Kliininen
Radiografiatiede
1/2021/ Journal of Clinical Radiography and Radiotherapy Vol 19

Kliininen Radiografiatiede
Journal of Clinical Radiography
and Radiotherapy
Kliininen Radiografiatiede-lehti on Radiografian Tutkimusseura ry:n ja Suomen
Röntgenhoitajaliitto ry:n julkaisu, jonka tarkoituksena on välittää kliinisestä
radiografiatieteestä uusinta tietoa ja välittää sen tutkimustuloksia sekä toimia tieteellisenä
keskustelufoorumina. Lehti julkaisee kliinisen radiografiatieteen käytännöstä,
koulutuksesta ja tutkimuksesta alkuperäisartikkeleita sekä tutkittuun tietoon perustuvia
katsauksia, tapausselostuksia alaan liittyvistä kehittämistöistä sekä akateemisten
opinnäytetöiden (pro gradututkielmat, lisensiaattityöt, väitöskirjat) lyhyitä esittelyitä.

Päätoimittaja • Editor-in-Chief
Eija Metsälä, dosentti, FT,
yliopettaja Radiografian ja
sädehoidon tutkinto-ohjelma
Metropolia Ammattikorkeakoulu
PL 4033 00079 Metropolia
Tel. +358 50 377 8177
Email: eija.metsala(at)metropolia.fi
Helsinki Metropolia University of Applied
Sciences FI-00300 Helsinki Finland
Toimituskunta • Editorial board
Aronen Hannu, professori
Jussila Aino-Liisa, TtT
Niemi Antti, TtT
Karoliina Paalimäki-Paakki, TtM, TtT-opiskelija
Siekkinen Mervi, TtT
Tenhunen Mikko, dosentti
Tenkanen-Rautakoski, Petra, DI
Toimituksen osoite •
Editorial Address
Kliininen Radiografiatiede
Suomen Röntgenhoitajaliitto ry
PL 140
00060 Tehy
Toimitusihteeri •
Editorial Assistant
Katariina Kortelainen
Puh. 0400 231 791
Email: katariina.kortelainen(at)sorf.fi

2

Kliininen Radiografiatiede 2021

Julkaisija • Publisher
Suomen Röntgenhoitajaliitto ry
PL 140 00060 Tehy
Puh. 0400 231 791
Tel. +358 400 231 791
Email: katariina.kortelainen(at)sorf.fi
Society of Radiographers in Finland
Tilaukset ja osoitteenmuutokset
Kliininen Radiografiatiede -lehti
Suomen Röntgenhoitajaliitto ry
PL 140
00060 Tehy
Email: katariina.kortelainen(at)sorf.fi
Taitto
Minna Asuja, Painotalo Plus Digital Oy
ISSN 2669-8463 (verkkojulkaisu)

Matka kliinisen radiografiatieteen
ytimeen jatkuu
Radiografian tutkimus ja tieteenala vahvistuu ja voi hyvin sekä, ja ehkä erityisesti, täällä Suomessa että myös maailmanlaajuisesti. Tästä on monia merkkejä;
Jos tarkastelee nyt alalla tehtävää tutkimusta ja tutkimustyöhön liittyvää kirjallisuutta, voi havaita, että tieteenalan
omat metodologiset lähtokohdat muotoutuvat ja löytyvät pikkuhiljaa. Lisäksi tutkijayhteisö vahvistuu, koska meillä
on yhä enemmän röntgenhoitajia tutkijan pätevyydellä. Myös maisteri- ja
tutkijakoulutettavien määrä lisääntyy.
Tämä puolestaan johtaa, ja on jo johtanutkin siihen, että julkaisutoiminta vahvistuu ja alan tietoperusta lisääntyy.
Käydessäni lapi Kliininen Radiografiatiede -lehden numeroita koko sen ilmestymisajalta, lähtien vuonna 2007
julkaistusta numerosta, havaitsin, että
lehdessa julkaistuissa useissa artikkeleissa käsiteltiin sen alkuvuosina erityisen paljon näyttöön perustuvaa radiografiaa. Lisäksi lehdessä on julkaistu
paljon artikkeleita kuvantamisen ja sädehoidon laadusta sekä säteilynkäytön
optimoinnista, alan opetuksesta ja oppimisesta, potilaiden tiedontarpeesta
ja hoitamisesta, hoitajien työhyvinvoinnista sekä sädehoidon ja kuvantamisen metodeista. Aihepiirit ovat lähestulkoon samat kuin ne, jotka nousivat
esiin Tornroos ym. (2019) vastikään
Radiographyssa julkaistussa tutkimuksessa, jossa tarkasteltiin radiografiatieteen tutkimuskohteita alan uusimman
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kansainvälisen tutkimustiedon perusteella. Näyttäisi siltä, että kliinisen radiografiatieteen ydin alkaa vähitellen
selkeytyä.
Tutkimus on hyvin kansainvälistä, ja
sen vuoksi meidän alan tutkijoiden tulee verkostoitua kansainvälisesti ja osallistua alan kansainväliseen toimintaan.
Lisäksi tarvitsemme myös kansallista
verkostoitumista ja julkaisutoimintaa.
Vuonna 1997 perustetun Radiografian tutkimusseuran toiminta on ollut,
ja on edelleen, tärkeää suomalaisille radiografian tutkijoille, tutkijoiksi aikoville ja sekä alan opettajille että opiskelijoille. Voimme olla ylpeitä siitä, että
meidän maassamme on ollut alan tutkimusseura jo lähes neljännesvuosisadan.
Ensimmäiset hallituksen jäsenet ovat
jo eläköitymisiässa, ja tässä haluamme
erityisesti kiittää tutkimusseuran pitkäaikaista puheenjohtajaa Anja Henneriä ja hallituksen jäsentä Leena Waltaa,
jotka siirtyivät erinomaisen suuren ja ainutlaatuisen panoksensa sekä radiografiatyölle että -tieteelle antaneina hyvin
ansaitulle eläkkeelle nauttimaan vapaaherrattaren päivistä. Lisäksi muistamme lämmöllä ja kiitollisina tutkimusseuran pitkäaikaista rahastonhoitajaa Pirjo
Leppäsaarta, joka sairauden uuvuttamana siirtyi ajasta iäisyyteen.
Terveisin,
Eija Metsälä
Päätoimittaja

Journey to the core of clinical
radiography science goes on
Research and science of radiography
strengthens and lives well both globally
and nationally here in Finland. There are
many signs of this. If one now inspects
radiography research and methodology
literature, one can see that distinctive
methodological approach of clinical radiography science is little by little clarifying. In addition, research community
is strengthening because we have an increasing number of radiographers who
have research competencies. Also the
amount of master and doctoral level students increases. This in turn leads to the
increase of publications and adding the
knowledge base of the science.
While screening all the issues of
Journal of Clinical Radiography and Radiotherapy starting from the very first
one published in 2007, I found out that
in the first issues evidence-based radiography was dealt with a lot in the articles. In addition, there has been a lot of
articles about the quality of imaging and
radiotherapy as well as about dose optimization, teaching and learning of radiography students, patients’ information
needs and caring, staff wellbeing and
methods of imaging and radiotherapy.
It seems to me that the focus of clinical
radiography sciences in clarifying little
by little.
Best regards,
Eija Metsälä
Editor in Chief
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ABSTRACT
Purpose: Deep learning reconstruction
(DLR) is a new Computed Tomography
(CT) dose reduction strategy to optimise
CT image reconstruction. We compared
the impact of DLR on dose reduction,
diagnostic accuracy and image quality
with existing reconstruction techniques
(hybrid IR, MBIR and FBP) in CT imaging.
Methods: A scoping review of literature between April 2016 and April 2020
was conducted, following the PRISMA-ScR guidelines, with data searched
from MEDLINE/PubMed, Semantic
Scholar, Google Scholar and SpringerLink databases. Review includes 9 articles.
Results: It seems that DLR techniques yield better image quality, with
reduced image noise when done with reduced radiation dosages as compared to
FBP, hybrid IR and MBIR techniques. The
existing clinical CT studies also showed
the superiority of using DLR techniques
4
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over other reconstruction techniques
in terms of having significant improvements in both qualitative and quantitative aspects of CT image quality, by
having reduced noise and improved diagnostic capabilities, allowing for better
lesion detections.
Conclusion: DLR in CT have demonstrated potential in further dose management, yielding better CT image quality with reduced image noise.
Keywords: Computed tomography (CT), Deep learning reconstruction
(DLR), Iterative reconstruction (IR)
INTRODUCTION
Computed tomography (CT) is a commonly used imaging modality and its
usage has been rapidly increasing due to
its strong diagnostic performance (den
Harder et al. 2015). The growing popularity of CT as a diagnostic tool has raised
concern about the risk of radiation‐
related carcinogenesis, prompting re-

search in CT to focus on minimising radiation doses (Power et al. 2016). Throughout the years after the commercialised
introduction of CT for clinical use, several approaches were made to reduce CT
radiation dose (Power et al. 2016). One
of such key methods was to determine
the appropriate usage of CT scans by developing evidence-based guidelines and
recommendations on when the benefits
of a CT examination outweighs the risks
(Furterer 2014). Other existing options
involve concentrating on the optimisation of CT technical parameters (e.g tube
current, tube voltage, pitch and reconstructed section thickness), utilisation
of dual-energy CT and applying dose reduction technology (e.g. automatic tube
current modulation) (Kerl et al. 2011;
Li et al. 2011; Willemink et al. 2013).
In recent years, CT manufacturers
have started to focus on developing a
newer CT dose reduction strategy that
revolves around optimisation of CT image reconstruction (Willemink et al.

