REPORTS OF PRACTICAL ONCOLOGY AND RADIOTHERAPY 24 (2 oI 9) 208-220

g REPORTS OF PRACTICAL
= ONCOLOGY AND
RADIOTHERAPY

Available online at www.sciencedirect.com

ScienceDirect

journal homepage: http://www.elsevier.com/locate/rpor i

Review

A review of automatic lung tumour segmentation L)

in the era of 4DCT

Check for
updates

Nadine Wong Yuzhen, Sarah Barrett*

Applied Radiation Therapy Trinity, Discipline of Radiation Therapy, Trinity College Dublin, Ireland

ARTICLE INFO

ABSTRACT

Article history:

Received 10 August 2018
Received in revised form

24 November 2018

Accepted 21 January 2019
Available online 22 February 2019

Keywords:

Lung cancer

Delineation

4DCT

Automatic segmentation

Aim: To review the literature on auto-contouring methods of lung tumour volumes on four-
dimensional computed tomography (4DCT).
Background: Manual delineation of lung tumour on 4DCT has been the gold standard in clin-
ical practice. However, it is resource intensive due to the high volume of data which results
in longer contouring duration and uncertainties in defining target. Auto-contouring may
present as an attractive alternative by decreasing manual inputs required, thus improving
the contouring process. This review aims to assess the accuracy, variability and contour-
ing duration of automatic contouring compared with manual contouring in lung cancer on
4DCT datasets.
Materials and methods: A search and review of literature were conducted to identify studies
regarding lung tumour contouring on 4DCT. Manual and auto-contours were assessed and
compared based on accuracy, variability and contouring duration.
Results: Thirteen studies were included in this review and their results were compared. Accu-
racy of auto-contours was found to be comparable to manual contours. Auto-contouring
resulted in lesser inter-observer variation when compared to manual contouring, however
there was no significant reduction in intra-observer variability. Additionally, contouring
duration was reduced with auto-contouring although long computation time could present
as a bottleneck.
Conclusion: Auto-contouring is reliable and efficient, producing accurate contours with better
consistency compared to manual contours. However, manual inputs would still be required
both before and after auto-propagation.

© 2019 Greater Poland Cancer Centre. Published by Elsevier B.V. All rights reserved.

1. Background

palliation of symptoms.? An important goal of radiotherapy
planning phase is to correctly localise and contour the tumour.
This ensures that the radiation is delivered to the correct

Worldwide incidence and mortality of lung cancer are high.!
Radiation therapy is commonly used to treat from early- to
advanced-staged lung cancer either as an adjuvant treat-
ment after surgery, concurrently with chemotherapy or for
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target volume while sparing surrounding normal tissues.?
Inaccuracies in the contouring stage will produce systematic
errors which will result in a geographical miss of the target.*
The impact of this error may be amplified with the use of
conformal treatment modalities such as intensity modulated
radiation therapy (IMRT). Hence, it is crucial to define tumour
accurately to ensure optimal tumour control and to minimise
toxicities.

1507-1367/© 2019 Greater Poland Cancer Centre. Published by Elsevier B.V. All rights reserved.
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Three-dimensional computed tomography (3DCT) has
been the main imaging modality in radiotherapy treatment
planning. However, the presence of significant respiratory
motion, and therefore tumour motion, in lung cases is not
accounted for in 3DCT. Alternatively, four-dimensional com-
puted tomography (4DCT) may be used for lung cancer
treatment planning which has been shown to increase the
accuracy of target delineation.® Radiation therapy centres
using 4DCT for lung cancer patients have reported a reduction
in image artefacts present in 3DCT.? In 4DCT, each breathing
cycle is divided into ten phases and subsequently the pro-
cessed images are binned into datasets for each phase. Gross
tumour volume (GTV) in each dataset are contoured and com-
bined to form the internal gross tumour volume (IGTV).” The
use of 4DCT, however, has greatly decreased the efficiency
of the work process due to the additional workload of delin-
eation on 10 different phases.®° Manual contouring on 4DCT
is time-consuming and may be subjected to high levels of
variability and inconsistency.' Maximum intensity projec-
tion (MIP) reconstruction is used clinically to reduce workload
from manually contouring in all phases. The MIP dataset rep-
resents the full area of target motion and is used to derive
the internal target volume (ITV).!? However, the reliability of
contouring on MIP is questionable, with studies suggesting
that risks of over or underestimating of the lung tumour vol-
ume exist.!>!® Other challenges with manual contouring on
MIP includes motion artefacts on reconstructed 4DCT images,
irregular tumour volumes and indistinguishable surrounding
organs-at-risks (OARs) due to similar densities.'* Ideally, the
GTV should be delineated and optimised with reference to
each individual phase of the breathing cycle.™

