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Background: Recently, the Turing test has been used to investigate whether machines
have intelligence similar to humans. Our study aimed to assess the ability of an artificial
intelligence (Al) system for spine tumor detection using the Turing test.

Methods: Our retrospective study data included 12179 images from 321 patients for
developing Al detection systems and 6635 images from 187 patients for the Turing test.
We utilized a deep learning-based tumor detection system with Faster R-CNN
architecture, which generates region proposals by Region Proposal Network in the first
stage and corrects the position and the size of the bounding box of the lesion area in the
second stage. Each choice question featured four bounding boxes enclosing an identical
tumor. Three were detected by the proposed deep learning model, whereas the other was
annotated by a doctor; the results were shown to six doctors as respondents. If the
respondent did not correctly identify the image annotated by a human, his answer was
considered a misclassification. If all misclassification rates were >30%, the respondents
were considered unable to distinguish the Al-detected tumor from the human-annotated
one, which indicated that the Al system passed the Turing test.

Results: The average misclassification rates in the Turing test were 51.2% (95% Cl:
45.7%-57.5%) in the axial view (maximum of 62%, minimum of 44%) and 44.5% (95% Cl:
38.2%-51.8%) in the sagittal view (maximum of 59%, minimum of 36%). The
misclassification rates of all six respondents were >30%; therefore, our Al system
passed the Turing test.

Conclusion: Our proposed intelligent spine tumor detection system has a similar
detection ability to annotation doctors and may be an efficient tool to assist radiologists
or orthopedists in primary spine tumor detection.
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INTRODUCTION

Magnetic resonance imaging (MRI) is commonly used to
diagnose spine disorders (e.g., myelopathy, spine canal
stenosis, and traumatic injury). Spine tumors may cause spine
fractures, instability, neurological deficits, or even paralysis.
However, they are rarely observed because of their low
incidence. Thus, it is difficult for junior radiologists or
orthopedists to accumulate diagnostic experience, and they
may not be capable of detecting different spine tumors on
MRI. Deep learning (DL)—a class of artificial intelligence (AI)
—is now prevalent in computer vision tasks. For spine imaging,
especially MRI, DL, and other AI systems are being applied as
diagnostic imaging technologies (1-5). Hallinan et al. (6) used a
DL model for automated detection of the central canal, lateral
recess, and neural foraminal stenosis in lumbar spine MRI;
Huang et al. (7) utilized a DL-based fully automated program
for vertebrae and disc quantifications on lumbar spine MRI;
Merali et al. (8) developed a DL model for the detection of
cervical spinal cord compression in MRI scans, and Ito et al. (9)
developed the DL-based automated detection of spinal
schwannomas in MRI. However, evaluation measures for Al
methods are lacking because conventional radiology assessment
systems do not meet the requirements of DL models. Thus, in
this study, we applied the Turing test, a classical evaluation
method in AI, on primary spine tumor DL detection on
MR images.

Alan Turing, a British mathematician and theoretical
computer scientist, is widely regarded as the founding father of
AL Alan Turing’s paper in 1950 entitled “Computing Machinery
and Intelligence” had considered the question “Can machines
think?” (10). Subsequently, he replaced the question with a
significantly more practical scenario, namely, the Turing
imitation game. The game has now become widely known,
particularly in the clinical domain, as the Turing test. The
Turing test (11, 12) is proposed to assess if a machine can
think like a human, which reframed his question as follows: Can
a machine display intelligence via imitation? Although this
proposal is complex, a common operation of the Turing test
requires an interrogator to communicate electronically with a
subject to judge whether the subject is a human or machine (13,
14). The machine performed well if the interrogator makes an
incorrect identification as often as a correct one. When
evaluating the automated detection ability of a DL model, the
gold standard is a comparison with the manual annotation of the
same images by radiologists or orthopedists. However, the use of
manual spine tumor annotations as the gold standard has been
questioned because annotations themselves are subjective. For
example, when a patient’s spine tumor is annotated by two
different doctors, their annotations will hardly denote the same
exact square, thereby reflecting inter- and intra-observer
variability. Thus, the first purpose of using the Turing test was
to confirm whether the automated detection ability of our DL
models could achieve a clinically applicable standard compared
with that of manual annotations at a tertiary university hospital.
To this end, we proposed a simple interface program with choice
questions to assess automated detection versus manual

annotation based on position, shape, and area overlap. We
hypothesized that if a clinical respondent is unable to
distinguish the different bounding boxes drawn by an
automated detection system and those produced manually by a
spine expert, then it is likely that this DL model will be
considered adequate for clinical application, which may assist
orthopedists to find the primary spine tumors efficiently in the
future. The second aim of this study was to assess the accuracy
rate, false-positive, and false-negative results of the manual
annotations from radiologists and orthopedists. It’s important
to note that in this study, we mostly focused on the primary
tumors located in the skeletal spine structures, thus we did not
collect the intradural or intramedullary nervous system tumors.

METHODS

Patient and Image Acquisition

We reviewed consecutive spinal tumor patients histologically
diagnosed with primary spine tumors at our hospital between
January 2012 and December 2020. Although primary spine
tumors are rarely observed because of their low incidence,
Peking University Third Hospital (PUTH) is a famous spine
center in North China, and we can collect enough primary spine
tumors patients in this study. The MR images of intradural or
intramedullary nervous system tumors and ones acquired from
other hospitals were excluded. Our database contained 508
patients, 226 women and 282 men (mean age, 49.0 [range, 3-
84] years), including 19532 MR images with tumors. We used
12179 images from 321 patients to develop Al detection systems
and 6635 images from 187 patients as a test set. For the Turing
test, 100 patients were randomly selected from 187 patients in the
test set. Sagittal and axial images were selected as representatives
for manual annotation and training for the automated detection
model because they span a wider range of spine regions, crucial
for training the DL models for automated detection. Thus, the
remaining 718 coronal images in the database did not participate
in the training and testing process.

