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Abstract

Introduction: The purpose of this study was to develop a convolutional neural network (CNN)
to determine the extent of over-scanning in the Z-direction associated with lung computed
tomography (CT) examinations.

Materials and methods: The CT examinations of 250 patients were used to train the machine
learning software and 100 were used to validate the results. Each lung CT examination was
divided into cervical, lung, and abdominal areas by the CNN and 2 independent radiologists,
and the length of each area was measured. Every part above or below the lung marks was
labeled as over-scanning. The accuracy of the CNN was calculated after the training phase
and agreement between CNN and radiologists was assessed using kappa statistics during the
validation phase. After validation the software was used to estimate the length of each of the
three areas and the total over-scanning in further 1000 patients.

Results: An accuracy of 0.99 was found for the testing dataset and a very good agreement
(kappa=0.98) between the CNN and the radiologists’ evaluation was found for the validation
dataset. Over-scanning was 22.8% with the CNN and 22.2% with the radiologists. The degree of
over-scanning was 22.6% in 1000 lung CT examinations.

Conclusion: Our study shows a substantial over estimation of the length of the area to be
scanned during lung CT and thus an unnecessary patient’s over-exposure to ionizing radiation.
This over-scanning can be assessed easily, reliably and quickly using CNN.
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Computed tomography (CT) is one of the most prevalent
imaging methods with over a hundred million CT examina-
tions performed every year in the world. However, CT is a
radiating imaging technique [1,2]. For this reason, the dose
of ionizing radiation is measured for each CT examination.
This information is particularly important for chest CT exam-
ination, as the organs exposed during this procedure are
highly sensitive to radiations.

The automated recording of the radiation dose during CT
scans has led to the publications of several studies showing
that for similar procedures between different or identical
scanner types the dose delivered to the patients can be
very variable [3—6]. This inconsistency can be explained at
least in part by the many factors that influence the level of
radiation, such as tube rotation speed, helical pitch, colli-
mation, filtration, image reconstruction, and patient weight
and diameter [7,8]. Over the last ten years many of these
parameters have been optimized and the introduction of
iterative reconstruction [9] or automatic exposure control
(AEC) [10] for example has led to a significant decrease in
radiation exposure. Nevertheless, there is still one major
cause for variation of the dose delivered to the patients that
has not much improved over the years, which is the selected
length of the region to be scanned.

Today, no automated system allows a precise and
reproducible selection of regions to be scanned. As a conse-
quence, the radiologic technologist hand selects the area to
be examined on the 2-dimensional scout view. Most of the
times, especially for technologists with little experience,
the length of the area to be scanned is over-estimated in
order to not miss any possible valuable information but this
leads to an unnecessary over-exposure to X-Rays. Accord-
ingly, some studies have reported that up to 80% of chest and
abdomen scans had excessive coverage, resulting in higher
effective doses for patients [11,12]. In these studies the
radiologists assessed the over-scanning manually by going
through a lot of chest CT performed in their institutions.
This method makes it impossible to analyze an extensive
number of patients so it is difficult to extend the results to
the general population. A much more efficient process would
be to take advantage of artificial intelligence, such as con-
volutional neural networks (CNN) that are increasingly being
studied for radiology applications [13].

Therefore, the purpose of this study was to develop a CNN
to determine the extent of over-scanning in the Z-direction
associated with lung CT examinations.

Materials and methods
Population

AllL CT studies included in this study were extracted from the
picture archiving and communication system (PACS) of the
Hospices Civils de Lyon. Data usage policy of the Hospices
Civils de Lyon in terms of confidentiality, anonymization
and security was applied for each study and approval was
obtained from our local committee.

The database consisted of 1350 randomly selected pul-
monary CT examinations containing the keywords *‘thorax’’,
“‘pulmonary embolism’’ or ‘‘mediastinum’’ (one CT exam-
ination per-patient), performed at our institution between

January 2017 and May 2018. All patients were over 18 years
of age.

The chest CT examinations of 350 patients were used to
train and validate the machine learning software. Amongst
those, 250 CT examinations making the ‘‘learning dataset’’
were used to train the system and 100 CT examinations
making the ‘‘validation dataset’’ were used for its vali-
dation. In the training dataset, 48 (19.2%) examinations
were obtained after intravenous administration of iodinated
contrast material. The 100 CT examinations used for the
validation dataset were obtained in 100 patients. There
were 66 men for 34 women, with a mean age of 64.2 +15.4
(SD) years (range: 25—99 years). Thirty-one of the 100
examinations (31/100; 31%) were obtained after intravenous
administration of iodinated contrast material. Finally, after
the validation process, the trained machine learning sys-
tem was used on a cohort of 1000 patients (595 men, 405
women; mean age, 62.0+16.3 [SD] years; range, 18—95
years). One hundred and eighty seven of the 1000 exami-
nations (187/1000; 18.7%) were obtained after intravenous
administration of iodinated contrast material.