2013). As a result, CT image reconstruction has evolved from the traditional
filtered back projection (FBP) to hybrid
iterative reconstruction (hybrid IR) and
model based iterative reconstruction
(MBIR) (Beregi & Greffier 2019). FBP,
the first computational reconstruction
technique, had one downside which resulted in the degradation of image quality when images are acquired at a low
dose due to an increase in image noise
(den Harder et al. 2015). The concept
of iterative reconstruction (IR) soon
showed superiority over FBP as it utilises noise-reducing reconstruction algorithms which were able to reduce noise
for the same dose level (Beregi & Greffier
2019). This allows IR to optimise radiation doses by providing the possibility
of reducing CT doses without compromising image quality. Another known
advantage that the IR had over the FBP
was the reduction of artifacts (eg. streak
artifacts) (den Harder et al. 2015; Suchá
et al. 2014). As a result, major vendors
began developing commercially available
IR algorithms. Most of such algorithms
are a combination of both IR and FBP, also known as hybrid IR. Examples of existing hybrid IR techniques are Adaptive
Iterative Dose Reduction 3D (AIDR 3D,
Toshiba Medical Systems) and Adaptive
Statistical Iterative Reconstruction-Veo
(ASiR-V, GE Healthcare). The more advanced MBIR algorithms include the
Veo (GE Healthcare), forward-projected
model-based IR solution (FIRST, Canon Medical Systems) (den Harder et al.
2015; Geyer et al. 2015; Willemink et al.
2013).
Hybrid IR and MBIR began to be
widely used in clinical practice to reduce
radiation exposure and improve diagnostic ability due to lower image noise
and fewer artifacts present on these images compared to FBP (Hara et al. 2009;
Leipsic et al. 2010; Thibault et al. 2007).
Despite IR’s benefits over FBP, the image texture, low-contrast spatial resoluKliininen Radiografiatiede 2021

tion and object detectability still leaves
much to be desired (McCollough et al.
2015; Padole et al. 2015). The IR studies often reported having an unfamiliar
image texture that appeared plastic-like
and blotchy which may affect the evaluation of CT images (Geyer et al. 2015;
Patino et al. 2015). Therefore, there was
still room for improvement in this field
of image reconstruction.
Recently, with artificial intelligence’s
advancement and potential in the medical field, deep learning reconstruction
(DLR) which utilises deep convolutional
neural networks (DCNN) are being studied intensively for the purpose of improving CT image reconstruction. DCNN
is a type of feedforward artificial neural
network that is built from input nodes,
output nodes, as well as multiple hidden layers. The hidden layers normally
comprises the convolutional layers, fully connected layers, pooling layers and
normalisation layers (Choy et al. 2018).
Advanced Intelligent Clear-IQ Engine
(AiCE, Canon Medical Systems) and
TrueFidelity™ (GE Healthcare) are the
few commercially available DLR tools
that utilises DCNN restoration process
in CT image reconstruction. TrueFidelity™ and AiCE are trained respectively using high-quality FBP and MBIR datasets
to learn how to differentiate signal from
noise in CT images (Boedeker 2019;
Hsieh et al. 2019).
Purpose and aim
The purpose of this scoping review is to
compare the impact of deep learning reconstruction (DLR) on dose reduction, diagnostic accuracy and image quality with
existing reconstruction techniques (hybrid IR, MBIR and FBP) in CT imaging.
The aim is to spread awareness to
radiographers and radiography students
around the world about the current progression of DLR in CT imaging and what
the future possibly holds.

This paper will aid in comprehension
of the impact of various DLR techniques
on patients’ radiation doses and will
pave the way for more effective methods
to obtain optimal CT scan images balancing between quality of images, noise
present in images and also the amount
of radiation doses exposed to patients.
Research questions
The research questions for this scoping
review are:
(1) “How do DLR techniques affect
the patient’s radiation dosage?”
(2) “Are existing reconstruction techniques (hybrid IR, MBIR and FBP) or
DLR techniques better in improving the
quality of CT images?”
(3) “Do DLR techniques improve
the diagnostic accuracy of CT images as
compared to other reconstruction techniques (hybrid IR, MBIR and FBP)?”
MATERIALS AND METHODS
A scoping review method has been chosen as a precursor to a systematic review
as the purpose is to provide an overview
on the topic of current progression of
DLR in CT imaging (Munn et al. 2018).
The methodological framework for
this scoping review is conducted using
the framework proposed by Arksey &
O’Malley (2005) and methodological development by Levac et al (2010). Joanna Briggs Institute’s Preferred Reporting Items for Systematic reviews and
Meta-Analysis extension for Scoping
Reviews (PRISMA-ScR) guidelines were
followed as well (Tricco et al. 2018).
Database selection and
search strategy
The scoping review will include published
articles retrieved from the following scientific databases: MEDLINE/PubMed,
Semantic Scholar, Google Scholar and
5

SpringerLink. The electronic databases
selected were comprehensive, and contains peer reviewed full-text literature
that could potentially answer the research questions. Searches were done
in the beginning of May 2020 and were
limited to articles written in English and
published between April 2016 and April
2020. A five year limit was set due to the
novelty of DLR technique. The authors
queried the four databases systematically using a combination of keywords and
controlled vocabulary terms as detailed
in Table 1. The selection process is also
illustrated on the PRISMA diagram as
shown in Figure 1. All searches except
for Google Scholar utilised Boolean operators (AND and OR) to help narrow
down the results.
Eligibility criteria
Clinical studies were included if they described and evaluated the application
of DLR for CT in any patient age group
and in any geographical location. Phantom studies were also included if DLR
application on CT were assessed. DLR in
this context refers to the utilisation of
DCNN in the field of CT.
Studies were excluded if they:
(1) Describe a proposal for DLR technique.
(2) Has a primary focus on using
DLR in CT for treatment planning and
simulation in radiotherapy.

Figure 1. PRISMA diagram describing the selection process of the studies.

Relevant article screening
Different combinations of subject headings and keywords were tailored to
each database to ensure that the search
strings gave a high yield of potential literature to work on. Results from the
searches were consolidated from the databases onto an Excel sheet with duplicated studies excluded manually. Members of the team independently screened
relevant studies at the title and abstract
6
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level. Subsequently, only articles that
met the eligibility criteria were retrieved
and read with a brief description of the
results shown in Table 2. Disagreements
about eligibility of the articles were discussed until consensus between members of the team was reached. Quality
assessment of the articles was not performed.

RESULTS
In the literature search, 9 relevant studies from Japan (N = 5), United States (N
= 2), Switzerland (N = 1), France (N =
1) were identified and to facilitate comparison, the data were organised and
summarised in Table 2. The findings
were categorised into “Dose reduction”,
“Overall image quality” and “Lesion

Table 1. Description of combination of keywords and controlled vocabulary terms used in searches
Database

MEDLINE/PubMed

Semantic Scholar

Google Scholar

SpringerLink

Keywords and their
combinations

(“Deep learning image reconstruction” OR “DLIR” OR “Deep
learning reconstruction” OR
“DLR”) AND (“Computed Tomography” OR “CT”)

(“Deep learning reconstruction” OR “DLR”)
AND (“Computed
Tomography” OR “CT”)
AND “dose reduction”

”Deep learning”,
“DLR”, “Computed
Tomography”, “CT”

(”Deep learning” OR “DLR”)
AND (“Computed
Tomography” OR
“CT”) AND ”dose
reduction”

analysis” to answer the research questions. A total of 3 phantom studies and
6 clinical studies were selected and presented in Table 2.
Dose reduction
Although some articles such as Greffier
et al (2020), Higaki et al (2020) and Jensen et al (2020) mentioned the potential
for dose reduction using DLR technique,
there is a lack of studies directly assessing the impact of DLR on radiation dosage to patients. Existing literature of a
phantom study that aimed to evaluate
the capability of DLR for dose reduction
by Higaki et al (2018) found that DLR
technique using tube current of 20 milliamperage (mA) produced similar image
noise when compared to hybrid IR at a
reference dose of 100mA. This meant a
potential 80% of radiation reduction in
favour of DLR, but it has to be noted
that this still does not take into account
the true diagnostic capabilities of the CT
images at low tube current. Therefore,
a comparison of noise power spectrum
(NPS) was necessary. The study was able
to show that the NPS of DLR image at
a tube current of over 70mA was lower
than the image reconstructed with hybrid IR at 100mA in all frequency bands,
hence allowing for the conclusion that
Kliininen Radiografiatiede 2021