Preoperative MRI scans were performed on Discovery
MR750 3.0T or Optima MR360 1.5T (GE Healthcare;
Piscataway, NJ, USA). Conventional MRI scanning sequences
included axial T2-weighted imaging (T2WI), sagittal T2WI,
coronal T2WI, T1-weighted imaging (T1WI), and fat-
suppressed T2WI scans. For axial and sagittal reconstruction,
the scans were performed with the following parameters: field of
view = 320 mm X 320 mm; matrix = 94 x 94; flip angle = 90; slice
thickness = 3.0 mm; slice spacing = 3.3 mm; FS-T2WI turbo spin
echo, repetition time (TR) = 2500-4000 msec, and echo time
(TE) = 50-120 msec; and TIWI, TR = 400-800 msec, and TE =
10-30 msec.

Turing Test of Spine Tumors Detection

The study was approved by the PUTH Medical Science Research
Ethics Committee review board, which waived the need for
informed consent as this was a retrospective review of a
previous prospective study.
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In our case, the Turing test was carried out with a choice
question, each choice question featured four similar MR images
as candidates, and three of the candidates were results predicted
by DL models, one of them was annotated by doctors. Among
them, the results predicted by the DL model were obtained by a
DL-based tumor detection system with Faster Region-
Convolutional Neural Network (Faster R-CNN) (15)
architecture in our study, and only one was manually
annotated by one of the five annotation doctors A-E (four
radiologists and one orthopedist). One hundred patients and
200 choice questions (one axial choice question and one sagittal
choice question for each patient), were randomly selected from
our database for the Turing test. Without knowing which were
human annotations, every choice question was shown to six
respondent doctors F-K (four radiologists and two orthopedists)
to select which one (reasonable candidate) among the four MR
images was annotated by the annotation doctor. Since the DL-
based tumor AI detection system is designed to react similarly to
human intelligence, we considered the doctor’s lesion annotation
as the correct option. Therefore, if the respondent did not
correctly identify the image annotated by a human, his answer
was considered a misclassification. The AI system passed the
Turing test if the misclassification rates of the six respondents
were all >30%. Figure 1 shows the flow of the Turing test, which
introduces the specific steps of the Turing test.

Misclassification Rate = ——
T+F

where T represented the respondent correctly identifying the
image annotated by a human, and F represented the respondent
did not correctly identify the image annotated by a human.

Manual Annotation Database

Spine MRI data from Digital Imaging and Communications in
Medicine files were exported in Joint Photographic Experts
Group (JPEG) format from the picture archiving and
communication systems of our hospital. These JPEG images
were manually annotated using software Labelme, an image
labeling tool developed in the Computer Science and Artificial

Intelligence Laboratory at the Massachusetts Institute of
Technology. Labelme is capable of creating customized labeling
tasks or performing image labeling; we annotated the images by
manually inputting a minimal bounding box containing every
tumor lesion on each sagittal or axial MRI slice to generate JPEG
images for the automated detection training (Figure 2). Taken
together, four radiologists and one orthopedist (doctors A-E)
annotated 19532 MRI slices. To ensure that each tumor was
recognized by the DL model under different conditions, all slices
on TIWI and T2W1 MR images were annotated.

Manual Annotation Assessment by Doctors
Before testing whether automated detection was sufficiently
similar to manual annotation (namely, indistinguishable when
judged by a blinded respondent), we randomly assessed the
manual annotations to reduce inter- and intra-observer
variability. The other three senior radiologists, except doctor F-
K in our hospital, randomly and independently examined and
verified the annotation images of doctors A-E. Based on the
evaluation of the manual annotations, the computer engineers
calculated the ultimate accuracy rate, false-positive rate, and
false-negative rate of their labels by utilizing the confusion
matrix. Clinical information of patients was not provided for
any of the doctors to ensure a fair comparison between humans
and DL models.

Architecture of Deep Learning-Based
Automated Detection

In this study, we trained the automated DL detection model
using the locations and bounding box labels of spine tumors as
training data. The automated detection model was trained and
validated using a computer equipped with a Quadro P6000
graphics processing unit (NVIDIA; Santa Clara, CA), a Xeon
E5-2667 v4 3.2 GHz CPU (Intel; Santa Clara, CA), and 64 GB
of RAM.

We used PyTorch, a suitable framework for DL, to train a
neural network model applied to the spine tumor dataset of MR
images. A two-stage DL system with Faster R-CNN (15)
architecture was used as the training model and consisted of a

DL-based tumo!
detection syste

MR images \ D

Manual annotation:—-------+ g

3=

Turing test
software program

Choose reasonable Misclassification Passed the
candidates rates analysis ~ Turing test

FIGURE 1 | The flow of the Turing test. This figure shows the specific steps of the Turing test.
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Rgoltd

EDie

FIGURE 2 | Labeling tool used by doctors to annotate tumor coordinates: Labelme. The Labelme displays the currently annotated image. The red annotation box
indicates that the current location is a tumor. The annotation tool will automatically generate the coordinates of the upper left point and the lower right point.

region proposal network (RPN) and region regression. The RPN
was used to generate many anchors to get region proposals. It
used SoftMax to recognize whether the anchors were positive or
negative, the lesions are generally considered to be in positive
anchors. Then the region regression could correct the positive
anchors to obtain accurate proposals. Three different backbones
of the proposed model were used to extract MR image feature
maps, like ResNet-50 (16), ResNet-101 (16), and ResNet-152
(16), consisting of 50, 101, and 152 convolutional, pooling, and
activation layers, respectively. These feature maps were shared
for the RPN layer and region regression. And Feature Pyramid
Networks (17) were also used in the model to solve the multi-
scale problem in object detection.

The first-stage inputs were the MRI spine data of the three
different backbones; the outputs were the different regions and
activation maps, which were subsequently used as second-stage

inputs. In the second stage, the region of interest (ROI) pooling
layer collected the input feature maps and proposals, combining the
information to extract proposal feature maps. Subsequently, a small
network (i.e., multiple fully connected layers) was constructed with a
regression branch to obtain the final precise positions of the lesion
area. For efficient computing, all-region features were fed to the same
regressor. Finally, we obtained the output of the three models. We call
the Faster R-CNN framework with the backbone ResNet50,
ResNet101, and ResNetl52 as CNNI1 (convolutional neural
network 1), CNN2, and CNN3, respectively. Figure 3 shows the
automated detection framework of our Turing test.

