The influence of initial outlines on manual segmentation
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Purpose: Initial outlines are often presented as an aid to reduce the time-cost associated with
manual segmentation and measurement of structures in medical images. This study evaluated the
influence of initial outlines on manual segmentation intraobserver and interobserver precision.
Methods: Three observers independently outlined all pleural mesothelioma tumors present in five
computed tomography (CT) sections in each of 30 patient scans. After a lapse of time, each
observer was presented with the same series of CT sections with the outlines of each observer
superimposed as initial outlines. Each observer created altered outlines by altering the initial out-
lines to reflect their perception of the tumor boundary. Altered outlines were compared to original
outlines using the Jaccard similarity coefficient (J). Intraobserver and interobserver precision of
observer outlines were calculated by applying linear mixed effects analysis of variance models to
the J values. The percent of minor alterations (alterations that resulted in only slight changes in the
initial outline) was also recorded.

Results: The average J value between pairs of observer original outlines was 0.371. The average J
value between pairs of observer outlines when altered from an identical initial outline was 0.796,
indicating increased interobserver precision. The average difference between J values of an observ-
er’s segmentation created by altering their own initial outline and when altering a different observ-
er’s initial outline was 0.476, indicating initial outlines strongly influence intraobserver precision.
Observers made minor alterations on 74.5% of initial outlines with which they were presented.
Conclusions: Intraobserver and interobserver precision were strongly dependent on the initial out-
line. These effects are likely due to the tendency of observers to make only minor corrections to
initial outlines. This finding could impact observer study design, tumor growth assessment,
computer-aided diagnosis system validation, and radiation therapy target volume definition when
initial outlines are used as an observer aid. © 2010 American Association of Physicists in Medi-
cine. [DOLI: 10.1118/1.3392287]
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I. INTRODUCTION

Manual segmentation of a structure in medical images is of-
ten required in both the research and clinical settings. A typi-
cal segmentation task involves manually outlining the struc-
ture in each section of, for example, a computed tomography
(CT) scan. This sequence of outlines that defines the seg-
mented structure is then analyzed to derive size, shape, den-
sity, positional, and other quantitative information. In many
scans, these structures span tens or hundreds of sections and
demonstrate complex morphology so that manual segmenta-
tion is not practical in terms of time and effort (Fig. 1).
One method to reduce the time-cost associated with
manual segmentation is to present an observer with an initial
outline for modification rather than force the observer to cre-
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ate a new outline. In practice, such initial outlines likely
would be generated by a computerized system. The funda-
mental assumption when using initial outlines to facilitate
manual segmentation is that the presence of an initial outline
will not adversely influence (bias) an observer, so that the
observer’s resulting manual outlines will be similar with or
without initial outlines present.

An extensive amount of previous work has investigated
the variability, bias, and reproducibility of observer measure-
ments, the impact of previous information on detection and
diagnosis, and the effect of the order in which information is
presented to an observer. Schwartz et al." demonstrated that
the coefficient of variation was reduced by half when using
an automated contouring method to measure tumor size in-
stead of digital or electronic calipers. Monsky et al.* mea-
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FiG. 1. Left: Mesothelioma tumor (white outline) illustrated on a coronal
CT section. The tumor spans 260 axial sections. Right: Manually segmented
tumor on axial CT section (white outline). The outlines are created using a
computerized system by manually placing vertices of the polygon (white
circles). Note that the tumor demonstrates complex topology and nested
outlines are used to create an annulus.