DLR technique allowed for a reduction
of at least 30% radiation dose exposure
whilst still maintaining a similar image
quality as compared to hybrid IR technique.
Overall image quality
Numerous clinical studies have demonstrated that the application of DLR
techniques also surpasses other reconstruction techniques in terms of image
quality (Akagi et al. 2019; Benz et al.
2020; Jensen et al. 2020; Nakamura et
al. 2019; Narita et al. 2020; Singh et al.
2020). In a retrospective study by Nakamura et al (2019) where they aim to
assess the effects of DLR technique on
the conspicuity of hypovascular hepatic
metastases in CT images of the abdominal, the authors used DLR and hybrid
IR (AIDR 3D) techniques to reconstruct
contrast-enhanced CT images of 58 patients with hypovascular hepatic metastases. The study found that the median image noise on DLR and hybrid IR
images were 12.8 and 19.2 Hounsfield
units (HU) respectively with the image
noise being significantly lower on DLR
images compared to hybrid IR images
(P < 0.001). In addition, Nakamura et al
(2019) found that the radiologist readers who conducted a blinded qualitative

analysis of the CT images rated a significantly higher scoring towards DLR images compared to hybrid IR images for
the overall image quality, contour definition and structure delineation of inplane blood vessels and liver margin
(P < 0.001).
Similarly, retrospective studies
by Akagi et al (2019) and Narita et al
(2020) showed that when using ultra-high-resolution CT (U-HRCT), DLR
images yield lower noise and higher contrast-to-noise ratio (CNR) values when
compared to MBIR and hybrid-IR. The
results of a study by Akagi et al (2019)
aiming to assess the clinical applicability
of DLR technique in abdominal U-HRCT,
showed that the median image noise on
DLR were significantly lower than hybrid IR and MBIR images. For example,
hepatic arterial phase CT images showed
that the median image noise using DLR,
hybrid IR and MBIR techniques were
13.9, 24.9 and 22.2 HU respectively.
Likewise, the study done to assess the
clinical applicability of DLR technique
in drip-infusion cholangiography (DIC)
by Narita et al (2020), showed that the
median image noise on DLR, hybrid IR
and MBIR images to be 13.5, 22.6 and
19.1 HU respectively. In terms of quantitative analysis on CNR, both studies
showed that CNR was highest on DLR
7

Table 2. Description of results
Reference

Country

Aim and purpose

Design

Data and methods

Main findings

Higaki
et al. 2018

Japan

To evaluate utilisation of
DLR for dose reduction
in CT

Phantom Study

Phantom: A cylindrical, 200mm
acrylic phantom

DLR usage in CT could reduce radiation
dose by at least 30% compared to hybrid
IR.

To evaluate effects
of DLR technique
on the conspicuity of
hypovascular hepatic
metastases in CT
images of the abdominal

Retrospective study

To assess the clinical
applicability of DLR
technique in abdominal
U-HRCT in comparison
to hybrid IR and MBIR

Retrospective study

To compare image noise
characteristics, spatial
resolution, task-based
detectability on different
reconstruction methods
for CT (DLR, FBP,
hybrid IR, MBIR)

Phantom Study

To compare
image quality and
clinically significant
lesion detection of
submillisievert chest
and abdominopelvic CT
images between DLR
and IR techniques

Prospective study

To evaluate the impact
of DLR technique on
image quality and dose
reduction compared with
hybrid IR

Phantom study

Nakamura et
al. 2019

Akagi
et al. 2019

Higaki
et al. 2020

Singh
et al. 2020

Greffier
et al. 2020

Japan

Japan

Japan

United
States

France

CT reconstruction techniques: DLR
and hybrid IR

n = 58
Subjects: Patients with hypovascular
hepatic metastases
CT reconstruction techniques: DLR
and hybrid IR
n = 46
Subjects: Patients underwent hepatic
dynamic CT acquired using U-HRCT
CT reconstruction techniques: DLR
(AiCE), hybrid IR and MBIR
Phantom: A cylindrical, 200mm
diameter phantom with 8 cylindrical
modules filled with different
concentrations of diluted iodine
contrast medium
CT reconstruction techniques: DLR
(AiCE), FBP, MBIR and hybrid IR
n = 59
Subjects: Patients underwent routine
chest and abdominopelvic CT
CT reconstruction techniques: DLR
(AiCE), FBP, MBIR and hybrid IR

Phantom: A 20cm diameter, CT
ACR 464 Phantom (Gammex™
Technology) placed into a body
ring (33cm in diameter and 24cm in
length)
CT reconstruction techniques: DLR
(TrueFidelity™), FBP and hybrid IR

Jensen
et al. 2020

Benz
et al. 2020

Narita
et al. 2020
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United
States

Switzerland

Japan

To evaluate the
quantitative and
qualitative performance
of DLR in contrastenhanced oncologic CT
of the abdomen

Retrospective study

To compare the impact
of DLR technique on the
quantitative, qualitative
image parameters
and diagnostic
accuracy of coronary
CT angiography with
hybrid IR

Retrospective study

To assess the clinical
applicability of DLR
technique in DIC
obtained using U-HRCT
scanner in comparison
to hybrid IR and MBIR

Retrospective study

Kliininen Radiografiatiede 2021

n = 40
Subjects: Patients underwent
contrast-enhanced portal venous
phase abdominal CT
CT reconstruction techniques: DLR
(TrueFidelity™) and hybrid IR

n = 43
Subjects: Patients underwent
coronary CT angiography and
invasive coronary angiography
CT reconstruction techniques: DLR
(TrueFidelity™) and hybrid IR
n = 30
Subjects: Patients underwent DIC
acquired using U-HRCT
CT reconstruction techniques: DLR
(AiCE), hybrid IR and MBIR

DLR images showed significantly lower
image noise, significantly higher CNR
and liver lesion detection compared to
hybrid IR images.

DLR images of hepatic U-HRCT showed
improvement in overall image quality and
CNR as compared to hybrid IR and MBIR.
Therefore, the study concluded that DLR
technique is able to improve abdominal
CT image quality obtained using U-HRCT.
DLR images showed superiority in
terms of lower image noise, greater
high-contrast spatial resolution and taskbased detectability compared to other
reconstruction techniques at a lower dose
(FBP, hybrid IR, MBIR).
DLR images of submilisievert chest
and abdominal CT showed superiority
with regards to image quality and lesion
detection over other reconstruction
techniques (FBP, hybrid IR, MBIR).
For both chest and abdominal CT, the
noise and SNR for low-dose DLR images
were better than standard-dose AIDR
3D (hybrid IR). No substantial artifacts
were observed in both DLR and hybrid IR
technique.
DLR was able to reduce noise, improve
spatial resolution and detectability without
modifying image texture compared to
FBP.
DLR images showed potential for further
dose optimisation as compared to IR
technique.
DLR was able to improve image quality
of contrast-enhanced oncologic CT
scans of the abdomen by reducing noise
and improving CNR without disruptive
alteration to image texture compared to
hybrid IR technique.
Results suggest DLR allows for more
radiation dose reduction compared to
hybrid IR technique.
DLR was able to show superiority in
image quality with significant reduction
in noise at equal diagnostic accuracy
in coronary CT angiography when
compared to hybrid IR technique.

DLR was able to show significant
quantitative and qualitative improvements
in DIC obtained using ultra-highresolution computed tomography.

images when compared with other reconstruction techniques. For example,
the Narita et al (2020) showed that the
CNR for DLR, hybrid IR and MBIR images were 22.6, 11.6 and 17.1 respectively. This was also consistent with Akagi et
al (2019) results which showed that the
aortic, portal vein and liver CNR for DLR
images was significantly higher than hybrid IR and MBIR images (P < 0.01).
Moreover, the blinded qualitative analysis conducted by both studies gave DLR
images the highest overall image quality scores. However, Akagi et al (2019)
showed that MBIR images were assigned
the highest scores for vessel conspicuity
whereas DLR images were comparable to
hybrid IR images. The study by Narita et
al (2020) also showed that MBIR images scored the highest in certain aspects.
For example, with respect to bile duct
delineation, MBIR scored the highest for
3rd and 4th order branches, although
the difference was small between MBIR
and DLR.
Another study has shown that DLR
images of chest and abdominal in lowdose CT were superior to other reconstruction techniques in terms of better quantitative and qualitative image
(Singh et al. 2020). For example, Singh
et al (2020) found that both quantitative (noise and signal-to-noise ratio
(SNR)) and qualitative studies (image
quality scores) for DLR-based images
of sub millisievert chest and abdominal CT were better than hybrid IR (AIDR
3D), MBIR (FIRST) and FBP. In addition,
Singh et al (2020) also found that DLR
images of both chest and abdominal CT
had considerably better noise and SNR
when compared to standard-dose AIDR
3D (hybrid IR technique) with no substantial artifacts found on either techniques.
Additionally, retrospective studies by
Benz et al (2020) and Jensen et al (2020)
reported an improvement in image quality when using DLR (TrueFidelity™)
Kliininen Radiografiatiede 2021