Evaluation Measurement in

Artificial Intelligence

The tumor detection performance was evaluated from the aspect
of the class label and position accuracy, which could be measured

CNN1: ResNet50
CNN2: ResNet101

T ez

Feature

map
RQI Bounding
@ pooling boxes
2 N
oy =
——
Feature [x.y.w,h]
map
ul %!! Cj
Interface N

The doctors choose
reasonable labels

Input-»

A2 2 A2 A2

1x1 conv, 64 1x1 conv, 128 1x1 conv, 256 1x1 conv, 512
v ' v

3x3 conv, 64 3x3 cony, 128 3x3 conv, 256 3x3 conv, 512
v

1x1 conv, 256 1x1 conv, 512 1x1 conv, 1024 1x1 conv, 2048
! N ! L |

v I3 v

R > ool | Conv }—» Conv2 H Conv3 |-| Conva }»:Zip
ResNet-50 %3 x4 x6 x3
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FIGURE 3 | The framework of automated detection of spine tumors utilizing the Turing Test. Faster RCNN is used as the framework, and ResNet50, ResNet101,

and ResNet152 are used to extract image features respectively.
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with average precision. Compared with the ground truth
annotated by doctors, when the intersection of union (IoU)
went over the threshold, the prediction was considered correct.
The IoU formula is as follows:

ToU = M
bpred U bgt

where, by,,.q and by, represent a bounding box of predictions and
ground truth, respectively.

Training Implementation Details

In the training stage, the input images were divided into mini-
batches. Each mini-batch contained eight images per GPU,
and each image had 2000 region of interest samples with a
ratio of one positive to three negatives. Specifically, anchors
with an IoU >0.7 with the annotated bounding boxes) were set
as positive examples; those with an IoU <0.3 were set as
negative examples. The RPN anchors spanned five scales
{16, 32, 64, 128, 256} and three aspect ratios {0.5, 0.8, 1.3},
totaling 15 anchors. The threshold of the non-maximum
suppression layer was set to 0.5. We trained on one GPU
with SGD for 10 epochs with a learning rate of 0.01, which was
decreased by 0.5 every epoch. We used a weight decay of
0.0005 and momentum of 0.9. Due to the similarity between
medical pictures, having more training pictures helps the
DL model to better extract features, which can enhance
the generalization of the model. Therefore, for better
performance, axial and sagittal images were trained together
for the MRI dataset. Similarly, TIW1 and T2W1 were trained
together as a training set.

Turing Test Software Program

To complete the Turing test, the annotated images were reviewed
by a team of 6 respondents, including two radiologists and one
orthopedist who worked at our hospital for approximately 10
years, and other two radiologists and one orthopedist who
worked there >20 years. The six respondents (doctors F-K)
specialized in spine tumors and had not performed the
annotation previously (doctors A-E). The six respondents’
answering processes were double blindly designed to ensure no
communication with any other people occurred.

We set up a Turing test software program with choice
questions (Figure 4). In every choice question, the respondents
were shown an interface with four MR images of an identical
tumor; three featured bounding boxes were generated by DL
models, whereas only one featured a bounding box drawn by an
annotation doctor. The four images with correspondent
bounding boxes featured were randomly ordered in each
question. The respondents would be asked, “Which one is
annotated by a human?” Each respondent reviewed
approximately 200 choice questions (sagittal and axial figures)
from 100 patients, randomly selected from a pool of 6635
annotated images of the test set. Figures of the interfaces were
presented for assessment in questions only once owing to the
random nature of the selection process. The display could be
adjusted to a standard window, and a magnifying tool was

#1 Annotation Tool - o X
Initialization help

U] ALl Inage: 100, The Annotated Inage: 19, Index of Current Inage: 65

OPrediction 4 Asplification

OPrediction 3 Asplification

Next. save Exit

FIGURE 4 | The choice interface of a Turing test software program. This
software displays four options of one choice question, including ampilification,
timing, and technical functions. The user can click the next button to continue
to the next question. After confirming the answer to the current question, click
the save button to save the answer. After all the questions are completed,
click the exit button to exit the program. Of these four options, prediction 3 is
the result annotated by one of the doctors A-E, and prediction1, 2, and 4 is
the result of the tumor location predicted by the model CNN 3, CNN1, and
CNN2 respectively.

provided to enable a detailed image inspection. Additionally,
the software program documented respondent responses
provided for each question and the time required to choose
each respondent.

Specifically, in the selection of questions shown in Figure 4,
prediction 3 is the result annotated by one of the doctors A-E,
and predictions 1, 2, and 4 is the tumor location predicted by
models CNN 3, CNN1, and CNN2, respectively. The network
depth of the models CNN 1, CNN 2, and CNN3 differed.
Compared with CNN 1, CNN 2 and CNN3 have a
sequentially increasing number of network layers; the more
the layers of the network mean the richer the abstract features
of different levels that can be extracted. Moreover, the deeper
the network, the more abstract the features, and the more
semantic information.

Statistical and Data Analyses

All statistical analyses were performed using the Statistical
Package for the Social Sciences (SPSS, version 26.0; IBM
Corporation, Armonk, N.Y., USA). Results were obtained for
the fivefold cross-validation of object detection. The Mann-
Whitney U test and chi-squared test were used for comparisons
between groups for continuous and categorical variables,
respectively. A P-value <0.05 was considered significant. The
criteria of true detection and false detection were calculated for
the DL-based automated tumor detection on MR images and the
annotation team.
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RESULTS

Patient Characteristics and Data Split

We obtained the MRI dataset of the primary spine tumors to
train and evaluate our model. We trained together in these two
views and tested them separately. Concerning primary spine
tumors, 19532 images from 508 patients were included in the
MRI dataset. We chose 12179 images from 321 patients to
develop AI detection systems, including 7788 images (2346
axial; 5442 sagittal) randomly selected from 193 patients as the
training set and 4391 images (1199 axial; 3192 sagittal) from 128
patients randomly selected as the validation set. The validation
set was used to determine the network structure and help train a
better model. Moreover, 6635 images (1835 axial; 4800 sagittal)
from the other 187 patients were randomly selected as test set
and Turing test data source. The dataset only contained axial and
sagittal views, and the remaining 718 coronal images were not
used for the training or the Turing test.