In order to save time and minimise errors while avoid-
ing the disadvantages of delineating tumour from MIP, the
proposed use of auto-contouring has been an area of active
research. Automatic interventions have shown to mitigate
problems with manual contouring. Auto-contouring ranges
from being a simple to a multi-step process with the use
of a number of complex algorithms. Deformable registra-
tion is frequently used in the auto-contouring process which
involves the propagation of manually delineated contours on
a single phase to the remaining phases. A wide range of tech-
niques have been employed in studies, such as deformable
template-based segmentation, automatic thresholding, itera-
tive thresholding,'® model-based deformable image registra-
tion algorithm,'” multi-seed point segmentation,'® principal
surfaces with propagation of contours’ and competitive
region-growing based algorithm?® among many others. A fully
automated contouring process is seldom available, therefore
semi-auto-contouring is more applicable in clinical settings
as it minimises user input and contouring duration, while
achieving acceptable contours. The process of semi-auto-
contouring involves automatic segmentation combined with
manual inputs in the form of contouring on a reference
dataset which would then be used to propagate contours to the
remaining images.'>!” This is followed by visual assessment
and manual editing as a post-auto-contouring step.?°

When evaluating contours, the challenge to objectively
assess contours exists due to the lack of a “gold standard”.
Ideally, surgical specimens should be used to reflect the actual
tumour size.'®?% However, this information is rarely available

and itself may be subjected to inaccuracies due to distor-
tion in specimens.?’ Since manual contouring has been the
main method of defining tumour volume for radiotherapy
planning, it is widely accepted as the reference contour of
which auto-contours are compared with. In an attempt to
reduce bias from individual contours, manually derived con-
tours obtained from multiple observers were used to assess
accuracy instead.®'37:21-23 For instance, Martin, S., et al.,’®
compared individual manual contours to the ground truth
estimate segmentations derived from simultaneous truth and
performance level estimation (STAPLE) algorithm of 6 physi-
cians as this provide the average contours for comparison.
Hence, it was not possible to prove that auto-contour is more
accurate than manual contour since all studies assessed auto-
contours used manual contours as reference. By showing that
auto-contours are as accurate or similar to manual contours, it
can be deemed effective and thus suitable to be used clinically.

1.1. Aim

The purpose of this review is to present evidence and evalu-
ate auto-contouring in relation to manual contouring of lung
tumour on 4DCT datasets by comparing accuracy, variability
and duration between manual and auto-contouring.

2. Materials and methods
2.1. Search strategy for identification of studies

A systematic approach to identify relevant publications was
conducted on three databases; “Science Direct”, “Pubmed”
and “Embase” using the keywords “Lung cancer” OR “Lung
tumour” AND “automatic” AND “delineation” OR “contouring”
OR “segmentation”.

Randomised controlled trials, prospective and retrospec-
tive studies were included for this review. Studies without full
text or non-English studies were excluded. No limit was placed
on the number of participants in studies.

Patients with different lung cancer staging, tumour size
and location were included. For patients with lymph nodes
involvement, only the delineation of their primary tumour
mass was assessed. No age, gender or performance status
restrictions were applied. Patients with lung co-morbidities
such as severe fibrosis, chronic obstructive pulmonary disease
(COPD), pneumothorax or pleural effusion were excluded from
this study.

Automatic and semi-automatic contouring methods con-
ducted on 4DCT were assessed against manual contours
which were deemed as the “gold standard” contour. Con-
touring on other imaging modalities such as 3DCT, positron
emission tomography (PET) or magnetic resonance imaging
(MRI) were excluded for this review. No exclusion criteria were
placed on the type of automatic or semi-automatic segmen-
tation approaches used.

After duplicated studies were removed, titles and abstracts
of remaining studies were screened for relevance based on the
inclusion and exclusion criteria. Full text from the identified
studies was assessed and a secondary manual search on the
reference list was conducted to identify additional relevant
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studies. The Downs and Black checklist was used to assess
the quality of selected studies, providing a score based on the
methodology of the studies. A total score between 0 and 7 were
deemed as poor quality studies, 8 to 14 were deemed as fair
quality studies, 15 to 21 were good quality studies and 22 to
28 were excellent quality studies.?*

2.2. Outcome measures

The effectiveness of contouring methods was assessed and
compared based on accuracy, variability and duration.

2.3. Accuracy

A range of metrics were reported in the studies to evaluate the
accuracy of auto-contouring. The Dice Similarity Coefficient
(DSC) measures the spatial overlap between two contours and
was the most frequently reported quantitative metric used to
assess accuracy of contours. A high degree of overlap would
yield a value of 1 which represent complete spatial overlap,
while a value of 0 represents no spatial overlap.”®> A DSC
value of more than 0.7 is considered to have achieved good
agreement.!’ Qualitative analysis included in studies such as
acceptance rate and magnitude of corrections required were

also considered. The metrics were used to analyse and com-
pare auto-contours with manual contours.

2.4.  Variability

Similar to accuracy outcomes, DSC was the most frequently
reported quantitative metric for variability. The metrics are
used to calculate inter- and intra-observer variations both
within auto-contours and manual contours which can then
be compared.