sured decreased intraobserver variability using edge contour-
ing for tumor size measurement but were unable to
demonstrate statistical significance. Geets et al.> demon-
strated an average Jaccard similarity value (see definition
below) of 0.4 between manual observer outlines of pharen-
golaryngeal tumors. Wormanns et al performed semiauto-
mated volume measurements of lung nodules and found a
mean intraobserver variability of 0.9% and interobserver
variability of 0.5%. Gietma et al’ performed a similar study
and demonstrated a correlation of 99% between observer
measurements. Bolte ef al.® demonstrated a si gnificant differ-
ence between lung tumor volumes measured by experienced
observers vs inexperienced observers; a significant difference
was not measured when semiautomated methods were uti-
lized. Meyer et al.” examined the application of manual and
semiautomated volume measurement methods to lung nod-
ules; they found that interobserver variability contributed
40.4% to the total volumetric variance and the choice of
method contributed 31.1% to the total volumetric variance.
Armato et al.® performed semiautomated linear measure-
ments of mesothelioma using several different algorithms
and demonstrated reduced interobserver variability vs fully
manual measurements.

Zheng et al.’ demonstrated a slight decrease in observer
performance when low-sensitivity/high-false-positive com-
puterized systems provided cues concurrently with the ob-
server read relative to observer performance when presented
with cues after an initial independent read. Gilbert et al.'’
found a significant relationship between both the presence
and size of a computerized cue placed on mammograms and
the decision to recall a patient. Finally, Bergus et al."" dem-
onstrated that the order in which information is presented to
a physician (history followed by diagnostic tests and vice
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versa) can influence diagnosis. These studies demonstrate the
influence of information presented to observers in the inter-
pretation of medical images and the extraction of informa-
tion from these images; however, none has directly investi-
gated how the presence of an initial outline influences a
human observer in the task of lesion segmentation.

The purpose of this study was to quantitatively measure
the influence of an initial outline on an observer when manu-
ally segmenting a structure. This study differs from previous
works in three ways. First, previous studies did not specifi-
cally consider the impact of an initially presented outline on
the observer. Second, this study evaluates observer variabil-
ity based on the segmented structures directly instead of on
geometric features (e.g., volume estimates) derived from the
segmentations. By examining the segmentation results di-
rectly, the analysis in this study includes positional informa-
tion that is lost when only size estimates such as area or
volume are used. Finally, the majority of previous studies
concentrated on lung nodules which are small, compact, and
roughly spherical. The structure segmented in this study (ma-
lignant pleural mesothelioma tumor) has an especially com-
plex morphology and may be large enough to compress large
portions of the lung.

Il. MATERIALS AND METHODS

Il.LA. Database characteristics

The database for this study consisted of 30 diagnostic
thoracic helical CT scans acquired from patients with malig-
nant pleural mesothelioma. These patients (25 males and five
females; age range 50-83 yr; mean 68 yr) had been enrolled
in a variety of chemotherapy clinical trials and no scan was
acquired specifically for this study. The CT scans were ac-
quired on the Philips (Philips Medical Systems, Cleveland,
OH) Brilliance 16 slice scanner (n=3), Brilliance 16P scan-
ner (n=19), Brilliance 40 slice scanner (n=1), and Brilliance
64 slice scanner (n=7) at our institution. The scans were
acquired with slice thicknesses of 1 (n=28), 2 (n=1), or 3
mm (n=1), and pixel spacing ranged from 0.559 to 0.951
mm (mean: 0.727 =0.085 mm). Each CT section was axi-
ally reconstructed as a 512X 512 pixel image matrix.

Il.B. Visualization and segmentation system

An in-house computer software system was developed for
the visualization and manual segmentation of structures in
medical images (Figs. 1 and 2). This system allows window
and level changes, magnification, and viewing of adjacent
CT sections within the same patient scan. Segmentation was
performed through the manual placement of points along the
perceived boundary of the structure (tumor) using the mouse.
As points were placed along the structure boundary, a line
connected the sequential points to form a polygon that be-
came the outline of the structure. Neither the placed points
(vertices of the polygon) nor the connecting lines were re-
stricted to the pixel coordinates of the image.
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FiG. 2. Impact of an initial outline on intraobserver precision. Observer A’s
Phase 1 outline (Apl; white outline), Observer B’s Phase 1 outline (Bpl;
black outline), and Observer A’s Phase 2 outline created by altering Ob-
server B’s Phase 1 outline (A,,B,,; gray outline). Observer A’s Phase 2
(altered) outline is closer to, but still substantially different than, Observer
A’s Phase 1 (original) outline.