Evaluation Measurement Among Doctors

The five doctors annotated primary spine tumors on MR images;
the total number of annotated images for each doctor was 4527
(A), 4159 (B), 3910 (C), 3727 (D), and 3209 (E). As Figure 5
shows, there were a total of 26 tumor histological categories in
our dataset, such as schwannoma, myeloma, and chordoma,
among others. In the dataset, there were 3758 schwannoma
images and only 25 ganglion neurofibroma images. The
evaluations of the five annotation doctors are listed in
Figures 6, 7 and include detailed accuracy rate, false-positive
rate, and false-negative rate of the spine tumors MRI manual
annotations for each doctor. In the training set of primary spine
tumors, the five doctors’ MRI annotations accuracy rates were
94.44% (A), 98.16% (B), 92.20% (C), 97.84% (D), and 87.99%
(E); the false-positive rates were 1.40% (A), 0.00% (B), 5.50% (C),
0.00% (D), and 0.00% (E); the false-negative rates were 4.16%

4500

3758

3500

3000

2017 1032

Number of tumors

FIGURE 5 | The number of images of different tumor categories.

661 13 535

2000 1817
1500
112511141103
1000 905 879
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(A), 1.83% (B), 2.30% (C), 2.16% (D), and 12.00% (E).
The average accuracy rate, false-positive rate, and false-
negative rate of doctors A-E were 94.13%, 1.38%, and 4.49%
respectively. In the test group of primary spine tumors, the five
doctors’ MRI annotations accuracy rates were 97.90% (A),
97.90% (B), 98.40% (C), 98.75% (D), and 96.43% (E); the false-
positive rates were 0.50% (A), 0.00% (B), 0.00% (C), 0.00% (D),
and 0.00% (E); the false-negative rates were 1.60% (A), 2.10%
(B), 1.60% (C), 1.25% (D), and 3.57% (E). The average accuracy
rate, false-positive rate, and false-negative rate of doctors A-E
were 97.88%, 0.10%, and 2.02% respectively. Tables 1 and 2 show
the details of the precision, recall, Fl-score, specificity, and
sensitivity in the training and testing sets.

Evaluation With the Turing Test

The mean Average Precision (mAP) results of CNN1, CNN2, and
CNN3 were 79.1%, 79.8%, and 80.6% respectively in the axial
view, and 84.5%, 85.2%, and 86.1% in the sagittal view,
respectively when IoU was over 0.3. These three models were
used for Turing testing. The Turing test contained 100 choice
questions in the axial view and another 100 choice questions in the
sagittal view. Figure 8 shows the overall percentage of annotation
images incorrectly identified by each respondent when asked the
following: “Which one was drawn by a human?” in axial and
sagittal views. The misclassification rates for the respondents were
44% (F), 52% (G), 62% (H), 59% (1), 46% (J), and 44% (K) in the
axial view question, and the average misclassification rate was
51.2% (95% CI: 45.7-57.5%). Among the results of doctors who
wrongly selected the prediction of the DL model but did not
correctly select the annotations of the doctors A-E, 47.6% chose
the prediction by CNN3, 27.4% by CNN2, and 25.0% by CNN1 in
the axial view question. Moreover, the misclassification rates
for the respondents were 46% (F), 36% (G), 51% (H), 59% (I),
36% (J), and 39% (K) in the sagittal view question, and the average
misclassification rate was 44.5% (95% CI: 38.2-51.8%). Among the
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FIGURE 6 | Manual annotation results on MRI primary spine tumor dataset in training set. This figure shows in detail the accuracy rate, false-positive rate, and false-
negative rate of the training set annotated by doctors A-E.

results of doctors who wrongly selected the prediction of the DL
model but did not correctly select the annotations of the doctors
A-E, 48.4% chose the prediction by CNN3, 26.2% by CNN2, and
25.4% by CNNI in the sagittal view question. According to the
results selected by doctors F-K, CNN 3 performed better and
the predictions were closer to the manual annotations. Among
the six respondents, the lowest misclassification was achieved
by an expert radiologist with 25 years of experience. The
misclassification rates of the respondents during the Turing test
represented an inability to distinguish the annotation source
between a human and a computer. The misclassification rates
were all >30%, indicating that the DL models passed the Turing
test. Therefore, the automated detection of spine tumors by our
DL model was equal to that of annotation doctors in our hospital.
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The complete raw results from the Turing test are provided as
Supplemental Material (see file “TuringTestResults”). Figure 9
shows an MRI scan in which all doctors chose the DL prediction
in both axial and sagittal views, which indicated their failure.
Figure 10 shows an MRI scan in which all doctors F-K correctly
selected the annotations of doctors A-E in axial and sagittal
views, respectively.

Table 3 shows the assessment time required by each
respondent for each multiple-choice question in the Turing
test. In the axial view, the average time per question needed by
each respondent for the Turing test was 10.72 s (F), 12.08 s (G),
15.73 s (H), 9.46 s (I), 5.69 s (J), and 9.01 s (K). For the 100 choice
questions in the axial view, the mean time for each question was
10.45 (range: 5-70) s; therefore, the entire assessment took
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FIGURE 7 | Manual annotation results on MRI primary spine tumor dataset in testing set. This figure shows in detail the accuracy rate, false-positive rate, and false-
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TABLE 1 | The details of precision, recall, f1 score, specificity, and sensitivity of the training set annotated by the doctor A-E.

Doctor A Doctor B
Precision 98.60% 100.00%
Recall 95.95% 98.20%
F1 score 97.26% 99.09%
Specificity 98.56% 100.00%
Sensitivity 95.95% 98.20%

Doctor C Doctor D Doctor E
94.50% 100.00% 100.00%
97.62% 97.89% 89.29%
96.04% 98.93% 94.34%
94.67% 100.00% 100.00%
97.62% 97.89% 89.29%

Precision = TP/(TP+FP); Recall = TP/(TP+FN); F1 score= (2*Precision*Recall)/(Precision + Recall);

Specificity = TN/(FP+TN); Sensitivity = TP/(TP+FN).
TP = true-positive: It is actually a lesion area, and the doctor annotated it as a lesion area;

FP = false-positive: It is actually not a lesion area, but the doctor annotated it as a lesion area;
FN = false-negative: It is actually a lesion area, but the doctor annotated it is not a lesion area;

TN = true-negative: It is actually not a lesion area, and the doctor annotated it is not a lesion area.

approximately 17 min 25 s per participant (range: 9 min 29 s-26
min 13 s). Moreover, in the sagittal view, the average time per
question taken by each respondent for the Turing test was 9.25 s
(F), 13.92 s (G), 10.04 s (H), 9.66 s (I), 7.41 s (J), and 9.02 s (K).
For the 100 choice questions in the sagittal view, the mean time
for each question was 9.88 (range: 4-54) s; therefore, the entire
assessment took approximately 16 min 28 s per participant
(range: 12 min 21 s-23 min 12 s). No correlation was observed
between the time required and the level of accuracy of the
assessment. All time results are provided as Supplemental
Material (see file “TimingResults”).