Mean values of spatial overlap metrics provided between
manual and auto-contours were used to determine accuracy
while standard deviation (SD) and coefficient of variance (COV)
were used to assess the degree of variability between contours.
Comparison of spatial overlap metrics derived between two
contours created with the same method to demonstrate inter-
and intra-observer variability.

2.5. Contouring duration

Mean, SD and range of contouring time for each contouring
method were measured in minutes. For auto-contouring,
contouring on reference phase time and computation time
make up the total contouring duration. For manual contour-
ing observers’ level of experience was also considered in the
analysis.

Records identified through
database search
(n=737)

> Duplicated studies

(n =260)

Records after duplicates removed
(n=477)

Excluded studies with irrelevant

title and abstract or studies
without full text
(n=432)

Review of full text for eligibility
(n=45)

Records excluded

(n=36)

Studies included with
reference list reviewed
(n=9)

Studies identified through
secondary manual search on >

reference list
(n=4)

A,

Full-text articles included
(n=13)

Fig. 1 - Flow diagram showing search results.
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2.6. Comparative analysis

To evaluate the significance of outcomes, the range of sta-
tistical test used by the studies were collected and reviewed.
These include paired student T-test, paired two-tailed T-test,
Wilcoxon signed-rank test, F-test, ANOVA analysis and post
hoc analysis. Due to heterogeneity within the data collected
it was not possible to quantitatively compare the findings in a
meta-analysis.

3. Results

The search strategy identified 737 studies of which 477 stud-
ies remained after removal of duplicates. Following review of
titles and abstracts, Assessment of title and abstracts iden-
tified 45 studies based on inclusion and exclusion criteria.
Following a full text review and a secondary manual search on
the reference list, 13 studies®10.13.15,17,21-23,25-29 \y;are deemed
relevant for this analysis (Fig. 1). No prospective studies were
identified. A summary of selected studies relevant to this
review and their corresponding Downs and Black scores are
stated in Table 1.

3.1. Accuracy

10 of 13 studies reported on the accuracy of
contours.'>1721-23.25-29 The main details of studies are
presented in Table 2 with all detail available as sup-
plementary material. All studies reported comparable
accuracy of auto-contours with manual contours. Auto-
contours were propagated either from the mid-ventilation,'”
end-exhalation'’?>2>28 or end-inhalation®>?° phase. Auto-
contours were assessed against expert-drawn contours and
showed good agreement.'>17:21-2325-29 Three studies>'”:%6
calculated DSC between auto- and manual contours which
range from 0.77 to 0.95. Two studies'>?° calculated normalised
DSC (nDSC), a DSC with the inclusion of an uncertainty index,
which range from 0.89 to 1.04. Two studies?”?® used other met-
rics such as volume overlap index (VOI), mean overlap index,
root-mean-square (RMS) distance and Hausdorff distance and
showed that auto-contours were highly similar to manual
contours. Three studies?>?>?° found that auto-contouring
achieved accuracy comparable with inter-observer variability
in manual contouring. One study by Weiss, E., et al.”*> demon-
strated that auto-contouring produced contours that were 9%
larger than manual contours.

All three studies'>?%?° that conducted qualitative analy-
sis of auto-contour reported that auto-contouring produced
accurate contours. Speight, R., et al.”® compared two dif-
ferent auto-contouring algorithms with manual contouring
and qualitative assessment was conducted based on clini-
cal acceptability and need for manual editing. Wijesooriya,
K., et al.?’ recorded the number of patients requiring manual
correction on the propagated contours. Both studies showed
that minimal editing was required on auto-contours. Ezhil, M.,
et al.?® conducted visual inspection of auto-contours and con-
cluded that propagated contours were mostly within manually
drawn contours.

3.2.  Variability

Seven studies assessed the variability of contouring
methods.®10.131517.2226  Details of studies are presented
in Table 3. In the two studies®'® that assessed manual con-
touring only, there were high variabilities in both inter- and
intra-observer variations. Louie, A.V, et al.° demonstrated
that inter-observer variation was more significant than
intra-observer in manual contours.

Two studies’®™ reported lesser inter-observer variation
in auto-contours than in manual contours, with mean DSC
between observers in auto-contours and manual contours
ranging from 0.97 to 0.99 and 0.78 to 0.93 respectively.
One study?® assessed different auto-contouring methods and
showed low levels of variations between contours. One study??
stated that the inter-observer mean distance difference over
all angles for manual contours as 2.1 mm.

Three studies'>'>!” assessed intra-observer variability in
auto-contours as compared to manual contours. Speight, R.,
et al."”> showed that intra-observer variability was reduced,
with mean DSC improving from 0.78 to 0.99. Gaede, et al.'’
and van Dam, L.E., et al.!? showed that intra-observer variabil-
ity was not significantly reduced with auto-contouring with
mean DSC ranging from 0.82 to 0.95.