compared to hybrid IR (ASiR-V). In coronary CT angiography, Benz et al (2020)
showed that image reconstructed with
DLR at high strength (DLR H) had significantly lower noise when compared
to ASiR-V 70% with standard (SD) and
high-definition (HD) kernels (DLR H =
30 HU vs ASiR-V SD = 37 HU vs ASiR-V
HD = 53 HU, P < 0.001). In contrast-enhanced oncologic abdominal CT, Jensen
et al (2020) found similar results of DLR
H associating with higher noise reduction of 47% when compared with 30%
ASiR-V. DLR H also received a higher
CNR compared to ASiR-V for both studies. For example, Jensen et al (2020)
found an increase of 92-94% in CNR for
DLR H as compared with 30% ASiR-V.
For overall image quality, DLR images
scored significantly higher than ASiR-V
images on both studies (P < 0.01).
Existing phantom CT studies using DLR technique has been shown to
outperform other reconstruction techniques in terms of improving image
quality, particularly at lower radiation
dose (Greffier et al. 2020; Higaki et al.
2020). For example, Higaki et al (2020)
found that DLR images gave the overall lowest image noise when acquired
at reduced radiation doses at 3.7, 2.5,
1.2 mGy as compared to FBP, hybrid
IR, MBIR techniques. Therefore, DLR
technique shows a promising lead on
low-contrast detectability over the other reconstruction techniques when it
comes to abdominal CT images. Greffier et al (2020) used a task-based detectability approach where acrylic and bone
inserts were used to model masses and
lesions to be detected. Based on their
study, it was found that the values of
task-based detectability index was higher in DLR technique when compared to
hybrid IR (ASiR-V 50%) at 10 mGy and
thus reported the potential dose reduction to be between 9% to 56% depending on reconstruction strength (e.g low,
medium or high).

Lesion analysis
Existing clinical studies have also shown
that DLR reconstructed images provided
improved lesion detection compared to
other reconstruction techniques (Jensen
et al. 2020; Nakamura et al. 2019; Singh
et al. 2020). For example, the retrospective study conducted by Nakamura et al
(2019) showed that the two readers gave
a significantly higher conspicuity score
for DLR images compared to hybrid IR
images (P < 0.001 for both readers in hepatic lesions that are smaller than 10 mm;
P < 0.001 and P = 0.001 for the respective
readers 1 and 2 in hepatic lesions that are
larger than 10 mm). Moreover, the CNR
for hepatic lesions that are smaller than
10 mm were found to be significantly
higher on DLR images in comparison to
hybrid IR images (median CNR of 2.5 and
1.9 for the respective DLR images and hybrid IR images with P < 0.001). Similarly,
the CNR for hepatic lesions that are larger than 10 mm were found to be significantly higher on DLR images in comparison to hybrid IR images (median CNR of
2.2 and 1.7 for the respective DLR images
and hybrid IR images with P < 0.001).
Two recent studies conducted by
Singh et al (2020) and Jensen et al
(2020) found that DLR has superior lesion detection as compared to the other conventional techniques. In the lowdose CT study conducted by Singh et al
(2020), radiologists detected all clinically significant abdominal lesions in DLR
reconstructed images whereas hybrid
IR (AIDR 3D), MBIR (FIRST) and FBP
images missed 6, 13 and 24 lesions respectively. Similarly, Jensen et al (2020)
reported that the readers rated a significantly higher lesion diagnostic confidence and lesion conspicuity for all DLR
levels (high, medium and low strength)
as compared to hybrid IR (30% ASIR-V)
technique. Additionally, Jensen et al
(2020) also showed that the DLR tool
did not cause disruptive degradation of
image texture. This finding is consistent
9

with that of Greffier et al (2020), who
reported that the DLR reconstructed
phantom images was found without textural alteration.
DISCUSSION
Overall, all results from the phantom
CT studies point to the fact that DLR
techniques yield better CT image quality, with reduced image noise when performed with reduced radiation dosages
as compared to FBP, hybrid IR and MBIR
techniques. At the same time, the existing clinical CT studies showed the superiority of using DLR techniques over
the other reconstruction techniques in
terms of having significant improvements in the qualitative and quantitative aspects of CT image quality, by having reduced noise and better diagnostic
capabilities, allowing for better lesion
detections.
Having good noise properties in CT
studies at lower radiation dose, is of
particular clinical importance as unnecessary high radiation doses should be
avoided in accordance to ALARA principle. With the application of DLR in
CT, it has shown superiority over image
quality particularly in image noise over
other reconstruction techniques. Possible dose reduction from standard dose
examinations could be achieved if image
noise could be reduced and be within tolerable level (Ehman et al. 2012; Hara et
al. 2009). Therefore, the potential use of
DLR-based technique could be considered in CT studies, especially in routine
chest and abdominal CT examinations
where such technique improves image
quality and allows reduction of patient
dose. Improved radiation dose reduction
allows undesirable stochastic risk to be
kept minimal for patients.
Potential dose reduction not only depends on the quantitative aspect
of image quality, it is also dependent
on preserving the diagnostic benefit
10
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of the image such as the ability to detect lesions and certain anatomy of interest (Ehman et al. 2014). Unfamiliar
visual appearance of the reconstructed
images is a problem faced by IR techniques, raising concerns about their
accuracy in lesion detection (Kuo et al.
2016). Based on the results above, DLR
images showed improved lesion detection without textural image degradation compared to other reconstruction
techniques and therefore adopting such
technique into the clinical practice could
benefit the patient if assessment of tumours are necessary.
CT images acquired at a lower radiation dose are usually expected to have
higher image noise, pronounced streak
artifacts and lower objective image quality assessment such as SNR and CNR.
However, existing literature have shown
that low-dose CT reconstructed images
using DLR have comparable image quality as the standard dose CT reconstructed images using conventional technique.
As such, there could be a push for lowdose CT scans to be done using DLR as
the new norm moving forward.
Significance to radiography science
Advancing technology gives opportunities to further optimise radiation doses in CT. CT has long been a major contributor for radiation dosage received in
medical imaging. It is important for radiographers to stay updated on the latest research done in DLR techniques; as
optimisation is one of the most important elements in radiography work.
Limitations
The aim of this scoping review was to
discuss and provide an overview of the
current evidence of DLR’s impact on radiation dosage and image quality in CT.
Therefore, no assessment of articles
quality or risk of bias of the evidence was

conducted for this scoping review, limiting the implications for clinical practice
(Munn et al. 2018). Studies conducted
by Higaki et al (2018) and Nakamura et
al (2020) did not provide the exact DLR
technique used in the articles. However,
since comparisons were made with AIDR
3D, a hybrid IR developed by Canon
Medical Systems Corporation, the DLR
techniques were assumed to be AiCE.
CONCLUSION
Although significant radiation dose reduction has been acquired in the past
using iterative methods instead of FBP,
a more recent state of the art technique
of utilising DLR in CT proves to have potential in further dose management and
therefore allows CT examinations to be
conducted safer with less radiation risk.
This is particularly important, keeping
in mind that CT examinations remain
one of the important sources of medical radiation exposure due to the surging increase of such examinations over
the recent years caused by improving
computing resources and their essential
contribution in diagnosis. However, to
maximise the dose reduction promises
of DLR technique without compromising on diagnostic capabilities, more research would still be necessary to predict
the lowest permissible radiation dose
that will provide diagnostic accuracy for
a particular clinical task.
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ABSTRACT
Aim: Using Convolutional Neural
Network (CNN) in the process of reconstructing three-dimensional (3D)
models from two-dimensional (2D) radiographs has been explored in recent
years. In this review, we identify such
articles and discuss clinical accuracy of
results, time taken, and the remaining
challenges for this AI development to be
clinically applied.
Methods: A scoping review was
conducted following the PRISMA-ScR
framework using online databases (Semantic Scholar, Google Scholar, IEEE
Xplore Digital Library, Springer Link
and PubMed), filtered to include only
recent (past 5 years) full-text peer-reviewed articles in English. Eight articles
were selected.
Results: Authors proposed methods
using CNN in the process of reconstructing 3D anatomical models from spine
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and lower limb 2D radiographs. Overall,
the results were reported to have acceptable accuracy when compared to ground
truth. The reconstruction processes
were also fully-automated and had faster reconstruction times compared to
other methods.
Conclusion: With CNN, fast and accurate 3D models can be reconstructed
from 2D radiographs to aid in diagnosis
and treatment planning of bone-related
pathologies, providing a possible alternative to high radiation Computed Tomography (CT) imaging for certain procedures.
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Network, 2D radiographs, 3D reconstruction
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procedures used to obtain patient-specific 3D reconstructions of anatomy
to aid in diagnosis, surgical planning,
treatment and follow-up of bone-related pathologies (Reyneke et al.. 2018).
However, CT imaging can result in high
levels of ionizing radiation for patients
with conditions like scoliosis, that require scans over a large area for repetitive follow-ups (Levy et al.. 1996). This
is a deterring factor due to possible biological effects e.g. cancer, especially for
younger patients (Lin 2010). While MRI
does not utilize ionizing radiation, there
are other associated risks due to the use
of a strong static magnetic field, gradient magnetic fields and radiofrequency
pulses, and possibly contraindicated for
patients with metallic fragments or implants, electronic implants, or tattoos,
etc. (Dill 2007). MRI also has longer acquisition and processing times and is
more frequently used to evaluate struc13