DISCUSSION

Rather than assessing the performance of our DL model, this
study aimed primarily to evaluate whether our DL model for the
automated detection of primary spine tumors was as good as that
of standard manual annotation methods using the Turing test
(18, 19). Although it is doubtful whether AI will ever pass the
Turing test for various complex clinical scenarios, it is easy to
misunderstand the role of Al in future medical development. Al
should complement rather than replace medical professionals.
One of our primary aims in using the DL model was to develop a
novel method of detecting primary spine tumors from MR
images, which is likely to assist orthopedists to find the spine
tumors efficiently and reduce the burden on them in the future.
The results showed that the accuracy of our DL automatic
detection was comparable to that of annotation doctors in

radiology or orthopedics. Despite some reports on the
applications of Al systems for the spine (20-28), especially on
MRI (29) and tumor (30), few studies used the Turing test to
evaluate the automatic detection of primary spine tumors in MR
images based on DL.

Regardless of symptoms and physical observations, Al
facilitates the diagnosis of spine tumors over humans (31).
Bluemke et al. (32) reviewed AI radiology research to make a
brief guide for authors, reviewers, and interrogators. Wang et al.
(33) made a multi-resolution approach for spine metastasis
detection using deep Siamese neural networks. Liu et al. (34)
compared radiomics with machine learning in the prediction of
high-risk cytogenetic status in multiple myeloma based on MRL
The performance of our proposed automatic detection model is
not only comparable to that of actual radiologists or orthopedists
but also helps to minimize the possibility of overlooking tumors.
Massaad et al. (35) used machine learning algorithms to assess
the performance of the metastatic spine tumor frailty index.
Furthermore, the application of this model can reduce the delay
in diagnosing spine tumors because it responds significantly
more quickly than humans. Additionally, due to time
constraints, radiologists or orthopedists could not evaluate all
MR images on their own; sometimes other surgeons or
physicians must assess MR spine images. Fortunately, the
detection rate of this system is comparable to that of
annotation doctors, and the possibility of missing tumors
becomes significantly less. Consequently, patients with primary
spine tumors can be referred to spine tumor surgeons earlier and
more safely.

TABLE 2 | The details of precision, recall, f1 score, specificity, and sensitivity of the testing set annotated by the doctor A-E.

Doctor A Doctor B Doctor C Doctor D Doctor E
Precision 99.50% 100.00% 100.00% 100.00% 100.00%
Recall 98.42% 97.94% 98.43% 98.77% 96.55%
F1 score 98.96% 98.96% 99.21% 99.38% 98.25%
Specificity 99.48% 100.00% 100.00% 100.00% 100.00%
Sensitivity 98.42% 97.94% 98.43% 98.77% 96.55%

Precision = TP/(TP+FP); Recall = TP/(TP+FN); F1 score= (2*Precision*Recall)/(Precision + Recall);

Specificity = TN/(FP+TN); Sensitivity = TP/(TP+FN).
TP = true-positive: It is actually a lesion area, and the doctor annotated it as a lesion area;

FP = false-positive: It is actually not a lesion area, but the doctor annotated it as a lesion area;
FN = false-negative: It is actually a lesion area, but the doctor annotated it is not a lesion area;
TN = true-negative: It is actually not a lesion area, and the doctor annotated it is not a lesion area.
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FIGURE 8 | The misclassification rates of all six respondents in axial and sagittal views.

Although the MR images used in this study corresponded to
various spine tumor types, the object detection model achieved
high accuracy. However, there are always exceptions in clinical
settings. For instance, sometimes, it is difficult to identify spine
tumors because of signal intensity, location, configuration, or
tumor shape. Therefore, the differentiation of spine tumors in
neuroimaging is not always reliable. Nevertheless, the use of MRI
has facilitated the diagnosis of spine tumors. Another drawback
is that if the patient is allergic to contrast agents and/or
experiences renal insufficiency, an enhanced MRI scan cannot
be performed. In this case, if our proposed system is used to
detect spine tumors, we can determine whether other imaging
modalities, such as positron emission tomography-computed

A
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Oprediction 1 Asplification Orediction 2
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O Prediction
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predicted by CNN1, and doctor K chose the prediction 2 predicted by CNN2.

tomography, should be performed. If MRI cannot be
performed owing to renal dysfunction, the proposed system
allows for MRI to be performed as minimally as possible.

Some individuals believe that passing the Turing test suggests
that human-level intelligence can be achieved by machines.
However, achieving human-level Al is still far from reality (36,
37). This study, compared to other Turing test studies to date, is
one of a few to include a large number of patients with primary
spine tumors and a large set of marked spine tumor MR images.
The human respondents in this study had only a fair level of
agreement with one another, averaging approximately 51.17%
accuracy for selecting the human annotation. In a prior report
from Scheuer et al. (38), the skilled human interrogators in their

#1 Annotation Tool - o x
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Noxt Save Exit

FIGURE 9 | (A) Shows that all doctors F-K have selected prediction 2 which is predicted by the model CNN1 instead of prediction 4 annotated by one of the
doctors A-E in axial. (B) Shows that four of all doctors F-K have selected the predictions from the models instead of the prediction 3 annotated by one of the doctor
A-E in the signal. Among them, four of all doctors F-K chose prediction 4 from the model CNN3, they were doctors F, H, I, and J And doctor G chose prediction 1
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FIGURE 10 | (A) Shows that all doctors F-K have correctly selected the prediction 4 annotated by doctors A-E in the axial. And (B) shows that all doctors F-K have

TABLE 3 | The Average Time (second) Per Question Taken by Each Respondent in the Turing test.