3.3. Contouring duration

Eight studies recorded the contouring duration for each
patient.®13.1517.22.26-28 Details on contouring duration and
physician experience are listed in Table 4. In the three studies
that compared the duration of manual with auto-contouring
methods,'>>" two studies reported that contouring duration
was reduced with auto-contouring while one study showed
otherwise. One study reported on the duration of manual
contouring only® and three studies reported on the duration
for auto-contouring only.???%2% Qverall, manual contouring
duration per patient range from 15 to 90min while total
auto-contouring duration per patient, including manual con-
touring on reference phase and automatic propagation to
other phases, ranging from 18 to 76 min. Computation time
range from 10 to 51 min.

4, Discussion

Manual lung tumour delineation on 4DCT datasets are sub-
jected to inaccuracies, variabilities and the process is highly
labour intensive.” The use of automatic segmentation tech-
niques has been investigated and evaluated for its suitability
as an alternative to manual delineation in these datasets.
Accuracy in tumour contouring is a key step in treat-
ment planning, affecting the geometric accuracy of plans and
hence tumour control probability. The reference 4DCT dataset
used for automatic propagation varies among the studies as
seen in Table 2. Most commonly, the end-exhale phase was
used to manually construct the reference tumour volume
before auto-propagation as it is highly reproducible in predict-
ing respiratory motion.> However, the end-inhale phase was
reported in one study to be more suitable for contour prop-
agation as it consists of more known than unknown data.*®
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Table 1 - Summary of selected studies.

uthor (year), Auto- Volume Participants Observers  Tumour Comparison Types of Time Downs and
[reference contouring (n) (n) location data assessed? Black score
number] algorithm
Martin, S., et al. NA GTV 10 6 NA Manual vs VOE, RMS No 13
(2015)1° Ground truth symmetric
estimation surface distance
Speight, R., et al. Atlas-Based DIR: ITV 25 1 All Two auto vs DSC, MDA, nDSC, Yes 15
(2011)* B-Spline manual QA
algorithm
Demons
algorithm
Gaede, S., et al. Model-based DIR GTV 10 6 RLL, LLL, RUL Inter and DSC Yes 15
(2011)Y and LUL intra-observer Centroid motion
variability, Auto
vs Manual
van Dam, LE., et al. B-spline GTV, ITV 6 Manual: 2 Peripheral lungs Inter and DSC Yes 14
(2010)** algorithm Auto: 3 intra-observer
variability, Auto
vs Manual
Louie, AV, et al. NA GTV 10 6 RLL, LLL, RUL Interobserver COV, VoI Yes 18
(2010)° and LUL and
intra-observer
variability
Ehler, E.D,, et al. Model based GTV, ITV 6 NA Peripheral and Accuracy of ICI, ECI, Centroid No 12
(2009)* segmentation, central of RL and automatic position and
Rigid LL contouring, volume
translational Manual vs auto
image
registration,
Deformable
surface mesh
Wijesooriya, K., et al. Large deformable GTV 13 1 NA Auto vs manual COM No 12
(2008)%° diffeomorphic comparison,
image Surface
registration congruence
analysis, QA
Weiss, E., et al. Large GTV 12 4 Peripheral and Auto vs manual, No 15
(2008)* deformation central of RL and Dosimetric
diffeomorphic LL evaluation
image
registration

algorithm

[A XA
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- Table 1 (Continued)

Author (year), Study type  Auto- Volume Participants Observers Tumour Comparison Types of Time Downs and
[reference contouring (n) (n) location data assessed? Black score
number] algorithm
Wang, H., et al. R Intensity-based GTV 9 NA NA Auto vs manual VOI Yes’ 12
(2008)%® (volume) DIR or physician

algorithm modified

deformed
contours

Ezhil, M, et al. R Rigid image GTV 20 1 RLL, LLL, RUL, Rigid vs adaptive DSC Yes' 14
(2008)%° registration in LUL and central  vs manual

house vs vendor of RL and LL

vs addition of

deformable

adaptation
Shekhar, R, et al. R Free-form GTV 5 1 NA Auto vs manual  VOI, RMS Yes’ 10
(2007)* deformation distance,

based non-rigid Hausdorff

image distance

registration

algorithm
Orban de Xivry, J., R ‘B-spline’ GTV, ITV 13 2 NA Auto vs manual CI No 11
et al. (2007)* registration
Pevsner, A., et al. R Deformable- GTV 6 4 RLL, LLL, RUL, Auto vs manual  Contour Yes’ 13
(2006)* object matching LUL and middle comparison

model lobe algorithm, Vector

displacement

R: retrospective; GTV: gross tumour volume; ITV: internal tumour volume; DIR: deformable image registration; VOE: volume overlap error; RMS: root mean square; DSC: dice similarity coefficient;
nDSC: normalised dice similarity coefficient; MDA: mean distance to agreement; RLL =right lower lobe; LLL =left lower lobe; RUL =right upper lobe; LUL =left upper lobe; RL: right lung; LL: left lung;
COV: coefficient of variation; VOI: volume overlap index; COM: centre of mass; ICI: intrinsic conformation index; ECI: extrinsic conformation index; CI: concordance index; QA: qualitative analysis;

NA: not applicable.