CT protocol

Several helical CT units were used, including Revolution
GSI® (General-Electric healthcare), Brilliance 40° (Philips),
Brilliance 64° (Philips), iCT 256" (Philips), Ingenuity CT"
(Philips), 1Qon — Spectral cT’ (Philips), Somatom Defini-
tion AS® (Siemens Healthineers), Somatom Definition AS+"
(Siemens Healthineers). The scanning parameters were as
follows: tube voltage (mean, 121+9 [SD] kVp; range:
100—140 kVp) and slice thickness (mean, 1.8 +£0.8 [SD] mm;
range: 0.9—3 mm).

Training and validation processes

Each CT examination of the learning and validation datasets
was labeled by a radiologist with 20 years of experience in
chest imaging (LB) using custom made software that allows
the rater to mark the first and last slices of the examination
including at least one part of a lung (i.e. from lung apices
to costodiaphragmatic sinus). Each area was then labeled
as ‘‘lung’’ between the first and last slices, ‘‘cervical’’
above the first slice, and “‘abdomen’’ below the last slice.
A second radiologist also labeled the validation dataset
independently. In case of discordance between the two radi-
ologists on the position of the marks, a consensual reading
was performed to obtain the final marks. The two datasets of
labels were used to calculate the inter-rater reproducibility
for the labeling.

After being labeled, the learning dataset (15,1006
images) was split into a training (132,136/151,006 images;
87.5%) and a testing (18,870/151,006/images; 12.5%)
dataset. The training data set contained 8866 images in the
cervical area, 102,966 images in the lung area and 20,304
images in the abdominal area. The testing dataset contained
1267 images in the cervical area, 14,708 images in the lung
area and 2895 images in the abdominal area.

The validation dataset consisted in 37,915 images (from
the series of 100 examinations) distributed as follows:
cervical area=2609, lung area=29,678 and abdominal
area=5628.
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Training process and database

Images were first converted into 16-bits portable network
graphics (PNG) format and down sampled from 512 x 512 to
128 x 128 pixels. An image augmentation method consisting
in a random horizontal flip to account for patients with only
one lung or unilateral pleural effusion was applied on the
training images. A shuffle method was then applied to obtain
a random sorting of the images.

The CNN was implemented using TensorFlow 1.5 (Google,
USA) and Python 3.6.3 (Python Software Foundation, USA). It
consisted in the succession of 2 consecutive convolution ker-
nels (size 3 x 3), a max pool (reduction factor=2), another
2 consecutive convolution kernels (size 5 x 5), a max pool
(reduction factor=2), two fully connected layers of 1024
elements and a final class prediction layer of 3 classes (cer-
vical, lung and abdomen). A rectified linear unit activation
function was used for the convolution kernels and the fully
connected layer. Loss function consisted in a softmax classi-
fier with cross entropy. The images were handled in batches
of 32. A drop out of 0.75 was applied on the fully connected
layers and 20 epochs were performed. All this process was
performed using a GPU NVIDIA GeForce GTX 1080 Ti (NVIDIA
Corporation). Finally, the testing dataset was used to assess
the accuracy of the CNN.

Validation process

The validation was performed following the training phase.
The data obtained from the CNN and the radiologists’ eval-
uations were used to calculate the lengths of the cervical,
lung and abdominal areas by multiplying the number of
slices of each category by the space between slices. The
total over-scanning was calculated using the following equa-
tion:

Total over-scanning = (number of cervical slices + number
of abdominal slices)/total number of slices.

The mean absolute difference between CNN and radiol-
ogists’ evaluations were calculated for each area as well
as for the total over-scanning. To account for any possible
oscillations of the CNN response at the edges, we took a
window of 10 slices (5 before the transition and 5 after
the transition) at the cervical-to-lung and lung-to-abdominal
transitions and calculated the inter-observers as well as the
CNN versus human agreements, using kappa statistics.

Retrospective evaluation of 1000 patients

For the cohort of 1000 patients the length of cervical, lung
and abdominal areas and the total over-scanning were cal-
culated using only the validated machine learning software.
During this step, the computational time was recorded.

Furthermore, in order to be comparable with previous
studies [10,11], margins of 2cm were subtracted to the
cervical and the abdominal areas, and the length of the
resulting over-margin scans as well as the proportion of scan-
ners above these margins were reported. These 2 cm margins
were added to account for 1.cm for differences in patients’
respiration between the acquisition and the topogram, and
1cm for ‘‘operator-dependent’’ estimation of the imaging
range on the topogram.