Doctor F Doctor G Doctor H Doctor | Doctor J Doctor K
Axial view(s) 10.72 12.08 15.73 9.46 5.69 9.01
Sagittal view(s) 9.25 13.92 10.04 9.66 7.41 9.02

study had a higher sensitivity (45%) for electroencephalography
spike events marked by three neurologists. However, the longer
the Turing test, the bigger the challenge for a machine to
satisfactorily pretend to be a human. In our test of 100 choice
questions in the axial or sagittal view, which took approximately
17 min, it would be extremely difficult for a machine to mislead a
clinical respondent. Additionally, one of the major challenges in
clinical studies dealing with bounding box lesion annotation is to
define a “gold standard.” Gooding et al. (13) made an evaluation
of auto contouring in clinical practice using the Turing test, and
Sathish et al. (18) compared lung segmentation and nodule
detection between convolutional neural network and humans
using the Turing test. Using the choice monitor, the respondents
assumed the human’s label as the golden standard; hence, they
tried to judge the best labels as objectively as possible. This study
has demonstrated that with training, the DL model can improve
its ability at tumor annotation and mislead the respondents’
judgments. In several studies, DL technology has been shown to
have a reasonable ability to discriminate between abnormal
construct and normal construct in the spine.

Despite a design to limit selection and respondent biases, this
study has some limitations. First, the spine tumor MR images
were all obtained from a single center, drawn from a cohort of
documented patients, and the number of MR images utilized in
this study was significantly limited. Hence, it is necessary to
improve the accuracy of our system by incorporating multi-
center MRI data. Despite the limited number of images, we were
able to amplify the training datasets by applying random

transformations (e.g., flipping and scaling) to the images. This
technique has proven valuable for DL with small datasets.
Another limitation was that the proposed system only analyzed
and detected the location and approximate outline of spine
tumors. Other relevant characteristics, such as whether a spine
tumor was benign or malignant, were not recognized in our DL
model. Therefore, further research of methods to identify other
spine tumor characteristics is necessary. Furthermore, only axial
and sagittal images were obtained in our study; hence, the
addition of coronal images would improve the model’s
performance. In addition, to help doctors with image
annotation and follow-up, we converted the DICOM into an
easy-to-read JPEG. The average misclassification rate of doctors
in our current Turing test was over 35%. Despite these
limitations, we believe that in the future, our system, with its
high accuracy and comparable performance to clinical experts,
could be applied to different settings and conditions.

CONCLUSION

In conclusion, this study proposed an Al primary spine tumor
detection system that passed the Turing test; respondents were
unable to distinguish between our DL model and annotation
doctors. The present results show that our DL model may be an
efficient tool to assist radiologists or orthopedists in primary
spine tumors detection, increasing efficiency and sparing time.
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In the future, larger multi-center datasets are necessary to
increase the accuracy of our system and validate our model.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

This study was approved by the Medical Science Research Ethics
Committee, and it waived the need for informed consent.

AUTHOR CONTRIBUTIONS

HO, FM, and JL, conceptualization, investigation, registration,
data curation, visualization, formal analysis, and writing -
original draft. XS, investigation, registration, data curation,
formal analysis, and writing - original draft. YL, YY, NL, ST,
and MY, conceptualization, investigation, methodology, and
manual annotation. XL, conceptualization, methodology,
project administration, resources, supervision, and validation.
HY, §J, and LJ, conceptualization, funding acquisition, project
administration, resources, supervision, validation, writing -

REFERENCES

1. Karhade AV, Schwab JH. Introduction to the Special Issue of The Spine
Journal on Artificial Intelligence and Machine Learning. Spine J (2021) 21
(10):1601-3. doi: 10.1016/j.spinee.2021.03.028

2. Suri A, Jones BC, Ng G, Anabaraonye N, Beyrer P, Domi A, et al. A Deep
Learning System for Automated, Multi-Modality 2D Segmentation of
Vertebral Bodies and Intervertebral Discs. Bone (2021) 149:115972.
doi: 10.1016/j.bone.2021.115972

3. Yang HS, Kim KR, Kim S, Park JY. Deep Learning Application in Spinal
Implant Identification. Spine (Phila Pa 1976) (2021) 46(5):E318-24. doi:
10.1097/BRS.0000000000003844

4. Cina A, Bassani T, Panico M, Luca A, Masharawi Y, Brayda-Bruno M, et al. 2-
Step Deep Learning Model for Landmarks Localization in Spine Radiographs.
Sci Rep (2021) 11(1):9482. doi: 10.1038/541598-021-89102-w

5. Kim DH, Jeong JG, Kim YJ, Kim KG, Jeon JY. Automated Vertebral
Segmentation and Measurement of Vertebral Compression Ratio Based on
Deep Learning in X-Ray Images. ] Digit Imaging (2021) 34(4):853-61.
doi: 10.1007/s10278-021-00471-0

6. Hallinan JTPD, Zhu L, Yang K, Makmur A, Algazwi DAR, Thian YL, et al.
Deep Learning Model for Automated Detection and Classification of Central
Canal, Lateral Recess, and Neural Foraminal Stenosis at Lumbar Spine MRI.
Radiology (2021) 300(1):130-8. doi: 10.1148/radiol.2021204289

7. Huang J, Shen H, Wu J, Hu X, Zhu Z, Lv X, et al. Spine Explorer: A Deep
Learning Based Fully Automated Program for Efficient and Reliable
Quantifications of the Vertebrae and Discs on Sagittal Lumbar Spine MR
Images. Spine J (2020) 20(4):590-9. doi: 10.1016/j.spinee.2019.11.010

8. Merali Z, Wang JZ, Badhiwala JH, Witiw CD, Wilson JR, Fehlings MG. A
Deep Learning Model for Detection of Cervical Spinal Cord Compression in
MRI Scans. Sci Rep (2021) 11(1):10473. doi: 10.1038/s41598-021-89848-3

9. Ito S, Ando K, Kobayashi K, Nakashima H, Oda M, Machino M, et al.
Automated Detection of Spinal Schwannomas Utilizing Deep Learning Based

review and editing. All authors contributed to the article and
approved the submitted version.

FUNDING

This study was funded by the Beijing Municipal Natural Science
Foundation (Z190020), Capital’s Funds for Health Improvement
and Research (2020-4-40916), Clinical Medicine Plus X - Young
Scholars Project, Peking University, the Fundamental Research
Funds for the Central Universities (PKU2021LCXQO005), National
Natural Science Foundation of China (82102638, 82171927,
81971578), and Peking University Third Hospital Clinical Key
Project (BYSYZD2021040, BYSY2018003, BYSYZD2019005).