II.C. Experimental setup and data collection

Il.C.1. Phase 1: Segmentation without initial
outlines present

Three observers independently outlined five randomly se-
lected sections in each of the 30 patient scans. The observers
consisted of two attending radiologists (Observers A and C)
and one resident with radiological training specific to me-
sothelioma (Observer B). All observers were trained to use
the computer interface. Observers could view the entire pa-
tient scan but could only create outlines on the predefined
sections. Observers were instructed to outline all mesothe-
lioma tumor present in each of the 150 selected sections or to
make no outlines if no disease was present in a section. The
window and level settings were set to the default in the
DICOM header of each image, but the observer could
modify the window and level according to their own prefer-
ence. The choice to allow window/level changes was made
both to simulate a clinical setting and to facilitate an observ-
er’s ability to accurately localize low-contrast structure
boundaries. No restrictions were placed on ambient lighting,
computer hardware, or completion time.

I.C.2. Phase 2: Segmentation with initial outlines
present

After a one-month period had lapsed to reduce the impact
of observer memory, each observer was presented with the
same 150 predefined CT sections; however, in this phase of
the study, each of the outlines created by each of the observ-
ers in Phase 1 was anonymously superimposed on the section
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TaBLE 1. Expressions for calculating average J values for Phase 1 outlines
and the corresponding values with 95% CI.

Avs B Avs C Bvs C
Phase 1
expressions (ZnJ(Apl 7Bp1))/” (EnJ(Apl > Cpl))/n (EnJ(Bpl > Cpl))/n
J 0.325 0.496 0.291
(CDn (0.251-0.398) (0.422-0.569) (0.217-0.365)

as an initial outline. The observer had the ability to view all
sections from the entire scan, but only that one section had
an initial outline visible. The observer then created a Phase 2
(altered) outline in the section by accepting the initial outline
without changing, deleting/adding an outline, or altering the
initial outline by moving, adding, or deleting vertices of the
outline. When the observer was satisfied with the altered
outline on a section, a new section/initial outline combina-
tion was presented. This process was repeated for all five
sections in each of the 30 patients and for each of the three
Phase 1 (original) outlines (450 total alteration tasks for each
observer). Thus, every Phase 1 outline created by every ob-
server was viewed for alteration by each of the observers in
Phase 2. This resulted in a total of 1350 Phase 2 outlines
created in this study. Instructions and restrictions were iden-
tical to those described in the Phase 1 study.

II.D. Data analysis

Comparisons between outlines were quantified by the
Jaccard similarity coefficient (J) defined as J(S,7)
=Area(SNT)/Area(SUT), where S and T are the two out-
lined regions being compared and Area() is the number of
pixels contained within an outline. This metric creates a
single number between 0 (no overlap between outlines S and
T) and 1 (outlines S and T are identical). The J values were
calculated on a section-by-section basis between various
combinations of original and altered outlines.

Denote the Phase 1 outlines of Observer X as X1 where
Observer X represents Observer A, B, or C, and denote n as
the number of selected sections. Average J values between
the Phase 1 outlines of different observers were used to
quantify interobserver variability without initial outlines
present (Table I).

Denote the Phase 2 outline of Observer Y as derived by
altering the Phase 1 outline of Observer X as Y,,X,,;. The
influence of initial outlines on intraobserver precision was
quantified by calculating average J values over all sections
between an observer’s Phase 1 (original) outlines and the
Phase 1 (original) outlines of other observers altered by that
observer (Table II, columns 2 and 3). Conceptually, these
average J values measure the extent to which an observer is
biased by the initial presentation of an independent outline.
These values were also compared to the average J values
between an observer’s Phase 1 outlines and that same ob-
server’s Phase 2 outlines when altering their own Phase 1
outlines (Table II, column 1). Recall that the initial outlines
were presented to the observer anonymously. This compari-
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TasLE II. Expressions for calculating the average J for analysis of intraobserver precision and the corresponding values with 95% CL