Statistical analysis

Statistical analyses were performed using Intercooled Stata
11 (StataCorp LP). Quantitative variables were expressed
as mean =+ standard deviation (SD) and ranges. Qualitative
variables were expressed as raw numbers, proportions or
percentages. For kappa values, the following rating was used
for significance: Poor=0-0.20; Fair=0.21-0.40; Moder-
ate=0.41—0.60; Good =0.61—0.80; Very good=0.81—1.00.

During testing and validation phases, accuracy was calcu-
lated as the sum of true positive and true negative divided
by the total number of items. A value of one would mean
a perfect prediction. The comparison between the results
of the CNN and the consensual labeling of the radiologists
was assessed using accuracy and kappa statistics. Kappa
statistics was also used to calculate the inter-observer
reproducibility between the two radiologists.

A Bland-Altman representation and a linear regression
analysis were also performed for over-range as well as
cervical, lung and abdominal length assessed during the val-
idation phase.

Results
Testing and validation

The total time of the training phase of 20 epochs was 8 hours.
The accuracy of the testing dataset (accuracy=99%) was
considered very good so the validation process was per-
formed.

During the validation phase, the CNN and the two
radiologists assessed all the 37,915 images. The inter-
rater reproducibility was very good (kappainter-rater =0.981).
Agreement between CNN and radiologists’ evaluation was
very gOOd (kappaVAL|DAT|ON=O.957) (F]gS 1 and 2) Regard-
ing agreement on the cervical-to-lung and lung-to-abdomen
transition zones, kappa of 0.81 and 0.75 for inter-observers
and 0.87 and 0.48 for CNN versus radiologists, were found.
The mean abdominal length difference between CNN and
radiologists was 2.8 & 5.3 mm. Finally, CNN had an accuracy
of 98.4%.

The means and ranges of length and over-scanning for
the cervical, lung and abdomen estimated by the CNN and
the radiologists are presented in Table 1. The mean abso-
lute and range differences between CNN and radiologists
for the cervical, lung and abdominal areas are presented in
Table 2. The total over-scanning involved predominantly the
abdominal (68.7% for CNN and 66.9% for radiologists) than
the cervical area (31.3% for CNN and 33.1% for radiologists).

Cohort of 1000 patients

The mean lengths and ranges for the cervical, lung and
abdominal areas calculated by the machine learning soft-
ware are presented in Table 3. Including margins described
above, the total mean extra-margins were 38.9 +31.0 (SD)
mm, with 7.8+13.1(SD) mm for the cervical area and
31.1+26.2 (SD) mm for the abdominal area. Altogether,
the total percentage of over-scanning was 22.6 +7.9 (SD)
%. Additionally, the proportion of over-scanning in cervi-
cal, abdominal and both directions were 66.1%, 87.5% and
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Figure 1. Graphs show correlations between the radiologists (Human Evaluation) and convolutional neural network (CNN) evaluations of

cervical (A), thoracic (B), abdominal (C) and over-scanning (D) lengths (mm).

57.8%, respectively. Finally, the mean computation time was
0.05 seconds per slice, resulting in a mean computation time
of 23.04 s per examination.

Discussion

Our study demonstrates that CNN can accurately recognize
anatomic levels on chest CT and calculate the over-scanning
associated with inappropriate scan length. Over the last
decades, a lot of progress has been made by the manufac-
turers to decrease the radiation dose in chest CT. Automatic
tube-current modulation, new scanning protocols with kVp
adjusted to the size and weight of the patient, prospec-
tive ECG-triggering as well as iterative reconstruction have
allowed substantial dose saving [14—23]. Nevertheless, they
do not consider the inappropriate anatomic scan coverage,
which is an important source of dose increase and variation.
Indeed, Litmanovich et al. have estimated that appropri-
ate adjustment of the z-axis can result in a radiation dose
savings of more than 40% [23].

For comparability issues with two previous studies that
have reported measurements of over-scanning, we used the
same extra-scanning margin of 2cm in the cranial and cau-
dal directions [11,12]. Zanca et al. have reported a mean
extra-imaging length of 1.8cm and 2.9cm at the top and
the bottom of chest CT, respectively [11]. Moreover, in
their large study involving 600 patients over 6 hospitals,
Schwartz et al. confirmed these results and also observed
an important variation of over-scanning between the report-
ing centers [12]. In these two studies, the calculation of
the over-scanning was performed manually, using the two-
dimensional scout view or a coronal reconstruction of the
chest CT.

In our study, the use of CNN provided result similar to
those obtained in the aforementioned studies but in a fully
automated and much faster mode. Indeed, we recorded
mean rostral and caudal over-scanning lengths of 0.8 cm and
3.1cm, respectively, by comparison with 1.8cm and 2.9cm
reported by Zanca et al. [11]. However, we observed a more
systematic over-scanning of the abdomen with an incidence
of 87.5% in our study versus 53% in Zanca et al. [11], and
4—60% in Schwartz et al. [12].
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Figure 2.