tures like the brain, spinal cord, ligaments and tendons due to excellent soft
tissue contrast, rather than bones (Wells
et al.. 1996). CT and MRI equipment and
procedures are also expensive, may be
prone to image artifacts and distortions
from metallic implants, and are limited
to supine positions, altering the global shape of bony structures (Reyneke
et al.. 2018). These limitations and the
need to reduce ionizing radiation in accordance with the As Low As Reasonably
Achievable (ALARA) principle, motivated exploration of methods to achieve
accurate 3D reconstruction of patients’
anatomy from 2D imaging modalities
like X-ray, dual-energy X-ray, fluoroscopy and ultrasound (CDC 2015; Reyneke
et al.. 2018).
To keep in line with the topic, radiographs obtained by 2D X-ray imaging will be the main focus. Although CT
and MRI still achieve higher levels of accuracy in shape and appearance, methods of 3D reconstruction from 2D radiographs e.g. Humbert et al. (2009),
have been shown to yield adequately
accurate results for diagnostic clinical
use (Galibarov et al.. 2010). In addition,
2D X-ray imaging can allow a variety of
positions to fit the diagnosis of pathologies by assessing weight-bearing positions and musculoskeletal interactions,
especially for spine and lower limb (Rohan et al.. 2018). It can also benefit patients in resource-limited settings, as
2D X-ray imaging is relatively inexpensive and more widely available (Reyneke
et al.. 2018; Rohan et al.. 2018). While
2D X-ray imaging utilizes ionizing radiation, the effective dose per procedure
is still lower than in CT (Lin 2010). For
example, standard 2D X-ray imaging for
hip arthroplasty pre-operative imaging
reduces dose by at least 30% compared
to CT (Yu et al.. 2016). Low-dose imaging using specialized EOS imaging system (EOS imaging, Paris, France) can
also achieve 4-30 times lower radiation
14
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dose for femoral and tibial torsion measurements as compared to CT (Delin et
al.. 2014). Micro-dose imaging using
EOS imaging system (EOS imaging, Paris, France) can yield an even lower effective dose (26 times) than the standard
2D X-ray imaging for frontal full-spine
radiographs (Hui et al.. 2016). Although
recently, studies using low-dose techniques for multi-detector CT have reported achieving large dose reductions
e.g. Sollmann et al.. (2021), 3D reconstruction from 2D radiographs can still
provide value for situations mentioned
above.
The various methods of 3D reconstruction from 2D radiographs proposed
over several decades were the result of
attempts to improve on previous methods on accuracy, and reduction of manual operator intervention and time taken.
The mention of two or more radiograph
views used for 3D reconstruction, is assumed to have been calibrated, obtained
either by using standard X-ray imaging
systems with calibration methods as in
Moura et al. (2010) and Schumann et
al. (2014), or by the EOS imaging system (EOS imaging, Paris, France) which
produces self-calibrated biplanar radiographs. Calibration corrects for image
distortion, position and orientation of
the radiographs, allowing generation of
accurate 3D data from 2D coordinates
on two or more radiographs during 3D
reconstruction (Hosseinian & Arefi
2015). The first attempts at 3D reconstruction from 2D radiographs were stereo-corresponding point-based methods
involving manual annotation of numerous anatomical landmarks (e.g. 6-21
per vertebra) on both radiograph views
in order to reconstruct 3D coordinates
with direct linear transformation algorithm (Pearcy 1985; Aubin et al.. 1997).
Non-stereo-corresponding point-based
methods later proposed to improve accuracy, were based on the principle that
any non-stereo-corresponding point be-

longs to a line joining the X-ray source
and the projection of the point in one
view. This allowed 3D reconstruction for
additional anatomical landmarks that
were only identified on one radiograph
view, and hence, more information
could be utilized for deforming generic
models accurately (Mitton et al.. 2000;
Mitulescu et al.. 2002). However, 3D reconstruction required 2-4 hours due to
manual annotation and were highly reliant on operators’ skills (Hosseinian &
Arefi 2015). Contour-based methods
were proposed for anatomy with continuous shapes, lacking in specific anatomical landmarks, like the knee joint
(Laporte et al.. 2003). While manual
contour annotation required less operator intervention, time taken of 15-35
minutes for lower limb reconstruction
still hindered application for clinical
use (Hosseinian & Arefi 2015). To reduce operator intervention, statistical
shape model (SSM) based methods were
proposed for spine e.g. Benameur et al.
(2003, 2005), and lower limb e.g. Baka et
al. (2011). SSM containing information
of mean anatomy shape and variations
is applied based on using Principal Component Analysis (PCA) on large learning
databases containing normal and pathologic anatomy to obtain model shape
variations. Deformation of the SSM to
obtain the final 3D model is done until
the 3D model’s projection matches the
information from the radiographs. SSM
methods can achieve accurate 3D reconstruction especially for the spine, however, they require large databases, and
time taken for these methods were not
precisely reported (Hosseinian & Arefi 2015). Methods based on parametric
modelling were also proposed for spine
e.g. Pomero et al. (2004) and Humbert
et al. (2009), and for lower limb e.g. Baudoin et al. (2008), Chaibi et al. (2011)
and Quijano et al. (2013), taking into
account anatomical descriptive parameters obtained from anatomical land-

marks on radiographs. They provide fast
and robust initial 3D reconstruction,
obtaining simplified parametric models made of geometric shapes by using
statistical inference from a database of
parameters. The simplified parametric
model is then used for deformation of
a 3D generic mesh until the 3D model’s projection matches the information from the radiographs, producing
the final 3D model (Hosseinian & Arefi 2015). Other methods like Kadoury
et al. (2009; 2015) combine statistical
and image-based information for reconstruction of the spine, producing acceptable accuracy for patients with moderate
scoliosis; however required large databases, and time taken was also not precisely evaluated (Hosseinian & Arefi 2015).
The different methods proposed vary
in levels of accuracy, operator intervention and time taken, as comprehensively reviewed by authors like Hosseinian
& Arefi (2015), Reyneke et al. (2018)
and Goswami & Misra (2015).
Artificial intelligence (AI) can improve the way radiological imaging in
healthcare is delivered from workflow
and image acquisition to image registration and interpretation (Lewis et al.
2019). AI development in 3D reconstruction from 2D radiographs, provides
an alternative to potentially improve on
previous methods. Over the past decade,
Bromiley et al. (2015), Chu et al. (2015),
Kumar et al. (2016), Yu et al. (2016) and
Ebrahimi et al. (2019) trained machine
learning (ML) algorithms in automatic
landmark detection using sample datasets annotated by experts. Promisingly,
CNN, a network architecture under deep
learning, can automatically extract data
features and is efficient in high-dimensional non-linear regression functions,
with good generalization capabilities
(Aubert et al.. 2016). Inspired by the
organization of neurons in the animal
visual cortex, CNN is a mathematical
construct that analyses and identifies
Kliininen Radiografiatiede 2021

features in isolation, and makes a final
decision about the image (Yamashita et
al.. 2018). It is commonly used to process grid-like data, such as digital images
and has been used in medical imaging for
various applications in image processing
and analysis as it is highly efficient in extracting features (Lundervold & Lundervold 2019). Recent articles demonstrate
that methods that used CNN for automatic feature extraction and landmark
prediction in 3D reconstruction from
2D radiographs can potentially outperform previous methods in terms of clinical accuracy when compared to ground
truth (i.e. the ideal expected result according to individual studies), reduction
in operator intervention and time taken. As operator intervention increases
risk of error and overall time taken, and
decreases replicability of results (Moura
et al.. 2011), a fast and fully-automatic reconstruction method can eliminate
the need for training and reliance on
operator’s skills and experience for reconstruction accuracy, thus producing
greater reliability for use in clinical radiography (Ilharreborde et al.. 2011).
Aim and purpose
This scoping review aims to identify articles that propose the use of CNN in 3D
reconstruction from 2D radiographs;
with the purpose of bringing awareness
to the possibilities of this novel AI development, to professionals and students
in relevant fields. This scoping review
seeks to answer these research questions:
1. How accurate are the proposed
methods compared to ground truth for
spine and lower limb reconstructions?
2. How does time taken for 3D reconstruction using CNN compare to other
methods?
3. What are the remaining challenges
for 3D reconstruction using CNN to be
clinically applied?

