by Carrier et al., the subsegmental pul-
monary embolism diagnoses identified by CTA are unlikely to be clinically relevant and
may not be worth diagnosing, provided that there is no evidence of deep vein thrombo-
sis [28]. The other FP cases also reported in the literature [23,24] were due to the partial
volume effect with hilar lymph nodes, pulmonary veins, or streaks of beam-hardening
artifacts. Consequently, any positive result detected by the algorithm leads to an automatic
notification for the radiologist who has to determine the quality of images and to decide if
the case is positive, negative, or indeterminate with an option of additional investigations.

In clinical practice, the majority of CTAs performed for suspicion of PE are
negative [29–31]. According to the literature, the yield of positive cases varies from less
than 10 to 20–30% [29,31–33]. As prevalence has a strong influence on positive and negative
predictive values, this might translate into an application site-dependent performance.
When the prevalence values varied from 10% to 30% in our study data, the extrapolated
positive predictive value varied from 54.6% to 82.2% while the negative predictive value
moved from 99% to 96.1%. In all cases of positive results detected by the algorithm, the
radiologist was informed by an automatic notification, then had to review the images
flagged by the software and decide between TP and FP. For the cases not flagged by the
algorithm, they were ultimately reviewed through the standard of care workflow without
interruption.

The main clinical usefulness of the proposed DL-based solution is currently the priori-
tization of CTAs detected as positive for PE for an urgent and prompt interpretation by the
radiologist. This is particularly beneficial when the workload increases in emerging settings.
Beyond this primary objective, such automated triage and prioritization application could
potentially improve the radiologist’ performance and ultimately result in better patient
clinical outcomes. However, the potential benefit of using this application to improve the
performance of radiologists in diagnosing PE on CTAs remains to be assessed. Hence, our
next objective step will be to compare the diagnostic performances of the AI-based device
alone and radiologists alone with those of radiologists with full access to the AI output
during their practice.

Our study presented some limitations. First of all, a direct comparison between the DL
algorithm and the performance of the radiologists was not carried out. Second, we did not
use a multitask DL approach like that of other investigators who developed a two-phase
multitask learning method that could recognize the presence of PE and its properties as
the position, whether acute or chronic, and the corresponding right-to-left ventricle ratio,
thereby reducing FN diagnoses [34]. Furthermore, we did not integrate both clinical and
imaging data as Huang et al. did, who developed different multimodal fusion model
architectures that were capable of utilizing both pixel data from CTAs and clinical patient
data from the electronic health record to automatically classify PE cases [35].
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Key Points:

1. To help radiologists to prioritize exams with a high suspicion of pulmonary embolism
(PE), a deep learning (DL) algorithm was trained on 4795 CT angiograms from multi-
ple U.S. clinical centers and adequately distributed in terms of vendors, patient age,
slice thickness, and kVp.

2. In a retrospective, multicenter, and blinded standalone validation study, the DL
algorithm achieved an area under the receiver operating characteristic curve (AUC)
of 0.92 [95% CI: 0.88–0.94] (p < 0.0001).

3. Both the training and validation of the algorithm on data from multiple clinical sites
through the U.S. and acquired on multiple scanner models promotes the generaliz-
ability of its use.

5. Conclusions

The CINA-PE AI-powered application developed to prioritize suspected PE on CTAs
for immediate reading by radiologists was trained and validated on multicentric real-
world data adequately distributed in terms of vendors, CT scanner models, patient age
and sex, slice thickness, and KVP. The validation phase of CINA-PE achieved a high
accuracy (0.92 AUC) to detect suspected acute PEs on CTAs. The great heterogeneity of
datasets used for both training and validation of the DL-based software should guarantee
enough robustness for generalization of its use. The potential clinical benefit of using such
an automatic PE detection system to improve the performance of the radiologists, and
ultimately result in better patient clinical outcomes, remains to be assessed.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/diagnostics13071324/s1.