* Computation time only.
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Table 2 - Studies evaluating accuracy of contours. Main reported metric displayed, all reported metrics are available in

supplementary materials.

Author (year)
[Reference]

Dataset

Metric
reported

Statistical
test and
significance

Qualitative
analysis

Conclusion

Speight, R., et al.
(2011)%

Gaede, S, et al.
(2011)

Ehler, E.D,, et al.
(2009)%

Wijesooriya, K., et al.

(2008)2

Weiss, et al. (2008)%3

Wang, H., et al.
(2008)28

Ezhil, M., et al.
(2008)%6

Shekhar, R., et al.
(2007)7

Orban de Xivry, J.,
et al. (2007)%*

Manual: MV, MI and
ME (union)
Auto: MV phase

Manual: all phases
Auto: ME phase

Manual: all phases
Auto: either ME or
MI based on amount
of artefacts

Manual: all phases
Auto: propagated
from MI phase

Manual: all phases
Auto: propagate
from MI phase

Manual: all phases
Auto: propagated
from ME phase

Manual: all phases
Auto: propagated
from ME phase

Manual: ME (expert)
and MI phase
Auto: ME phase

Manual: all phases
Auto: One reference
phase’

Mean DSC (SD)
B-Spline:
0.859 (+ 0.044)
Demons:
0.856 (+ 0.045)

Mean DSC>0.8

Mean ICI GTV
Propagated:

0.905

Adapted:

1.008

Fractional Volume
agrees within
0.2+0.1

Mean COM Agrees
within 0.5+ 1.5mm
Volume Mean
difference:
T2=2.14cm3 (SD
4.04cm3)
T5=3.00cm? (SD
5.08 cm?)

Mean VOI:

98.3% (range
96.1-99.3%)

Mean DSC (SD) Rigid
in-house=0.88
(£0.04)

Rigid
commercial=0.88
(40.06)
Adaptive=0.77
(+0.10)

Mean COM distance
1.96 mm (range
0.2-4.1)

CI showed auto
comparable
accuracy with
manual
inter-observer
variability.

Paired student t-test
(p>0.05):
Statistically
insignificant
between the two
auto-algorithm.
Paired two-tailed
t-test (p <0.05 was
considered to be
significant): No
significant
difference Mean DSC
in 7 out of 10 cases.
NA

NA

NA

NA

The Wilcoxon
signed-rank test
(p<0.01): No
significant
difference in
inter-observer
agreement and the
method-physician 1
agreement in most
patients.

No. of patients with
nDSC<1 (Imm
uncertainty): 7

No significant diff
between b-spline
and demons.

NA

NA

Number of patients
requiring manual
correction based on
expiration phase is
minimal.

NA

NA

The propagated
IGTVs were mostly
within the mIGTVs.

NA

NA

Auto-contouring
produce contours
with good
agreement.

Good agreement
between
auto-contours with
manual contours.

Good agreement
between ITV and
GTV with manual
contours in primary
breathing phase.
Good agreement
between auto and
manual contours.

Auto-contouring is
accurate, but
resulted in larger
contours (up to 9%.)

Deformed contours
agree well with
physician drawn
contours.
Rigid-body
propagation method
is accurate in
generating ITV
within a 1mm
margin of
uncertainty.

Algorithm used
produced more
accurate
segmentation
results than those in
previously published
reports.

Accuracy was
comparable to
interobserver
variability.
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- Table 2 (Continued)

Author (year) Dataset Metric Statistical Qualitative Conclusion
[Reference] reported test and analysis
significance
Pevsner, A, et al. Manual: MI phase Mean distance Paired two-sided t NA Discrepancy in
(2006)? (guided by the same  differences over all test: No significance magnitude between
ME contours) angles between observer variations

Auto: ME phase
(range: 1.1-3.7 mm)
Model-
observer=2.6 mm
(range: 1.1-5.1 mm)

interobserver and
model-observer GTV
differences (p=0.39)

Interobserver=2.1mm

versus
model-observer
variations was not
statistically
significant.

MV: mid ventilation; MI: max inhale; ME: max exhale; DSC: dice similarity coefficient; nDSC: normalised dice similarity coefficient; ICI: intrinsic
conformation index; COM: centre of mass; VOI: volume overlap index; ITV: internal tumour volume; GTV: gross tumour volume; IGTV: internal
GTV; mIGTV; manual IGTV; SD: standard deviation; CI: Concordance index; NA: not applicable.

* No mention as to which specific phase.

Furthermore, motion or binning artefacts in 4DCT images
can result in poor image quality.? Therefore, the propagation
phase used and the amount of artefacts present contribute to
inaccuracies in contouring.