MATERIALS AND METHODS
The methodology used is based on the
Preferred Reporting Items for Systematic reviews and Meta-Analyses extension for Scoping Reviews (PRISMA-ScR)
framework outlined by Arksey and
O’Malley (2005), along with recommendations and guidance by Levac et
al. (2010) and Joanna Briggs Institute
(Peters et al.. 2020).
Databases and search strategy
A search was conducted on 4 February – 30 April 2020, using four online
databases: Semantic Scholar (all fields
of science), Google Scholar (multidisciplinary), IEEE Xplore Digital Library
(engineering and technology) and
Springer Link (multidisciplinary). A
supplementary search was conducted
on 10 November 2020, using the online
database: PubMed (life sciences and biomedical) to obtain additional titles for
screening. These databases were selected as they contain peer-reviewed fulltext articles relevant to the research
questions. Combinations of the following keywords were used:
“3D” OR “3D reconstruction”; “2D
X-ray” OR “Radiographs” OR “planar images”; “Convolutional Neural Network”
OR “CNN” OR “deep learning” OR “deep
neural network”
Filters were applied to show articles
from the past 5 years (2015- 2020) due
to the novelty of this technology. The
option of keywords found in title or abstract was used when applicable. Only
published peer-reviewed journal articles
and conference papers that had full-text
written in English were considered.
Eligibility Criteria
Inclusion criteria: Articles were included
if they proposed methods that use CNN
for 3D reconstruction from 2D radiographs in clinical radiography. Articles
15

with different methodological approaches and designs were included.
Exclusion criteria:
1. Articles that use coloured images
as input
2. Articles with 3D tomography as
the reconstructed output
3. Review articles
Identification and selection
of articles
The search results were first screened to
ensure that there were enough promising articles to continue on the selected
topic. Keywords and combinations used
on databases yielded 1428 articles at title
level. Eligible titles were compiled onto a single spreadsheet and duplicates
were manually removed. Fifty-four

articles were then identified and
screened at abstract level for the inclusion and exclusion criteria. Full-texts of
the 24 identified articles were then assessed for eligibility by relevance for final acceptance, resulting in a selection
of 8 articles. The members of the team
were updated during the screening process and proceeded with no disagreements. The process of identification and
selection of articles is shown with the
PRISMA flow diagram (Figure 1).

selection of articles, the works by Aubert
et al. (2017), Grigoviera et al. (2018),
Bakhous et al. (2019), Aubert et al.
(2019) and Chen & Fang (2020) were focused on spine, while the works by Kim et
al. (2019), Dixit et al. (2019) and Kasten
et al. (2020) were focused on lower limb.
Table 1 shows the information from the
8 articles and the reported results on accuracy and time taken is presented next.

RESULTS

Clinical accuracies of 3D models were
evaluated against ground truths by various methods. For spine reconstruction
Aubert et al.. (2017), Bakhous et al..
(2019) and Aubert et al.. (2019) quantified the mean absolute errors (MAE) and
standard deviation (sd) for vertebral locations (X, Y and Z axes), orientations

All 8 final selected articles used CNN to
extract feature points from 2D frontal
and/or lateral radiography image(s) and
the outputs from the CNN network, i.e.
anatomical landmarks, were utilized to
reconstruct 3D models. Out of the 8 final

Figure 1. PRISMA flow diagram of selection of articles
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Accuracy

Table 1. Description of selected articles
Reference
and country

Aim and
purpose

Aubert et al..
2017

Canada
Grigorieva et
al.. 2018

Russia

Bakhous et al..
2019

Canada

Aubert et al..
2019

Canada

Kim et al.. 2019

Korea

Dixit et al.. 2019

India

Chen & Fang
2020

Taiwan

Kasten et al..
2020

Israel

Dataset

Methods

Main results

To automate 3D
reconstruction
from pre and postoperative biplanar
radiographs to assess
effectiveness of
scoliosis surgery.

Test:
n= 38 pre and post-operative
biplanar radiographs,
reconstructions by expert
operators.

Metallic surgical structures in post-operative
radiographs were removed by in-painting.
3D/2D registration of 2D radiographs based
on CNN to predict 3D landmark locations
of vertebral body centers (VBC) by epipolar
geometry, regularised via SSM fitting for
optimal 3D reconstruction.

Fast and automatic 3D reconstruction
of biplanar radiographs from pre and
post radiographs provided a relevant
set of clinical parameters to assess
surgery without manual operator
intervention.

To construct
individualised spine
models based on
2D radiographs to
determine type and
degree for diagnosis
and treatment of
scoliosis.

Training:
n= 70 frontal radiographs
(Augmented to n= 1050).
n= 106 lateral radiographs
Test:
n= 48 frontal radiographs
n= 18 lateral radiographs

CNN to recognise and determine position
and shape of vertebrae on radiographs using
semantic segmentation approach. Contours
of vertebrae were marked. Computed
parameters based on marked contours were
used to construct an individualised spine
model based on a standard model.

Acceptable accuracy for
frontal radiographs, with good
correspondence along contours of
vertebral bodies. Fared worse with
lateral radiographs, especially for
upper vertebrae. Increased accuracy
can be expected with refinement of
CNN architecture for recognition of
vertebrae.

To automate 3D
reconstruction
process for spine
flexibility assessment
using 2D radiographs
in standing and
suspended (with a
harness) positions.

Training:
n= 400 standing biplanar
radiographs, reconstructions
by expert operators.
Test:
n=57 standing and
suspended biplanar
radiographs, reconstructions
by expert operators.

Statistically infer C7 vertebrae due to
suspension harness hooks.

Higher accuracy on vertebrae
locations and orientations, and
Cobb angle detection as compared
to Article 1 (Aubert et al.. 2017).
Increased accuracy can be expected
with larger dataset in suspended
position.

To automate 3D
spine reconstruction
process for
quantification of
clinical parameters for
scoliosis.

Training:
n=400 scoliosis biplanar
radiographs, reconstructions
by expert operators.Test:
n=68 asymptomatic
and scoliosis biplanar
radiographs, reconstructions
by expert operators.

CNN automatically predicts landmark
positions on biplanar radiographs.

To automate
reconstruction of 3D
leg bones from frontal
2D radiographs using
automatic feature
analysis via CNN.

Training:
n=907 frontal radiographs
(Augmented to n= 4535)

CNN to automatically detect and classify
features into bounding boxes. Features
aligned by least squares method and
boundary contours detected by Canny edge
detection method. Deformation of SSM with
parameter optimisation for 3D reconstruction.

Saves time and cost compared to
manual operator intervention and can
be more accurate and reliable than a
novice operator.

To reconstruct 3D
lower limb from
2D radiographs to
visualise fracture
for diagnosis and
treatment planning.

Training:
n=30 radiographs
Test:
n=30 radiographs

Coordinates of X-ray processed for features
extraction (axes properties, pixel range,
position and resolution). K-Means clustering
to remove noise and extract bone data. Depth
information also extracted. Feed-forward CNN
uses extracted information to reconstruct 3D
models.

Reconstructed lower limbs had
moderate accuracy. Increased
accuracy can be expected with
larger dataset and refinement of
CNN architecture. Cost effective,
less processing time as it requires no
operator intervention.

To accelerate 3D
reconstruction speed
of the spine using
CNN, as a faster
alternative for the
EOS system.

Training:
n=90 CT scans simulated
and augmented to obtain
radiographs.
Test:
n=10 CT scans simulated
and augmented to obtain
radiographs.

CNN, consisting of encoder and generator
parts to fully reconstruct 3D spine models
from 2D biplanar images.

Preliminary results show acceptable
diagnostic accuracy and potential
clinical applicability. Increased
accuracy can be expected with larger
dataset of biplanar radiographs, and
adjustment of loss function, optimiser
and other parameters.

To 3D reconstruct
knee bones directly
from biplanar 2D
radiographs using
CNN.

Training:
n=236 CT scans simulated
by rendering digitally
reconstructed radiographs
(DRR).
Test:
n= 10 biplanar radiographs.

Domain adaptation of biplanar radiographs
to generate DRR-style appearance.
Back-projecting 3D landmarks via epipolar
geometry. CNN predicts 3D segmentation
map of bone classes to reconstruct knee
bones.

Effective CNN architecture for 3D
reconstruction of knee bones from
biplanar radiographs. High accuracy
with reduced time taken.
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Trained CNN architecture based on
vertebrae rigidity hypothesis to predict VBC
displacement via regression to 3D position
using statistical pose model (SPM).

Iterative registration for VBC and local fit
to add landmark positions for endplate and
pedicle centers for better refinement. CNNpredicted landmarks used to deform SSM for
3D reconstruction.