Author Contributions: Conceptualization, A.A., P.D.C. and Y.C.; Methodology, A.A., P.D.C. and
Y.C.; Software, M.T. and P.D.C.; Validation, A.A. and Y.C.; Formal analysis, A.A., D.S.C., B.D.W.,
P.D.C. and Y.C.; Investigation, B.D.W. and P.D.C.; Resources, M.M.; Data curation, S.Q. and M.T.;
Writing–original draft, P.A.G.; Writing–review & editing, P.A.G., A.A., S.Q., M.T., M.M., D.S.C.,
B.D.W., P.D.C. and Y.C.; Project administration, P.A.G., D.S.C. and P.D.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: A waiver of consent was obtained from the Western IRB for
all the cases.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: P.A.G. and B.D.M. have no conflict of interest. D.S.C. and P.D.C. own stock
options in Avicenna.AI. A.A., S.Q., M.T., M.M. and Y.C. are employees of Avicenna.AI.

Abbreviations

PE = pulmonary embolism; CTA = computed tomography angiogram; DL = deep learning;
CNN = convolutional neural network; TP = true positive; FP = false positive; TN = true negative;
FN = false negative; AUC = area under the receiver operating characteristic curve; MCC = Matthews
correlation coefficient.

References
1. Horlander, K.T.; Mannino, D.M.; Leeper, K.V. Pulmonary embolism mortality in the United States, 1979–1998: An analysis using

multiple-cause mortality data. Arch. Intern. Med. 2003, 163, 1711–1717. [CrossRef] [PubMed]
2. Clemens, S.; Leeper, K.V., Jr. Newer modalities for detection of pulmonary emboli. Am. J. Med. 2007, 120, S2–S12. [CrossRef]

[PubMed]

https://www.mdpi.com/article/10.3390/diagnostics13071324/s1
https://www.mdpi.com/article/10.3390/diagnostics13071324/s1
http://doi.org/10.1001/archinte.163.14.1711
http://www.ncbi.nlm.nih.gov/pubmed/12885687
http://doi.org/10.1016/j.amjmed.2007.07.014
http://www.ncbi.nlm.nih.gov/pubmed/17916456


Diagnostics 2023, 13, 1324 12 of 13

3. Donato, A.A.; Scheirer, J.J.; Atwell, M.S.; Gramp, J.; Duszak, R., Jr. Clinical outcomes in patients with suspected acute pulmonary
embolism and negative helical computed tomographic results in whom anticoagulation was withheld. Arch. Intern. Med. 2003,
163, 2033–2038. [CrossRef] [PubMed]

4. Dalen, J.E. Pulmonary embolism: What have we learned since Virchow? Natural history, pathophysiology, and diagnosis. Chest
2002, 122, 1440–1456. [CrossRef]

5. Righini, M.; Robert-Ebadi, H.; Le Gal, G. Diagnosis of acute pulmonary embolism. J. Thromb. Haemost. 2017, 15, 1251–1261.
[CrossRef]

6. Shujaat, A.; Shapiro, J.M.; Eden, E. Utilization of CT Pulmonary Angiography in Suspected Pulmonary Embolism in a Major
Urban Emergency Department. Pulm. Med. 2013, 2013, 915213. [CrossRef] [PubMed]

7. Wittram, C.; Maher, M.M.; Yoo, A.J.; Kalra, M.K.; Shepard, J.A.; McLoud, T.C. CT angiography of pulmonary embolism: Diagnostic
criteria and causes of misdiagnosis. Radiographics 2004, 24, 1219–1238. [CrossRef]

8. Prologo, J.D.; Gilkeson, R.C.; Diaz, M.; Asaad, J. CT pulmonary angiography: A comparative analysis of the utilization patterns in
emergency department and hospitalized patients between 1998 and 2003. AJR Am. J. Roentgenol. 2004, 183, 1093–1096. [CrossRef]

9. Chandra, S.; Sarkar, P.K.; Chandra, D.; Ginsberg, N.E.; Cohen, R.I. Finding an alternative diagnosis does not justify increased use
of CT-pulmonary angiography. BMC Pulm. Med. 2013, 13, 9. [CrossRef]