Generally, a good agreement was found between auto-
and manual contours in all studies. Auto-contours was also
able to produce contours within inter-observer variability in
manual contours,?’???° thus showing that auto-contouring
can localise lung tumours with similar accuracy to man-
ual observers. The studies included in this review have
mainly used manual contours as the reference contour for
auto-propagation and in the calculation of quantitative mea-
surements. As auto-contouring often requires a set of manual
contours as reference for propagation, the accuracy of auto-
contours will be affected by inconsistency and inaccuracies in
the manually contoured reference phase.'> Shekhar, R., etal.”’
observed poor VOI, RMS and Hausdorff distance between auto-
and manual contours in one lung cancer case due to poorly
contoured reference phase caused by the characteristic of
the tumour. Tumours that are small, diffused or have spiky
appearance are harder to contour as their boundaries are
ambiguous to observers. Auto-contouring propagates these
errors to other phases, resulting in an inaccurate volume
being delineated. Hence, to ensure that manual contouring
of tumour is done accurately the provision of comprehensive
guidelines, use of multiple imaging modalities for target def-
inition, regular learning or training workshops and a robust
quality assurance process before contour propagation should
be implemented.”

A wide range of tumour locations, as listed in Table 1, were
included in the studies to allow for a more holistic review of
auto-contouring. Assessment of the impact of tumour loca-
tion on the accuracy of auto-contouring was not conducted by
the studies. However, the location of the tumour may affect
the accuracy of auto-contouring. Previous studies have shown
that tumours located in close proximity to blood vessels or
chest wall can pose a challenge for the auto-contouring tool
to differentiate between structures with similar densities.??3!
Uninvolved healthy structures might be delineated as part of
the tumour which is an inaccurate representation of the actual
tumour volume. Future studies should evaluate the impact
tumour location have on the accuracy of auto-contouring. It
may be suggested that auto-contouring should only be used

for well-circumscribed tumours, while more advanced seg-
mentation algorithms would be needed for diffused or tumour
located near other structures.?

Although studies’™?%2° have concluded that auto-contours
were accurate based on qualitative analysis, a degree of man-
ual correction was still required for contours to be clinically
acceptable. This is in line with clinical practice as contours
should be visually inspected and edited accordingly as part of
the quality assurance process.”’

The level of observers’ experience was not widely
addressed by the studies. Some studies merely mentioned
that contours were completed by or under the supervision
of an experienced physician.’®?3?° Moreover, the definition
of an ‘experienced’ physician was not provided in the stud-
ies. As seen in some studies, observers’ experience is usually
defined by the number of years in practice or their area of
expertise.>*3> The accounting for any correlation between
observers’ experience with accuracy of contours was also
lacking. This may be due to the limited reporting of such
information. This is not in keeping with published data which
suggested that observers’ years of experience may affect the
accuracy of tumour delineation as inexperience or inadequate
training can lead to imprecise localisation of tumour such as
including adjacent normal structures into tumour contour®
or inability in identifying microscopic diseases.*’

The subjective nature of tumour contouring can lead to
high rates of inter- and intra- observer variability in man-
ual contouring. The window settings of which the observer
used for contouring affects the visibility of the lesion possi-
bly causing variation in contours. In addition it was shown
that auto-contouring of GTV can vary when applied on 4DCT
datasets of different breathing phases, between maximum
inhalation and exhalation.? These variabilities exist between
and within observers, leading to inter- and intra-observer vari-
abilities in manual contouring respectively.

Inter- and intra-observer variation was observed in manual
contours.®'% Two studies demonstrated that auto-contouring
reduces inter-observer variability while intra-observer vari-
ability was not significantly reduced.'®>'” On the contrary,
Speight, R., et al.’> demonstrated that intra-observer varia-
tion was significantly reduced. However, this outcome was
based on the contours of a single patient by a single observer.
Since intra-observer variability is lesser than inter-observer
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Table 3 - Studies evaluating variability of contours.

Author (year) Dataset Mean DSC Volume Distances Conclusion
[Reference] manually (SD) (mm)

contoured
Martin, S., et al. Manual: All phases NA Mean observer VOE Symmetric RMS High variability

(2015)1°
Speight, R., et al.

(2011)'5

Gaede, S., et al.
(2011)"

van Dam, L.E,, et al.

(2010)**

Louie, AV, et al.
(2010)°

Ezhil, M., et al.
(2008)%°

Pevsner, A., et al.
(2006)?