ACKNOWLEDGMENTS

We appreciate the help on data collection (Beng Wang and
Yuging Zhao) and knowledge support (Hong Liu and Menglei
Jiao) from our colleagues.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fonc.2022.814667/
full#supplementary-material

on Object Detection From Magnetic Resonance Imaging. Spine (Phila Pa
1976) (2021) 46(2):95-100. doi: 10.1097/BRS.0000000000003749

Turing AM. Computing Machinery and Intelligence. Mind (1950) 59:433-60.
doi: 10.1093/mind/LIX.236.433

Bush JT, Pogany P, Pickett SD, Barker M, Baxter A, Campos S, et al. A Turing
Test for Molecular Generators. ] Med Chem (2020) 63(20):11964-71.
doi: 10.1021/acs.jmedchem.0c01148

Powell J. Trust Me, 'm a Chatbot: How Artificial Intelligence in Health Care
Fails the Turing Test. ] Med Internet Res (2019) 21:16222. doi: 10.2196/16222
Gooding MJ, Smith AJ, Tariq M, Aljabar P, Peressutti D, van der Stoep J, et al.
Comparative Evaluation of Autocontouring in Clinical Practice: A Practical
Method Using the Turing Test. Med Phys (2018) 45(11):5105-15.
doi: 10.1002/mp.13200

Warwick K, Shah H. Passing the Turing Test Does Not Mean the End of
Humanity. Cognit Comput (2016) 8:409-19. doi: 10.1007/s12559-015-9372-6
Ren S, He K, Girshick R, Sun J. Faster R-CNN: Towards Real-Time Object
Detection With Region Proposal Networks. IEEE Trans Pattern Anal Mach
Intell (2017) 39(6):1137-49. doi: 10.1109/TPAMI.2016.2577031

He K, Zhang X, Ren S, Sun J. Deep Residual Learning for Image Recognition.
CVPR (2016), 770-8. doi: 10.1109/CVPR.2016.90

Lin T-Y, Dollar P, Girshick RB, He KM, Hariharan B, Belongie SJ. Feature
Pyramid Networks for Object Detection. CVPR (2017) 2117-25. doi: 10.1109/
CVPR.2017.106

Sathish R, Sathish R, Sethuraman R, Sheet D. Lung Segmentation and Nodule
Detection in Computed Tomography Scan Using a Convolutional Neural
Network Trained Adversarially Using Turing Test Loss. Annu Int Conf IEEE
Eng Med Biol Soc (2020) 2020:1331-4. doi: 10.1109/EMBC44109.
2020.9175649

Webster J, Amos M. A Turing Test for Crowds. R Soc Open Sci (2020) 7
(7):200307. doi: 10.1098/rs0s.200307

Yeh YC, Weng CH, Huang YJ, Fu CJ, Tsai TT, Yeh CY. Deep Learning
Approach for Automatic Landmark Detection and Alignment Analysis in

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Frontiers in Oncology | www.frontiersin.org

March 2022 | Volume 12 | Article 814667


https://www.frontiersin.org/articles/10.3389/fonc.2022.814667/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.814667/full#supplementary-material
https://doi.org/10.1016/j.spinee.2021.03.028
https://doi.org/10.1016/j.bone.2021.115972
https://doi.org/10.1097/BRS.0000000000003844
https://doi.org/10.1038/s41598-021-89102-w
https://doi.org/10.1007/s10278-021-00471-0
https://doi.org/10.1148/radiol.2021204289
https://doi.org/10.1016/j.spinee.2019.11.010
https://doi.org/10.1038/s41598-021-89848-3
https://doi.org/10.1097/BRS.0000000000003749
https://doi.org/10.1093/mind/LIX.236.433
https://doi.org/10.1021/acs.jmedchem.0c01148
https://doi.org/10.2196/16222
https://doi.org/10.1002/mp.13200
https://doi.org/10.1007/s12559-015-9372-6
https://doi.org/10.1109/TPAMI.2016.2577031
https://doi.org/10.1109/CVPR.2016.90
https://doi.org/10.1109/CVPR.2017.106
https://doi.org/10.1109/CVPR.2017.106
https://doi.org/10.1109/EMBC44109.2020.9175649
https://doi.org/10.1109/EMBC44109.2020.9175649
https://doi.org/10.1098/rsos.200307
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Ouyang et al.

Turing Test of Spine Tumors

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Whole-Spine Lateral Radiographs. Sci Rep (2021) 11(1):7618. doi: 10.1038/
s41598-021-87141-x

Jakubicek R, Chmelik ], Ourednicek P, Jan J. Deep-Learning-Based Fully
Automatic Spine Centerline Detection in CT Data. Annu Int Conf IEEE Eng
Med Biol Soc (2019) 2019:2407-10. doi: 10.1109/EMBC.2019.8856528

Maki S, Furuya T, Yoshii T, Egawa S, Sakai K, Kusano K, et al. Machine
Learning Approach in Predicting Clinically Significant Improvements After
Surgery in Patients With Cervical Ossification of the Posterior Longitudinal
Ligament. Spine (Phila Pa 1976) (2021) 46(24):1683-9. doi: 10.1097/
BRS.0000000000004125

Shin Y, Han K, Lee YH. Temporal Trends in Cervical Spine Curvature of
South Korean Adults Assessed by Deep Learning System Segmentation, 2006-
2018. JAMA Netw Open (2020) 3(10):e2020961. doi: 10.1001/
jamanetworkopen.2020.20961

Galbusera F, Niemeyer F, Wilke HJ, Bassani T, Casaroli G, Anania C, et al.
Fully Automated Radiological Analysis of Spinal Disorders and Deformities:
A Deep Learning Approach. Eur Spine J (2019) 28(5):951-60. doi: 10.1007/
s00586-019-05944-z

Wang KY, Suresh KV, Puvanesarajah V, Raad M, Margalit A, Jain A. Using
Predictive Modeling and Machine Learning to Identify Patients Appropriate
for Outpatient Anterior Cervical Fusion and Discectomy. Spine (Phila Pa
1976) (2021) 46(10):665-70. doi: 10.1097/BRS.0000000000003865