Diagrams show Bland-Altman representation of the comparison between radiologist and convolutional neural network evalua-

tions of cervical (A), thoracic (B), abdominal (C) and over-scanning (D) lengths.

Table 1

Length and over-scanning measured by the convolutional neural network and the radiologists.

CNN

Radiologists

Cervical (mm)
Lung (mm)
Abdominal (mm)
Over-scanning (%)

23.3+8.7 [0.5-48]
250 + 38.5[167.8—320]
51.2 +25.9 [2—132.7]
22.8+7.3 [7.5-40.5]

23.9+8.8 [0.5-48]
252.2 + 38.6[146—324]
48.3+24.9 [1-126]
221+7.1 [8-38.4]

Results are expressed as mean =+ standard deviation. Numbers in brackets are ranges. CNN indicates convolutional neural network

The short computational time (23.04 s per examination)
and the automated calculation allowed by the CNN may
have several important advantages. First, the CNN method
could be implemented to prospectively stop the acquisition
when the end of the lung is reached. This would require an
integrated complex solution in addition to a fast hardware
setting but seems reachable with the current GPU proces-
sors. Second, we could consider in the near future after
further improvement of the computational time to provide
the results of the over-scanning immediately after the

examination, which could help the technologists improve
their practice. Indeed, they mostly rely on the landmarks
seen on the topogram to determine the start and end of
CT data acquisition and naturally tend to increase the
total coverage to be sure to include the whole lung. This is
particularly true for the lower part of the acquisition since
the costodiaphragmatic sinus is often difficult to localize
precisely on the topogram. Accordingly, in our study, the
proportion of over-scanning was found to be approximately
two third at the abdominal level.
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Table 2 Absolute mean and range differences as mea-
sured by the convolutional neural network and the
radiologists.

Differences

0.6 +2.2[0—12]
2.2+5.8[0—26]
2.8+5.3[0—26]

Results are expressed as mean + standard deviation. Numbers
in brackets are ranges.

Areas

Cervical (mm)
Lung (mm)
Abdominal (mm)

Table 3 Mean length and ranges measured by the
machine learning software on the 1000 patients cohort.

Areas Mean length
Cervical (mm) 26.1+14.5 [0—162]
Lung (mm) 255.8 +35.6[166—377]

Abdominal (mm) 50.0+27.9 [0—326]

Results are expressed as mean + standard deviation. Numbers
in brackets are ranges.

In our study, the training cases were randomly selected
to provide a representative population. While this can make
the task of the CNN more complicated during inference, it
is also an important reason explaining the performance of
our CNN that despite being relatively simple still allowed
reaching a high accuracy of 98.4%. It also helped make the
results independent of the CT scanner vendor and the pres-
ence or absence of contrast injection. Additionally, a very
good agreement was observed between the CNN and the
observers. This could be partially related to the fact that the
mean length of the lung represents about two third of the
total acquisition length and the CNN response is expected to
be relatively stable in the central part of each anatomical
levels. Therefore, we also calculated the agreement on the
transition zones (i.e. cervical-to-lung or lung-to-abdomen)
and report that the CNN shows a lower agreement with the
observers at the lung-to-abdomen level. This difference is
due to oscillations of the response of the CNN in this tran-
sition area caused by the high heterogeneity of the images
at the lower part of the lung. The impact of this problem
is globally small and probably does not affect too much our
measurement on the global population with regard to the
2 cm margins that was used in the calculation of the over-
scanning. However, this issue would have to be considered
for per-patient individual analysis.

Our study has some other limitations, such as the fact
that we did not take the medical indications into account
when selecting the patients. Therefore, it is possible that
in some patients the over-scanning was actually needed
for diagnostic purpose, such as adrenal gland assessment in
patient with pulmonary cancer. Nevertheless, it is unlikely
that it was the case for every examination over the full
cohort of 1000 patients. Nevertheless, adding the clinical
indication of the CT examination will certainly help interpret
individual over-scanning results. Another limitation of our
study is the absence of radiation dose calculation. Indeed,

our goal was to develop and validate a tool enabling a sys-
tematic and automatic calculation of the extra-Z coverage
in chest CT, regardless of any scan parameters used during
acquisition. Furthermore, the estimation of the excess of
dose related to over-scanning has already been published
[11,12].

In conclusion, our study demonstrates that it is possible
to automatically measure the over-scanning related to the
over estimation of the area to be scanned during lung CT
scans. In addition to the other common dose parameters, it
could allow a decrease in radiation dose exposure.
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