Manual: MV, MI and
ME phases, Auto: MV
phase

Manual: all phases
Auto: ME phase

Manual: all phases
and MIP
Auto: MI phase

Manual: all phases

Manual: all phases
Auto: ME phase

Manual: MI phase
(guided by the same
ME contours)

Auto: ME phase

Intra-observer
B-spline: 0.99cm
Manual: 0.78

Inter-observer
Range:

Manual =0.55-0.91
Auto=0.50-0.92
Intra-observer
>0.8

Range 0.82-0.95
Inter-observer
Manual all phases:
0.93 (1SD 0.02)
Auto:

0.89 (1SD 7.2%)
Exclude outlier=0.97
(1SD=0.01)
Intra-observer
Auto:

0.93

(T-test: p<0.02)

NA

Rigid in-house=0.88
(& 0.04)

Rigid

commercial =0.88
(+0.06)
Adaptive=0.77
(40.10)

NA

range:
SD=0.6-13.2%
COV =6.30-93.25%

range:
SD=0.2-1.2
COV =4.02-28.56%

NA Mean MDA =0.05cm
NA NA

Inter-observer NA

Manual all phases:

R>0.87

Auto:

Mean overlap =86%
(10.6% 1SD)

(T-test: p<0.02)
Intra-observer

Auto:

Mean
overlap=92.9% (4.2%
1SD)

Inter-observer NA
Mean VOI=0.802
(range 0.556-0.915,
mean SD 0.064)
Intra-observer
Mean VOI=0.802
(range 0.770-0.825,
mean SD 0.059)

NA NA

NA Inter-observer
Differences over all
angles:

Mean=2.1 (range
1.1-3.7)

among observer
with presence of
outliers.
Auto-contouring has
high reproducibility
and is more
consistent than
current manual
method.

Significant decrease
in inter-observer
variations with
auto-contouring.
Low intra-observer
variation in both
methods.

Lesser inter-observer
variations.

Similar
intra-observer
variation.

Inter-observer
variation is a more
significant source of
error than
intra-observer
variability.

Case difficulty is
significant for
inter-observer
variability.
Automatic
segmentation is
consistent.

Discrepancy in
magnitude between
observer variations
versus
model-observer
variations was not
statistically
significant.

MV: mid ventilation; MI: max inhale; ME: max exhale; DSC: dice similarity coefficient; SD: standard deviation; VOE: volume overlap error; COV:
coefficient of variance; RMS: root-mean-square; MDA: mean distance to agreement; R: correlation test; VOI: volume overlap index; NA: not

applicable.

* Between auto and manual edited by the same physician.
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Table 4 - Studies evaluating contouring time.

Author (year) Auto- Manual Auto time Observer
[Reference] contouring time (minutes experience
algorithm (minutes per case)
per case)

Speight, R., et al. B-spline Mean=53 Mean clinician =25 Not reported
(2011)* Demons Range =15-74 Mean computation:

B-spline (51 min 3s)

Demons (34 min 22s)
Gaede, S, et al. Model based DIR Mean=42.7 Mean=17.7 2 radiation oncology
(2011)V S.D=18.6 S.D=5.4 residents and 4

Range =15-90 Range =9.5-33 radiation

(includes time to oncologists.

delineate reference

phase,

auto-propagation,

and review time)
van Dam, LE., et al. B-spline GTV range = 24-89 Total range =40-58 Not reported
(2010)** ITV range =4-12 Mean

computation =36
Louie, AV, et al. NA Mean: NA 6 radiation

(2010)°

All cases=42.7
(range 15-90)

oncologists with
1-20 years of

Difficult cases =49.5 experience.
Easy cases=35.9
Wang, H,, et al. Intensity-based DIR NA Mean computation: NA
(2008)%¢ 27
Ezhil, M., et al. Rigid image Not reported Propagation time: A radiation
(2008)%° registration Rigid (5 min) oncologist
Deformable Adaptive (20 min)
adaptation
Shekhar, R, et al. Free-form NA Mean computation: NA
(2007)%* deformable Standard
non-rigid image PC=10-12h
registration Advance micropro-
cessor =reduced to
minutes (not
specified)
Pevsner, A, et al. Deformable object NA Computation range: NA
(2006)?? matching model 10-15

NA: not applicable.

variability,’>® it was expected that an improvement in intra-
observer variability will not be as significant as inter-observer
variation even with the use of auto-contouring.

As mentioned, observers’ experience was not widely eval-
uated in the studies. One study by Louie, A.V, et al.,° found
that the amount of variability in contours was not significantly
affected by observer’s experience. However, previous study
has shown that variations exist between junior and senior
physicians.?® The lack of consistent training and learning
of contouring skills may lead to increased variability espe-
cially in inexperienced physicians.? Interestingly, Louie, A.V,,
et al.® assessed the effect of case difficulty on inter-observer
variations in manual contours which was found to be signifi-
cant. This was caused by increase amount of image artefacts
in difficult cases, making the visualisation of tumour vague.
To mitigate these existing problems, the implementation of
guidelines, consistent training and use of auto-contouring can
help to further reduce inter-observer variation in challenging
cases.’