Phase 2 intraobserver precision calculations

(A1 A4,0)) /0

E (A1, A,B,))n (E,J(A,1.4,,C,0)) /n

J 0.957 0.481 0.559

(CDn (0.916-0.999) (0.428-0.533) (0.507-0.611)
Phase 2 intraobserver precision calculations (En,,l‘](Bpl ,B,2B,1))/n (2,J(By1,BA,))/n (2,J(By1,BpCp1))/n
J 0.860 0.345 0.320

(cn (0.802-0.917) (0.293-0.397) (0.268-0.372)
Phase 2 intraobserver precision calculations (ZJ(Cp1,CrCp))/n (Z,J(Cp1,CroAL))/n (ZJ(Cp1,CpoB,y)) /n
J 0.916 0.519 0.388

(Crn (0.865-0.966) (0.465-0.572) (0.335-0.441)

son also demonstrates the influence of initial outlines on in-
traobserver precision because the only difference between
the two sets of J values (i.e., Table II, column 1 and Table II,
columns 2 and 3) is whether an observer altered their own
Phase 1 outlines as the initial outlines or a different observ-
er’s Phase 1 outlines as the initial outlines.

Average J values over all sections between the Phase 2
(altered) outlines of Observers A and B, Observers A and C,
and Observers B and C when the altered outlines were de-
rived from a common initial outline (Table III). These J val-
ues were then compared to the J values calculated between
Phase 1 observer outlines (Table I) to evaluate the impact of
initial outlines on interobserver precision.

The extent that observers altered the initial outlines was
quantified by identifying the percentage of outlining tasks in
Phase 2 where only minor alterations were made by the ob-
server. A minor alteration was defined for the purposes of
this study as an alteration that created a Phase 2 outline such
that the Jaccard similarity coefficient between the original
and altered outline [J(Phase 2,Phase 1)] was greater than
0.9.

Repeated measures analysis of variance models were used
to analyze the data.'” In each model, J value was the re-
sponse variable and observer combination was the fixed ef-
fect. Correlation between multiple sections in each patient
was considered by including a patient as a random effect.
Finally, an unstructured correlation matrix was used to ac-
count for the correlation among multiple J values calculated
from different combinations of observer outlines for each
section. Estimates, confidence intervals (Cls), and p-values
based on these models are reported. Analyses were per-
formed using SAS 9.2 software.

The complexity of a tumor outline was quantified by its
maximal entropy'*'* E=log,(2L/C), where L is the length
of the outline and C is the length of the convex hull of the
outline. Maximal entropy is 1 (when the outline is convex)
and increases to infinity as the length of the curve increases
without a corresponding change in the convex hull. The re-
lationship between outline complexity and whether or not an
outline was altered was determined by applying the Wil-
coxon sum-rank test between the maximal entropy of Phase
1 outlines that were not altered and the maximal entropy of
Phase 1 outlines that were altered.
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lll. RESULTS

Analysis was performed on 118 (n) of the original 150
sections. Seventeen sections were excluded from analysis be-
cause all three observers agreed that no mesothelioma tumor
was present in those sections, and 15 additional sections
were excluded from analysis because only one observer iden-
tified and outlined tumor in those sections. The average J
values calculated between observers’ Phase 1 outlines are
recorded in Table 1. A statistically significant decrease in the
J value existed in measurements involving Observer B (the
resident). The J value for the two attending radiologists (A
and C) was, on average, 0.188 higher than the J values in-
volving measurements by Observer B, and this difference
was statistically significant (p <0.01).

The average J values over all sections between the Phase
2 outlines of Observers A and B, Observers A and C, and
Observers B and C were calculated when the altered outlines
were derived from a common initial outline. These values
(Table III) were substantially higher (p <0.001 for all com-
parisons) than the average J values calculated between ob-
servers’ Phase 1 (original) outlines (Table I), implying an
increased interobserver precision between observers when
the same initial outline is presented to all observers.