10. Hutchinson, B.D.; Navin, P.; Marom, E.M.; Truong, M.T.; Bruzzi, J.F. Overdiagnosis of Pulmonary Embolism by Pulmonary CT
Angiography. AJR Am. J. Roentgenol. 2015, 205, 271–277. [CrossRef]

11. McDonald, R.J.; Schwartz, K.M.; Eckel, L.J.; Diehn, F.E.; Hunt, C.H.; Bartholmai, B.J.; Erickson, B.J.; Kallmes, D.F. The effects of
changes in utilization and technological advancements of cross-sectional imaging on radiologist workload. Acad. Radiol. 2015, 22,
1191–1198. [CrossRef] [PubMed]

12. Rohatgi, S.; Hanna, T.N.; Sliker, C.W.; Abbott, R.M.; Nicola, R. After-Hours Radiology: Challenges and Strategies for the
Radiologist. AJR Am. J. Roentgenol. 2015, 205, 956–961. [CrossRef] [PubMed]

13. Hanna, T.N.; Zygmont, M.E.; Peterson, R.; Theriot, D.; Shekhani, H.; Johnson, J.O.; Krupinski, E.A. The Effects of Fatigue From
Overnight Shifts on Radiology Search Patterns and Diagnostic Performance. J. Am. Coll. Radiol. 2018, 15, 1709–1716. [CrossRef]

14. Yavas, U.S.; Calisir, C.; Ozkan, I.R. The interobserver agreement between residents and experienced radiologists for detecting
pulmonary embolism and DVT with using CT pulmonary angiography and indirect CT venography. Korean J. Radiol. 2008, 9,
498–502. [CrossRef]

15. Rufener, S.L.; Patel, S.; Kazerooni, E.A.; Schipper, M.; Kelly, A.M. Comparison of on-call radiology resident and faculty
interpretation of 4- and 16-row multidetector CT pulmonary angiography with indirect CT venography. Acad. Radiol. 2008, 15,
71–76. [CrossRef]

16. Joshi, R.; Wu, K.; Kaicker, J.; Choudur, H. Reliability of on-call radiology residents’ interpretation of 64-slice CT pulmonary
angiography for the detection of pulmonary embolism. Acta Radiol. 2014, 55, 682–690. [CrossRef]

17. Kligerman, S.J.; Mitchell, J.W.; Sechrist, J.W.; Meeks, A.K.; Galvin, J.R.; White, C.S. Radiologist Performance in the Detection of
Pulmonary Embolism: Features that Favor Correct Interpretation and Risk Factors for Errors. J. Thorac. Imaging 2018, 33, 350–357.
[CrossRef]

18. Das, M.; Mühlenbruch, G.; Helm, A.; Bakai, A.; Salganicoff, M.; Stanzel, S.; Liang, J.; Wolf, M.; Günther, R.W.; Wildberger, J.E.
Computer-aided detection of pulmonary embolism: Influence on radiologists’ detection performance with respect to vessel
segments. Eur. Radiol. 2008, 18, 1350–1355. [CrossRef] [PubMed]

19. Eng, J.; Krishnan, J.A.; Segal, J.B.; Bolger, D.T.; Tamariz, L.J.; Streiff, M.B.; Jenckes, M.W.; Bass, E.B. Accuracy of CT in the diagnosis
of pulmonary embolism: A systematic literature review. AJR Am. J. Roentgenol. 2004, 183, 1819–1827. [CrossRef]

20. Huang, S.C.; Pareek, A.; Seyyedi, S.; Banerjee, I.; Lungren, M.P. Fusion of medical imaging and electronic health records using
deep learning: A systematic review and implementation guidelines. NPJ Digit. Med. 2020, 3, 136. [CrossRef]

21. Tajbakhsh, N.; Shin, J.Y.; Gotway, M.B.; Liang, J. Computer-aided detection and visualization of pulmonary embolism using a
novel, compact, and discriminative image representation. Med. Image Anal. 2019, 58, 101541. [CrossRef] [PubMed]