It is important to note the limitations of overlap indices
used in these studies. Overlap metrics such as DSC and VOI

are frequently used in studies that assess contours’’*! to
determine the similarity between two sets of contours.”” How-
ever, they fail to account for spatial information and are more
sensitive in smaller tumours compared to large tumours.?”’
These metrics only accounts for the size of contours relative
to each other but not their location. Furthermore, the same
amount of disagreement between contours of a small tumour
will result in poorer overlap indexes than larger tumours as it
will account for a larger proportion of the area or volume of
the contour. This necessitates the need for additional metrics
to be used such as RMS distance, Hausdorff distance, mean
distance to agreement (MDA) and centre of mass (COM) dis-
placements to provide a more comprehensive and accurate
method of quantitative analysis.

Manual contouring in all phases of 4DCT is practiced
clinically, however this process is resource intensive. Auto-
contouring may present as a time-saving solution that reduces
the amount of manual input needed for contouring. From the
studies included, both Gaede, S., et al.’”’ and van Dam, LE.,
etal.’® compared duration of manual contouring with the total
duration of auto-contouring which includes the time taken for
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manual delineation on a reference phase, followed by auto-
propagation and a final review of auto-contours by physicians.
Evaluation of total contouring time is a fair and appropriate
way to compare the efficiency of contouring methods as it
accounts for the total time taken for the entire process to
construct clinically acceptable contours. Both studies reported
shorter total contouring duration with auto-contouring. In
the study conducted by Speight et al.,,’> although clinician’s
involvement in the contouring process was reduced by a mean
of 28 min, the total time required for auto-contouring was still
greater than manual contouring with the largest difference in
mean time of 23 min between the two methods. This contrast-
ing result can be attributed to the long computation time in
the study which took up majority of the total contouring time.

Computation time varied between studies due to differ-
ences in algorithms and computer processors used. Several
different auto-contouring algorithms were discussed in the
studies. They are mainly categorised into rigid and non-rigid
deformable image registrations (DIR). DIR is a process of elas-
tic deformation to create a layout of corresponding features.'”
Its ability to accommodate respiratory motion is especially
useful in lung tumour segmentation.?® Basis-spline (B-spline)
algorithm was the most commonly investigated mathematical
algorithm followed by demon and model-based algorithms.
Intensity-based DIR is a non-rigid DIR method and was used
by some studies.?’-?® It is a suitable method for contouring
on CT images due to intensity consistency in CT.*?> However,
intensity-based DIR is extremely slow when used on standard
PCs,”” with computation duration of up to 10 to 12h. From
the studies, mean computation time for B-spline and demon
algorithms was 51 min 3 s and 34 min 22 s respectively.'®> Com-
putation time was exceptionally long in the study conducted
by Shekhar, R., et al.,”” where mean computation time took 10
to 12h on a standard computer processor which is imprac-
tical. Other computation time reported range from five to
51min.'3152226-28 The availability of fast computer processor
in the department is thus an important factor in determin-
ing the time-saving advantage of auto-contouring. It is useful
to note that although overall duration for contouring did not
decrease with auto-contouring and in some cases longer than
manual contouring, clinicians’ involvement in the contour-
ing process was greatly reduced with auto-contouring. The
time required for clinicians to contour the reference phase
and to review the final contours was lesser than the total time
needed for manual contouring. Therefore, this reduces clini-
cians’ workload, allowing time to be devoted to other duties.
Departments planning to adopt auto-contouring into their
workflow should utilise fast and efficient computer processors
to gain maximum time-saving with auto-contouring.

The non-blinded nature of the studies may introduce bias
as clinicians were aware of being timed. This might have
affected the accuracy of duration measurements as timing
individuals in an experimental setting might not be reflective
of actual clinical situation.

4.1. Future work
Due to the retrospective nature of the studies, direct compar-

ison between different algorithms was not possible. Factors
such as the difficulty of lung cancer cases used, type of

algorithms, speed of computer processor, observers’ training
and experience and image window settings were not consis-
tent between the studies. Moreover, the studies were limited
by the number of patients and observers. For future consid-
erations, further prospective controlled studies conducted in
the future would provide a more reliable assessment of auto-
contouring. Furthermore, future progression should focus on
the development of fully automated contouring algorithms
which eliminates any human intervention. This would remove
potential human errors from the contouring process thus
increasing accurate and decreasing variability while reducing
contouring duration.

5. Conclusion

Overall, auto-contouring was found to be accurate, repro-
ducible and efficient when compared to manual contouring
alone. Accuracy outcomes were limited by the lack of ‘gold
standard’ contours to be compared with, hence auto-contours
were not proven to be more accurate than manual con-
tours. However, contours from both methods were comparable
making auto-contouring a suitable substitute for manual
contouring. Automation decreases inter-observer variabil-
ity due to lesser human interventions while intra-observer
variations remain relatively consistent for both methods.
Auto-contouring is a time-saving solution for contouring on
4DCT images as clinicians’ contouring time was reduced. Long
overall time with auto-contouring was due to extended com-
putation time which can be further reduced by developing
an efficient contouring algorithm and using faster computer
processors. Prospective blinded trials conducted in the future
would therefore provide more reliable results and thus aid in
clinical implementation of auto-contouring.
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