The average J value over all sections ranged between
0.320 and 0.559 when an observer’s Phase 1 (original) out-
lines were compared to that observer’s Phase 2 outlines al-
tered from the Phase 1 outlines of a different observer (Table
II, columns 2 and 3). The average J value over all sections
when an observer altered their own Phase 1 outlines (Table
II, column 1) ranged from 0.860 to 0.957 and were signifi-
cantly higher than J values resulting from alteration of an-
other observer’s Phase 1 outlines (p<<0.001 for each of the
comparisons). Comparing Table II, column 1 to Table II,
columns 2 and 3 implies that the presence of an initial out-
line alters an observer’s perception of the structure boundary
(Fig. 2).

The percentage of altered outlines where observers made
only minor alterations to the initial outlines with which they
were presented [defined as J(Phase 1,Phase 2)>0.90] are
presented in Table IV. The relationship between tumor com-
plexity and observer alteration was quantified by applying
the Wilcoxon rank-sum test. The median maximal entropy of
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TasLE III. Expressions for calculating the average J for analysis of interobserver precision and the corresponding values with 95% CL.

AvsB

Avs C B vs C

J(A A,

Phase 2 interobserver precision calculations
J(A,C,1,B,,C,1)

J 0.763

(Cn (0.712-0.814)

BpZAp])+
EH‘I(ApZBpI ’BpZBp1)+ /3n

J(A A, CpoA )+
3, J(ApuB,1,CoBy)+ |30
J(Apchl s szcpl)

J(BA,1,CpoA )+
EnJ(BpZBpl ’ Cp2Bp1)+ /3n
‘](BpZCpl ,szcpl)

0.824
(0.780-0.868)

0.802
(0.756-0.848)

Phase 1 outlines that were and were not altered in Phase 2
was 1.1721 and 1.2108, respectively. The distribution of the
two groups differed significantly (p=0.016).

IV. DISCUSSION

The time-consuming nature of segmenting a structure of
interest by manually drawing outlines limits the utility of the
technique in both research and clinical settings. One ap-
proach for time-cost reduction is to initialize scans with out-
lines that the observer can manually adjust as necessary;
however, the results of this study imply that manual outlines
created when initial outlines are present are substantially dif-
ferent from those created without initial outlines present.
Time requirements were not a direct consideration in our
study, and all observers were encouraged to create or modify
tumor outlines to reflect their best interpretation of tumor
margins irrespective of time. Even though time data were not
captured, the essential finding of this study is that the differ-
ences between observers’ original outlines and the modified
outlines they created from presented initial outlines were so
substantial that any realistic time savings would be far out-
weighed by this bias, despite the practical willingness to tol-
erate some loss of accuracy to gain some savings in time.

The interobserver variability in manual outlines of large
structures (i.e., mesothelioma tumor) observed in this study
was consistent with findings in the small and compact
pharengolaryngeal tumors measured by Geets et al® The
presence of an initial outline substantially influenced both
the intraobserver and interobserver variability. Mathemati-
cally, implementing initial outlines as an observer aid causes
the manual segmentation to become a function of both the
observer and the initial outlines presented to the observer.
Agreement between observer outlines (as measured by J)
was substantially increased when observers altered a com-
mon initial outline. Comparing corresponding values in

TaBLE IV. Percent of alteration tasks where only minor alterations were
made by the observer [J(Phase 1,Phase 2)<0.9].