Korez R, Putzier M, Vrtovec T. A Deep Learning Tool for Fully Automated
Measurements of Sagittal Spinopelvic Balance From X-Ray Images:
Performance Evaluation. Eur Spine ] (2020) 29(9):2295-305. doi: 10.1007/
500586-020-06406-7

Han SS, Azad TD, Suarez PA, Ratliff JK. A Machine Learning Approach for
Predictive Models of Adverse Events Following Spine Surgery. Spine J (2019)
19(11):1772-81. doi: 10.1016/j.spinee.2019.06.018

Al Arif SMMR, Knapp K, Slabaugh G. Fully Automatic Cervical Vertebrae
Segmentation Framework for X-Ray Images. Comput Methods Programs
BioMed (2018) 157:95-111. doi: 10.1016/j.cmpb.2018.01.006

Won D, Lee HJ, Lee SJ, Park SH. Spinal Stenosis Grading in Magnetic
Resonance Imaging Using Deep Convolutional Neural Networks. Spine
(Phila Pa 1976) (2020) 45(12):804-12. doi: 10.1097/BRS.0000000000003377
Chianca V, Cuocolo R, Gitto S, Albano D, Merli I, Badalyan J, et al. Radiomic
Machine Learning Classifiers in Spine Bone Tumors: A Multi-Software, Multi-
Scanner Study. Eur J Radiol (2021) 137:109586. doi: 10.1016/
j.ejrad.2021.109586

DiSilvestro KJ, Veeramani A, McDonald CL, Zhang AS, Kuris EO, Durand
WM, et al. Predicting Postoperative Mortality After Metastatic Intraspinal
Neoplasm Excision: Development of a Machine-Learning Approach. World
Neurosurg (2021) 146:€917-24. doi: 10.1016/j.wneu.2020.11.037

32. Bluemke DA, Moy L, Bredella MA, Ertl-Wagner BB, Fowler KJ, Goh VJ, et al.
Assessing Radiology Research on Artificial Intelligence: A Brief Guide for
Authors, Reviewers, and Readers-From the Radiology Editorial Board.
Radiology (2020) 294(3):487-9. doi: 10.1148/radiol.2019192515

Wang J, Fang Z, Lang N, Yuan H, Su MY, Baldi P. A Multi-Resolution
Approach for Spinal Metastasis Detection Using Deep Siamese Neural
Networks. Comput Biol Med (2017) 84:137-46. doi: 10.1016/j.compbiomed.
2017.03.024

Liu J, Zeng P, Guo W, Wang C, Geng Y, Lang N, et al. Prediction of High-Risk
Cytogenetic Status in Multiple Myeloma Based on Magnetic Resonance Imaging:
Utility of Radiomics and Comparison of Machine Learning Methods. ] Magn
Reson Imaging (2021) 54(4):1303-11. doi: 10.1002/jmri.27637

Massaad E, Williams N, Hadzipasic M, Patel SS, Fourman MS, Kiapour A,
et al. Performance Assessment of the Metastatic Spinal Tumor Frailty Index
Using Machine Learning Algorithms: Limitations and Future Directions.
Neurosurg Focus (2021) 50(5):E5. doi: 10.3171/2021.2.FOCUS201113
Warwick K, Shah H. Can Machines Think? A Report on Turing Test
Experiments at the Royal Society. ] Exp Theor Artif Intell (2016) 28:989—
1007. doi: 10.1080/0952813x.2015.1055826

Barone P, Bedia MG, Gomila A. A Minimal Turing Test: Reciprocal
Sensorimotor Contingencies for Interaction Detection. Front Hum Neurosci
(2020) 14:102. doi: 10.3389/fnhum.2020.00102

Scheuer ML, Bagic A, Wilson SB. Spike Detection: Inter-Reader Agreement
and a Statistical Turing Test on a Large Data Set. Clin Neurophysiol (2017) 128
(1):243-50. doi: 10.1016/j.clinph.2016.11.005

33.

34.

35.

36.

37.

38.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Ouyang, Meng, Liu, Song, Li, Yuan, Wang, Lang, Tian, Yao, Liu,
Yuan, Jiang and Jiang. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

March 2022 | Volume 12 | Article 814667


https://doi.org/10.1038/s41598-021-87141-x
https://doi.org/10.1038/s41598-021-87141-x
https://doi.org/10.1109/EMBC.2019.8856528
https://doi.org/10.1097/BRS.0000000000004125
https://doi.org/10.1097/BRS.0000000000004125
https://doi.org/10.1001/jamanetworkopen.2020.20961
https://doi.org/10.1001/jamanetworkopen.2020.20961
https://doi.org/10.1007/s00586-019-05944-z
https://doi.org/10.1007/s00586-019-05944-z
https://doi.org/10.1097/BRS.0000000000003865
https://doi.org/10.1007/s00586-020-06406-7
https://doi.org/10.1007/s00586-020-06406-7
https://doi.org/10.1016/j.spinee.2019.06.018
https://doi.org/10.1016/j.cmpb.2018.01.006
https://doi.org/10.1097/BRS.0000000000003377
https://doi.org/10.1016/j.ejrad.2021.109586
https://doi.org/10.1016/j.ejrad.2021.109586
https://doi.org/10.1016/j.wneu.2020.11.037
https://doi.org/10.1148/radiol.2019192515
https://doi.org/10.1016/j.compbiomed.2017.03.024
https://doi.org/10.1016/j.compbiomed.2017.03.024
https://doi.org/10.1002/jmri.27637
https://doi.org/10.3171/2021.2.FOCUS201113
https://doi.org/10.1080/0952813x.2015.1055826
https://doi.org/10.3389/fnhum.2020.00102
https://doi.org/10.1016/j.clinph.2016.11.005
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Evaluation of Deep Learning-Based Automated Detection of Primary Spine Tumors on MRI Using the Turing Test
	Introduction
	Methods
	Patient and Image Acquisition
	Turing Test of Spine Tumors Detection
	Manual Annotation Database
	Manual Annotation Assessment by Doctors
	Architecture of Deep Learning-Based Automated Detection
	Evaluation Measurement in Artificial Intelligence
	Training Implementation Details
	Turing Test Software Program
	Statistical and Data Analyses

	Results
	Patient Characteristics and Data Split
	Evaluation Measurement Among Doctors
	Evaluation With the Turing Test

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