22. Liu, W.; Liu, M.; Guo, X.; Zhang, P.; Zhang, L.; Zhang, R.; Kang, H.; Zhai, Z.; Tao, X.; Wan, J.; et al. Evaluation of acute pulmonary
embolism and clot burden on CTPA with deep learning. Eur. Radiol. 2020, 30, 3567–3575. [CrossRef] [PubMed]

23. Weikert, T.; Winkel, D.J.; Bremerich, J.; Stieltjes, B.; Parmar, V.; Sauter, A.W.; Sommer, G. Automated detection of pulmonary
embolism in CT pulmonary angiograms using an AI-powered algorithm. Eur. Radiol. 2020, 30, 6545–6553. [CrossRef] [PubMed]

24. Huhtanen, H.; Nyman, M.; Mohsen, T.; Virkki, A.; Karlsson, A.; Hirvonen, J. Automated detection of pulmonary embolism from
CT-angiograms using deep learning. BMC Med. Imaging 2022, 22, 43. [CrossRef]

25. Ajmera, P.; Kharat, A.; Seth, J.; Rathi, S.; Pant, R.; Gawali, M.; Kulkarni, V.; Maramraju, R.; Kedia, I.; Botchu, R.; et al. A deep
learning approach for automated diagnosis of pulmonary embolism on computed tomographic pulmonary angiography. BMC
Med. Imaging 2022, 22, 195. [CrossRef]

26. Soffer, S.; Klang, E.; Shimon, O.; Barash, Y.; Cahan, N.; Greenspana, H.; Konen, E. Deep learning for pulmonary embolism
detection on computed tomography pulmonary angiogram: A systematic review and meta-analysis. Sci. Rep. 2021, 11, 15814.
[CrossRef]

27. Cheikh, A.; Gorincour, G.; Nivet, H.; May, J.; Seux, M.; Calame, P.; Thomson, V.; Delabrousse, E.; Crombé, A. How artificial
intelligence improves radiological interpretation in suspected pulmonary embolism. Eur. Radiol. 2022, 32, 5831–5842. [CrossRef]

http://doi.org/10.1001/archinte.163.17.2033
http://www.ncbi.nlm.nih.gov/pubmed/14504116
http://doi.org/10.1378/chest.122.4.1440
http://doi.org/10.1111/jth.13694
http://doi.org/10.1155/2013/915213
http://www.ncbi.nlm.nih.gov/pubmed/24078873
http://doi.org/10.1148/rg.245045008
http://doi.org/10.2214/ajr.183.4.1831093
http://doi.org/10.1186/1471-2466-13-9
http://doi.org/10.2214/AJR.14.13938
http://doi.org/10.1016/j.acra.2015.05.007
http://www.ncbi.nlm.nih.gov/pubmed/26210525
http://doi.org/10.2214/AJR.15.14605
http://www.ncbi.nlm.nih.gov/pubmed/26496543
http://doi.org/10.1016/j.jacr.2017.12.019
http://doi.org/10.3348/kjr.2008.9.6.498
http://doi.org/10.1016/j.acra.2007.06.030
http://doi.org/10.1177/0284185113506135
http://doi.org/10.1097/RTI.0000000000000361
http://doi.org/10.1007/s00330-008-0889-x
http://www.ncbi.nlm.nih.gov/pubmed/18292998
http://doi.org/10.2214/ajr.183.6.01831819
http://doi.org/10.1038/s41746-020-00341-z
http://doi.org/10.1016/j.media.2019.101541
http://www.ncbi.nlm.nih.gov/pubmed/31416007
http://doi.org/10.1007/s00330-020-06699-8
http://www.ncbi.nlm.nih.gov/pubmed/32064559
http://doi.org/10.1007/s00330-020-06998-0
http://www.ncbi.nlm.nih.gov/pubmed/32621243
http://doi.org/10.1186/s12880-022-00763-z
http://doi.org/10.1186/s12880-022-00916-0
http://doi.org/10.1038/s41598-021-95249-3
http://doi.org/10.1007/s00330-022-08645-2