Observer A Observer B Observer C
Phase 1 outline Phase 1 outline Phase 1 outline
(%) (%) (%)
Observer A altering 91.5 50.8 65.3
Observer B altering 78.8 78.0 70.3
Observer C altering 88.1 65.3 82.2
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Tables I and III demonstrates that outlines created in the
presence of a common initial outline will be more precise
(i.e., a higher degree of agreement exists among observers)
than outlines created without initial outlines present. The in-
crease in interobserver precision, as measured by interob-
server variability (Tables I and III), and dependence of in-
traobserver precision on the initial outline, as measured by
calculating J between an observer’s Phase 1 outlines and
outlines altered by that same observer in Phase 2 (Table II),
are related by the extent that initial outlines were altered by
the observers. The majority of alterations made by observers
were minor, thus producing high average J values between
the initial and altered outlines (Table IV) and consequently
higher agreement between observers when altering a com-
mon initial outline (i.e., increased interobserver precision).
Similarly, intraobserver precision was decreased because the
Phase 1 outlines of different observers demonstrated substan-
tial differences, and the minor alterations often made by an
observer failed to transform the Phase 1 outline of a different
observer into a close approximation of the Phase 1 outline of
the altering observer.

Mesothelioma tumor outlines may exhibit a range of com-
plexities. The results of the Wilcoxon sum-rank test indicated
that there was a significant difference between the complexi-
ties of Phasel outlines that were altered in Phase 2 and the
complexities of Phase 1 outlines that were not altered in
Phase 2. Outlines that were altered in Phase 2 were signifi-
cantly less complex (based on the maximal entropy feature)
than those that were not altered. The lower complexity for
outlines that were subsequently altered has two possible
causes. First, a less complex outline is simpler to alter be-
cause it is composed of fewer vertices per unit length of the
outline. Second, when the boundary between tumor and sur-
rounding tissue is not well defined, the observer must esti-
mate the placement of outline vertices. This estimation is
likely to result in less complex outlines because the observer
will essentially interpolate between adjacent image areas
where the tumor boundary is more clearly defined. These
observer-estimated portions of the outline are more likely to
be altered in Phase 2 because they are less clearly defined
within the image.

Three limitations of this study should be noted. First, a
large number of patients and sections were presented to the
observers for Phase 1 outlining. This resulted in a large set of
Phase 2 alteration tasks for each observer to review and alter.
However, only three observers provided Phase 1 and 2 out-
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lines. Further, the less experienced observer created Phase 1
outlines that were significantly different from the more ex-
perienced observers. Future work will increase the number of
observers and allow for a stratification of findings by expe-
rience level. Second, the purpose of allowing observers to
alter existing outlines is to mitigate the time-cost necessary
to segment a structure of interest. The amount of time nec-
essary to alter initial outlines (and thus the time-cost im-
provement by implementing such a strategy) will be directly
influenced by both the structure being outlined and the accu-
racy of the initialization. Third, the frequency and extent of
observer alteration may be a function of the subtlety of the
tumor boundary. The mesothelioma tumors used in this study
often demonstrate both high-contrast boundaries (tumor/lung
interface) and low-contrast boundaries (tumor/chest wall in-
terface) within the same tumor. Future research should focus
on structures that can be classified as either low or high
contrast to determine the impact of subtlety on alteration
frequency and extent.

This study investigated the influence of an initial outline
on the manual segmentation of structures in medical images.
The results of this study indicate that observers tend to make
only small alterations to initial outlines, even when those
initial outlines are quite different from their own independent
outlines, and thus observers are substantially influenced by
the presence of an initial outline. Accordingly, the presence
of initial outlines may be detrimental to specific clinical tasks
such as tumor volume calculations, tumor response assess-
ment, and subsequent patient management decisions, al-
though such targeted clinical impact was not directly inves-
tigated in this study. The decision to implement initial
outlines (such initializations often being created by a com-
puterized method) to facilitate clinical tasks such as volumet-
ric measurements must be determined on a task-by-task ba-
sis. Factors such as the accuracy of the method creating the
initial outlines, the intraobserver precision of competing
measurement methodologies (e.g., diameter vs area vs vol-
ume), and the necessity of multiple observer measurements
(and their interobserver precision) should be considered

Medical Physics, Vol. 37, No. 5, May 2010

when determining whether to implement previous outlines
into existing measurement and evaluation schemes.
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