Proposed method can speed up
the 3D reconstruction process
allowing fast visualisation and clinical
measurements of the spine, and
is able to handle asymptomatic,
moderate and large scoliosis
deformation.
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(X, Y and Z axes) and clinical parameters
(e.g. Cobb’s angles) of 3D models by proposed methods against 3D models reconstructed by experts using semi-automatic method in Ilharreborde et al. (2011).
In Aubert et al. (2017), the pre-operative
reconstructed models had MAE (sd) for
average vertebrae locations of 1.5 (2.2)
mm, 3.3° (4.3) for orientation and 5.1°
(5.6) for Cobb’s angle. For post-operative
2D radiographs, a statistical inference
step (in-painting) was used to replace
high intensities of metallic instrumentation by a homogeneous gray level distribution allowing accurate CNN landmark
detection (MAE (sd) for average vertebrae poses of 1.8 (2.3) mm for location,
3.0° (3.9) for orientation and 6.8° (5.5)
for Cobb’s angle). However, accuracy in
the thoracic region was still low due to
higher density of soft tissues. In Bakhous et al. (2019), a statistical inference
step similar to Aubert et al. (2017) was
used on suspension harness hooks on C7
vertebra to improve CNN landmark detection. Results showed MAE (sd) of 1.9
(2.4) mm for average vertebral location,
3.5° (3.0) for orientation and Cobb’s angle of 6.89° (6.73) for reconstructed 3D
spine models of patients suspended with
harness. High maximum errors of reconstructed models, however, were observed. In Aubert et al. (2019), MAE was
0.8 mm for average vertebral location,
2.7° for orientation and Cobb’s angle of
3.2°. It obtained comparable accuracy
(MAE of 3.1° for vertebral axial orientation) against a “quasi”-automated method proposed by Gajny et al. (2019) with
MAE of 3.5°. It also obtained comparable
accuracy of 3D root-mean-square (RMS)
of 2.4 mm (2.2 mm for endplates and 2.7
mm for pedicles) against a state-of-theart automated method with RMS of 2.4
mm (2.2 mm for endplates and 3.5 mm
for pedicles) developed for post-op radiographs by Kadoury et al. (2016). On
average, 89% of clinical parameters extracted were inside the confidence inter18
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vals of ground truth by experts, showing
that refinements are still required to obtain adequately high accuracies. Grigoviera et al. (2018) measured the accuracy
of CNN in determining actual vertebral
shapes and positions, using F1 scores
(1= perfect precision). The accuracy for
frontal radiographs (F1 score= 0.8778)
was higher than lateral radiographs (F1
score= 0.8085) due to vertebrae appearing partly obscured by ribs. Chen & Fang
(2020) reported Dice score coefficient
(F1 score) of 0.74 and Structural Similarity Index Metric (SSIM) of 0.93 for
reconstructed spine section, with higher
accuracy of CNN in detecting and reconstructing the vertebral body compared
to transverse and spinous processes. For
3D reconstruction of lower limb, Kim et
al. (2019) compared accuracies of CNN
architectures from He et al. (2017) and
Redmon & Farhadi (2018) in detecting landmarks, but they did not report
quantitative metrics. Dixit et al. (2019)
reported SSIM of 0.68, a moderate accuracy. Kasten et al. (2020) evaluated knee
bones reconstructions relative to ground
truth annotations by experts, reporting Dice coefficient (F1 score) 0.89 and
Chamfer (lower values equate better accuracy) 1.87 mm; also showing higher
accuracy for femur reconstruction (Dice
coefficient= 0.94, Chamfer= 1.88 mm)
when compared against the method by
Klima et al. (2015) (Dice coefficient=
0.79, Chamfer= 7.58 mm).
Time Taken
Reconstruction of spine model by Aubert
el al (2017) and Aubert et al. (2019) took
much shorter times (52 and 34 seconds,
respectively) compared to other methods that require annotations by experts
(11 minutes 30 seconds) which can take
up to 20 minutes depending on scoliosis severity (Humbert et al.. 2009; Ilharreborde et al.. 2011). It was also reportedly faster than the “quasi”-automated

method (up to 5 minutes) by Gajny et al.
(2019) and possibly even the automatic
method by Kadoury et al. (2016) using
nonlinear manifolds with non-negligible
computational time (actual time not reported). Reconstruction of lower limbs
by Kim et al. (2019) took 3 minutes 7
seconds (due to SSM parameter optimisation), while Kasten et al. (2020) took
0.5 seconds, reportedly faster than the
accelerated method proposed in Klima
et al. (2015). While time was not measured for the others, Dixit et al. (2019)
and Chen & Fang (2020) noted potential time savings and workflow efficiency
due to automation.
DISCUSSION
Overall, the reviewed articles demonstrate that implementing CNN can reconstruct 3D models from 2D radiographs with acceptable accuracy when
compared to ground truth. In addition,
as presented in the ‘Results’ section, Aubert et al. (2019) and Kasten et al. (2020)
compared accuracy of results with other established methods by Gajny et al.
(2019), Kadoury et al. (2016) and Klima et al. (2015), obtaining similar accuracies and therefore demonstrating potential clinical applicability for this AI
development in 3D spine and lower limb
reconstruction. Even though there were
no quantitative measurements of radiation dose, it was mentioned in all the
articles that this AI development could
be a possible alternative to CT imaging
for certain bone-related pathologies, ultimately reducing overall patient dose.
However, it was also mentioned in all
the reviewed articles that further refinement of CNN architectures and reconstruction process, and larger training datasets are needed to obtain higher
accuracies. Grigorieva et al. (2018), Bakhous et al. (2019), Dixit et al. (2019)
and Chen & Fang (2020) reported that
small datasets available had limited the

accuracy of reconstructed models. In
addition, Chen & Fang (2020) and Kasten et al. (2020) used synthetic 2D datasets from CT scans, and Grigorieva et al.
(2018), Kim et al. (2018) and Chen &
Fang (2020) used augmented datasets.
Aubert et al. (2019) also found that using two views (frontal and lateral) of 2D
radiographs instead of one, improved
accuracy of reconstruction, while Kim
et al. (2019) noted that multiple views
will result in an increase in patient radiation dose and cost. As routine 2D X-ray
imaging for spine and extremities are
commonly obtained in orthogonal views
(frontal and lateral), both can be utilised
to obtain higher accuracy of 3D reconstructed models, if required.
Confidence for future works were
mentioned in the articles, including supplementing the reconstruction architecture with description of body surfaces to
implement patient-specific Cheneau corsets for scoliosis treatment (Grigorieva
et al.. 2018), however, it is important to
note that these articles are mostly preliminary studies and tests of concepts.
The selected articles also focused on various bones, employed different datasets
and reconstruction algorithms, and different evaluation methodologies. This
wide range of study designs and methodologies may thus have affected the
comparability of results between methods (Reyneke et al.. 2018). Currently, there is also a lack of standardized
means for comparing the performance
of 3D reconstruction algorithms with
different methodologies (Sarkalkan et
al.. 2014). These presenting challenges
imply that more thorough research and
clinical studies would be needed before
this technology can be considered for
clinical use (EFRS & ISRRT 2020).
Limitations
This scoping review included articles
with language restriction (English)
Kliininen Radiografiatiede 2021

from 5 online databases and as such,
may not have included all relevant articles despite attempts to be as comprehensive as possible (e.g. including a
supplementary search), thus resulting
in possible selection bias. Selected articles were also varied in methodologies, however, the purpose of this scoping review was to get a general view on
the use of CNN in reconstructing 3D
anatomical models (rather than evaluation of individual reconstruction algorithms), and the number of articles
found was also scanty. Following the
scoping review framework, assessment
of scientific quality of articles or risk of
bias of the evidence was not performed,
therefore limiting implications for
clinical practice (Grant & Booth 2009;
Munn et al.. 2018).
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PURPOSE AND NATURE
OF THE STUDY:
It has been indicated that children experience variety of unpleasant feelings
concerning clinical examinations including magnetic resonance imaging (MRI)
scans. The scanning situation may be
new and exciting for many children. It
has been shown that the feelings associated could be alleviated with careful
counselling beforehand. Proper counselling has also shown positive impacts
on anxiety reduction and distress during
the examinations, also affecting positively on successful scans.
In patient counselling context the
development of digital materials, use
Kliininen Radiografiatiede 2021

of gamification and mobile applications
has continuously increased worldwide,
however it has not reached routine role
in patient education. The potential of
digital applications especially among
children has seen in other fields of education. Based on these facts the clear
need to evaluate digital counselling
methods have stated.
The aim of this thesis study was to
design and develop digital application
for patient counselling use for MRI scans
and to evaluate the usability, user experience and the utility of the application
as a part of high-quality patient counselling. The gamified application was based
on spherical 360° images and on rele-

vant counselling material in digital format used by any smart device connected on the internet. The study answered
in the questions as 1) can digital application be used as a partial counselling
method before MRI scans and 2) could
it reduce anxiety and other unpleasant
feelings in children based on their parents experiences.
Methods:
This pilot study followed the constructivist development model including
initial, planning, implementation and
finishing phases. In the initial and planning phase the digital application was
23

designed and developed and pretested
by the staff (n=5), in implementation
phase the application was tested by the
parents (n=3) of the children undergoing
MRI scan. The raised needs for changes and noticed errors were corrected
after these phases. In finishing phase,
the finished application was published
and the results of this thesis were reported. This data was collected by using
a structured questionnaire, measuring
the perceived quality, usability and user
experience. The questionnaire contained
likert-scale propositions, adjective pairs
and open questions. The data was analyzed by using descriptive statistics and
inductive content analysis.
Key results:
Results of this pilot study stated that the
parents experienced the received counselling generally good. Included counselling material in the gamified 360° application was stated as useful, detailed
enough and considered as a valuable
method in patient counselling in the future. Parents confirmed that the use of
the digital application helped them to
prepare their children for the MRI scan.
The parents also stated that the use of
the application reduced their own anxiety before the examination.
Relevance of results
to clinical radiology:
Based on the small number of participants these findings can be used as indicative for the future development and
should be repeated with larger population before final interpretations. However, the results showed positive attitudes
towards the use of digital counselling
methods as a part of patient education.
Under tightening resources and in continuous economic pressures digital application can help to find complementary methods for patient counselling.
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Link to the original publication
(in Finnish):
http://urn.fi/
URN:NBN:fi:amk-2020052613645
Link to gamified 360° application:
https://bit.ly/360-MRI
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INTRODUCTION