Diagnostics 2023, 13, 1324 13 of 13

28. Carrier, M.; Klok, F.A. Symptomatic subsegmental pulmonary embolism: To treat or not to treat? Hematol. Am. Soc. Hematol. Educ.
Program. 2017, 1, 237–241. [CrossRef]

29. Sherk, W.; Stojanovska, J. Role of Clinical Decision Tools in the Diagnosis of Pulmonary Embolism. AJR Am. J. Roentgenol. 2017,
208, W60–W70. [CrossRef]

30. Roy, P.M.; Meyer, G.; Vielle, B.; Le Gall, C.; Verschuren, F.; Carpentier, F.; Leveau, P.; Furber, A.; EMDEPU Study Group.
Appropriateness of diagnostic management and outcomes of suspected pulmonary embolism. Ann. Intern. Med. 2006, 144,
157–164. [CrossRef]

31. Donohoo, J.H.; Mayo-Smith, W.W.; Pezzullo, J.A.; Egglin, T.K. Utilization patterns and diagnostic yield of 3421 consecutive
multidetector row computed tomography pulmonary angiograms in a busy emergency department. J. Comput. Assist. Tomogr.
2008, 32, 421–425. [CrossRef] [PubMed]

32. Mountain, D.; Keijzers, G.; Chu, K.; Joseph, A.; Read, C.; Blecher, G.; Furyk, J.; Bharat, C.; Velusamy, K.; Munro, A.; et al. Rates of
Pulmonary Emboli (PE) and Sub-Segmental PE with Modern Computed Tomographic Pulmonary Angiograms in Emergency
Departments: A Multi-Center Observational Study Finds Significant Yield Variation, Uncorrelated with Use or Small PE Rates.
PLoS ONE 2016, 11, e0166483. [CrossRef] [PubMed]

33. Dalen, J.E.; Waterbrook, A.L. Why Are Nearly All CT Pulmonary Angiograms for Suspected Pulmonary Embolism Negative?
Am. J. Med. 2017, 130, 247–248. [CrossRef] [PubMed]

34. Ma, X.; Ferguson, E.; Jiang, X.; Savitz, S.I.; Shams, S. A multitask deep learning approach for pulmonary embolism detection and
identification. Sci. Rep. 2022, 12, 13087. [CrossRef] [PubMed]

35. Huang, S.C.; Pareek, A.; Zamanian, R.; Barnejee, I.; Lungren, M.P. Multimodal fusion with deep neural networks for leveraging
CT imaging and electronic health record: A case-study in pulmonary embolism detection. Sci. Rep. 2020, 10, 22147. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1182/asheducation-2017.1.237
http://doi.org/10.2214/AJR.16.17206
http://doi.org/10.7326/0003-4819-144-3-200602070-00003
http://doi.org/10.1097/RCT.0b013e31812e6af3
http://www.ncbi.nlm.nih.gov/pubmed/18520550
http://doi.org/10.1371/journal.pone.0166483
http://www.ncbi.nlm.nih.gov/pubmed/27918576
http://doi.org/10.1016/j.amjmed.2016.03.043
http://www.ncbi.nlm.nih.gov/pubmed/27908793
http://doi.org/10.1038/s41598-022-16976-9
http://www.ncbi.nlm.nih.gov/pubmed/35906477
http://doi.org/10.1038/s41598-020-78888-w
http://www.ncbi.nlm.nih.gov/pubmed/33335111

	Introduction 
	Material and Methods 
	AI Algorithm: General Architecture, Training, and Testing 
	Data Selection for Validation 
	The Ground Truth 
	Post-Processing 
	Statistical Analysis 

	Results 
	Data Distribution 
	Ground Truth Results 
	Sensitivity, Specificity, AUC, Accuracy, and MCC 
	Positive and Negative Predictive Values 
	Stratified Analysis 
	Time-to-Notification 

	Discussion 
	Conclusions 
	References