ty and potential benefits of radiotherapy with a 1.5 T MR-Linac for locally advanced non-small cell lung cancer (LA
NSCLC) patients. Ten patients with LA
NSCLC were retrospectively re-planned
six times: three treatment plans were
created according to a protocol for conventionally fractionated radiotherapy and three treatment plans following
guidelines for isotoxic target dose escalation. In each case, two plans were designed for the MR-Linac, either with
standard (-7mm) or reduced (-3mm)
planning target volume (PTV) margins,
while one conventional linac plan was
created with standard margins. Treatment plan quality was evaluated using
dose-volume metrics or by quantifying
dose escalation potential. All generated
treatment plans fulfilled their respective
planning constraints. For conventionally fractionated treatments, MR-Linac
plans with standard margins had slightly increased skin dose when compared
to conventional linac plans. Using reduced margins alleviated this issue and
decreased exposure of several other organs-at-risk (OAR). Reduced margins also enabled increased isotoxic target dose
escalation.
According to Bainbridge et. al. (2017
b), lung cancer causes more cancer-re-

lated deaths than other forms of cancer.
Most of lung cancer cases are non-small
cell cancers and about 30 % of these patients present with locally advanced
disease. Surgery plays a small role in
this group, but radiotherapy connected
with chemotherapy is the most common treatment of choice for majority
of patients. Overall, survival outcome is
poor, but efforts in research are continuous in exploring potentially successful
outcomes. For instance, it is being investigated if a combination of advanced
radiation techniques will contribute to
the intensification of safe treatment.
One improvement is that of magnetic
resonance imaging which has been integrated in the treatment pathway. This
provides anatomical and functional information with exceptional soft tissue
contrast, and importantly, the patient
is unexposed to radiation. The diagnostic staging accuracy of F-18 fluorodeoxyglucose position emission tomography
may be complemented or even improved
by MRI. In addition, computerized tomography imaging is also effective for
identification of nodal and distant metastatic disease. This is particularly true
in assessing local tumor invasion. The
incorporation of anatomical MRI sequences into lung radiotherapy treat-

The MR-Linac is quite a new radiation
therapy technology to combine an MRI
scanner with a linear accelerator in a
single system. With the MR-Linac doctors can “see” tumor tissue more clearly
— and adapt the radiation dose while a
patient is being treated. Because it can
safely deliver higher doses of radiation
to a tumor, treatment is expected to be
more precise and more effective than ever before. It could also reduce the number of treatment sessions, providing
more convenience for patients.
MRI provides excellent soft-tissue
visualization of tumors deep within the
body and has real-time imaging capabilities and enables treatments precisely
every time. The technology provides real-time information on tumor location,
organ function and therapeutic targeting
that has not been available before: Physicians can monitor and assess the tumor’s
position while a patient is being treated.
USING THE MR-LINAC IN LUNG
CANCER RADIATION THERAPY
According to Bainbridge et. al. (2017 a),
the current survival rates in patients
with non-small cell lung cancer is poor
so their study investigates the feasibiliKliininen Radiografiatiede 2021
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ment planning is an innovative application. Not only may it increase target
volume, but organs at risk delineation
reproducibility as well. Additionally,
functional MRI might facilitate heterogeneous target volumes dose painting
and guide adaptive strategies in predicting toxicity of normal tissue. Even
though there is an acknowledged issue
of intra-thoracic motion, which has historically hindered the quality of MRI because of the effect of motion, MRI sequences are developing rapidly, and the
field is constantly making progress. It
is foreseeable that 4D CT and 4D F-18FDG PET will be complemented or superseded by four-dimensional MRI, providing spatial resolution that is superior
to the aforementioned ways of imaging.
Currently, there is a variety of MR-guided radiotherapy delivery units available
that combine a radiotherapy delivery
machine with MRI at multiple magnetic field strengths. Even though there are
many technical challenges to overcome,
the novel hybrid technology is advancing. Using “beam-on” imaging, MR-guided radiotherapy can adapt treatment on
the fly. This can be done for each fraction
and in real-time. It is expected that the
clinical benefits of MR-guided radiotherapy can be derived from this ability. The
Atlantic MR-Linac consortium group focusing on the lung tumor site, is working to produce a challenging MR-guided
adaptive workflow which can be used for
multi-institution treatment intensification trials in patient group.
CONCLUSION
According to both research studies the
MRI-guided workflow in Lung cancer
radiation (MR-Linac) enables increased
OAR (organs-at-risk) sparing and isotoxic target dose escalation for the respective treatment approaches. This will
allow treatment plans to be generated
with smaller treatment margins. With
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the potential for daily plan adaption immediately prior to treatment to take account of inter-fraction changes and for
development of real-time image-guided
and an dose guided treatment to take
account of intra-fractions changes, further gains in the therapeutic index may
be made.
In the light of these research studies it would appear that the future use
of MR-Linac will play a major role in radiotherapy units. During treatment we
are able to change the subject of radiation and thus save other organs from radiation. Here, the patient’s potentially
altered body due to the disease is considered.
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PURPOSE
The purpose of the study was to describe
an innovative procedure developed in
the diagnostic field aimed at the examination of breast and breast diseases:
breast biopsy performed under the guidance of magnetic resonance imaging. The
study analyses some practical aspects of
fundamental importance for the success
of the procedure such as the type of sequences usually performed, the preparation of the room and of the patient, the
different professional figures involved
and the actions performed by Radiologist and Radiology Technicians.
METHODS
The target group consisted of three patients, a breast biopsy performed under the guidance of magnetic resonance
Kliininen Radiografiatiede 2021

in the Oulu University Hospital, during
the April 2019. The execution of breast
MRI-guided procedures is justified by
the need to characterize suspicious lesions identified by MRI, but not distinguishable by other imaging techniques
such as mammography, tomosynthesis and ultrasound. The data collected
during the practical training was then
analyzed and integrated with descriptive data from the literature, from articles and publication about the breast biopsy guided by MRI. The nature of study
was experimental.
KEY RESULTS
Among the imaging techniques currently available in the senological field,
magnetic resonance imaging has the
highest sensitivity ever: it is able to

identify about 95% of invasive carcinomas, maintaining a high percentage, between 80-92%, even for ductal carcinomas in situ. In the clinical practice, the
percentage of lesions detected for the
first time by MRI and secondly by retrospective second look varies from 22%
to 82%.The most commonly used technique for guided MRI sampling is Vacuum-Assisted Biopsy (VAB). This system
is highly accurate for small (≤ 1cm) or
poorly enhanced lesions, it minimizes
positioning errors and it ensures a high
probability of final collection (De Falco
A. D. et al. 2016, Burtea et al. 2008). VAB
guided MRI sampling is very accurate,
but there is a relatively low percentage,
about 8-12%, of cases where lesion sampling is inadequate, with related 1-2.5%
of false negatives after biopsy (Perlet et
al. 2016, Morris et al. 2008).
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Significance of results
for radiography
Both breast MRI and the bioptic
MRI-guided procedures, prove to be a
fundamental clinical tool and allow the
breast team to designate an optimized
and personalized treatment, based on
the characteristics of the lesion and the
real extent of the disease (De Falco A. D.
et al. 2016.) The radiographers performs
tasks of fundamental importance starting from the preparation of the room and
the patient. Radiographer takes care of
washing and disinfecting all the instruments used, of reorganize the dedicated instrumentation and of prepare the
magnet room on the basis of the next
MRI examination. During the execution
phase of the procedure, at least two radiographers must always be present: the
first will be responsible exclusively for
the acquisition of the MRI sequences,
while the second one will provide support to the radiologist, to the patient
and will manage the MRI Atec facility (Parker & Burbank 1996).The Physician and radiographers who perform the
MRI-guided procedures must be familiar
with the VAB procedure under radio-stereotactic guidance. It is also useful to
underline that, in order to perform an
optimal procedure, the collaboration between the radiographer and the radiologist is fundamental: each of these two
professionals, in fact, carries out specific and precise tasks, and could not complete the biopsy without the help of the
other members of the team
The undisputed limit of the MRI
guided biopsy, at least for what concerns the Italian work environment, is
constituted by the small number of centers that perform the procedure. From
the economic point of view, in fact,
high costs and expenses, such as those
necessary for the dedicated instrumentation, are not sustainable in relation
to the relatively low percentage of procedures that would be performed. The
28
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most important development in the future italian working world could therefore concern precisely this aspect: the use
of greater resources in order to obtain a
more extensive increase in an innovative procedure, essential to ensure optimal treatment for all patients with suspected breast lesions.
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