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Purpose:

To identify the ability of computer-derived three-dimen-
sional (3D) computed tomographic (CT) segmentation
techniques to help differentiate lung adenocarcinoma
subtypes.

This study had institutional research board approval and
was HIPAA compliant. Pathologically classified resected
lung adenocarcinomas (n = 23) with thin-section CT data
were identified. Two readers independently placed over-
inclusive volumes around nodules from which automated
computer measurements were generated: mass (total
mass) and volume (total volume) of the nodule and of any
solid portion, in addition to the solid percentage of the
nodule volume (percentage solid volume) or mass (per-
centage solid mass). Interobserver agreement and differ-
ences in measurements among pathologic entities were
evaluated by using t tests. A multinomial logistic regres-
sion model was used to differentiate the probability of
three diagnoses: invasive non-lepidic-predominant ade-
nocarcinoma (INV), lepidic-predominant adenocarcinoma
(LPA), and adenocarcinoma in situ (AIS)/minimally inva-
sive adenocarcinoma (MIA).

Mean percentage solid volume of INV was 35.4% (95%
confidence interval [CI]: 26.2%), 44.5%)—higher than the
14.5% (95% CI: 10.3%, 18.7%) for LPA (P = .002). Mean
percentage solid volume of AIS/MIA was 8.2% (95% CI:
2.7%, 13.7%) and had a trend toward being lower than
that for LPA (P = .051). Accuracy of the model based on
total volume and percentage solid volume was 73.2%; ac-
curacy of the model based on total mass and percentage
solid mass was 75.6%.

Computer-assisted 3D measurement of nodules at CT had
good reproducibility and helped differentiate among sub-

types of lung adenocarcinoma.
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ubsolid nodules are challenging,
given their poorly defined mar-
gins, heterogeneous internal fea-
tures, and varying attenuations, and
their evaluation may benefit particularly
from computer-assisted techniques.
Currently, the assessment of the degree

Advances in Knowledge

B The percentage solid volume and
the percentage of solid mass in
relation to the mass of the entire
nodule (percentage solid mass)
increases with more aggressive
adenocarcinoma histopathology,
as classified by the TASLC/ATS/
ERS; percentage solid volume
was 8.2% = 6.5 for adenocarci-
noma in situ (AIS), 14.5% = 6.6
for lepidic-predominant adeno-
carcinoma (LPA), and 35.4% =
20.2 for other invasive non-lep-
idic-predominant carcinomas
(INVs), while percentage solid
mass was 14.2% =+ 10.6 for AIS,
23.0% = 8.8 for LPA, and 46.6%
+ 21.2 for INV.

® The percentage solid volume (P =
.002) and percentage solid mass
(P =.001) differed between LPA
and INV; the mass of the entire
nodule and the volume of any
solid portion differed for LPA
and minimally invasive carci-
noma/AlS but not for LPA and
INV.

B Automated analysis of CT images
can be used to differentiate ade-
nocarcinoma subtypes; three cat-
egories were differentiated with
an overall accuracy of 73.2% by
using multivariate models of per-
centage solid volume, and the
accuracy was 75.6% for discrimi-
nation based on percentage solid
mass and total nodule mass.

® A computer-assisted method is
highly reproducible, with intra-
class correlation coefficients of
0.996 (95% CI: 0.991, 0.998) for
solid volume and 0.986 (95% CI:
0.954, 0.996) for solid portion of
the nodule (percentage solid
volume).

of solid components within subsolid
nodules is typically performed by using
the maximal dimensions of the soft-
tissue component (1,2). Other quan-
titative measures, such as the tumor
disappearance rate, that are primarily
determined by using two-dimensional
caliper measurements, have been in-
vestigated, although they are are not
widely implemented in clinical practice
(3,4). Additionally, the measurement
of nodule volume has been reported
to show better measurement precision
and accuracy than maximal dimensions,
although this has been investigated to
a lesser degree for subsolid nodules
(5,6). More recently, three-dimensional
(3D) volumetric assessment of the vol-
ume and mass of subsolid nodules with
segmentation techniques is receiving
increasing attention (7-10).

Subsolid nodules are associated
with lung adenocarcinoma (1,7,11-15),
whose classification was recently revised
by the International Association for the
Study of Lung Cancer (IASLC)/American
Thoracic Society (ATS)/European Re-
spiratory Society (ERS) (16) to provide
uniform terminology, more specific diag-
nostic criteria, and better stratification
of constituents. The degree of predom-
inant histologic finding is used to ren-
der the diagnosis, with use of the terms
adenocarcinoma in situ (AIS), minimally
invasive carcinoma (MIA), and lepidic-
predominant adenocarcinoma (LPA)
for adenocarcinomas containing mainly
lepidic or noninvasive growth (16). The
diagnoses of “bronchioloalveolar” (or
bronchoalveolar) carcinoma (17,18)
have been eliminated.

Implication for Patient Care

B Further understanding of the cor-
relation of quantitative three-
dimensional CT measures with
TASLG/ATR/ERS histologic
classifications may enable nonin-
vasive characterization of sus-
pected primary lung adenocarci-
noma; such ability could aid in
decisions as to whether lung re-
section is undertaken in contrast
to more conservative follow-up of
patients to avoid overtreatment.

Our objective was to identify the
ability of computer-derived 3D com-
puted tomography (CT) segmentation
techniques to help differentiate lung
adenocarcinoma subtypes.

Materials and Methods

Patients and Chest CT Data

This study was approved by the Insti-
tutional Research Board with a waiver
of consent and was Health Insurance
Portability and Accountability Act com-
pliant. From a thoracic lung cancer
database of 138 patients with resected
and pathologically confirmed stage [
adenocarcinomas between September
19, 2006, and September 29, 2014, for
whom a tissue microarray had been
constructed, we identified and retrieved
the chest CT studies performed at our
institution of all patients who had thin-
section (1-mm) images. Chest CT stud-
ies had been performed on multidetec-
tor CT scanners with a 64— (Definition)
or 128-detector row configuration
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AIS = adenocarcinoma in situ

ATS = American Thoracic Society

Cl = confidence interval

ERS = European Respiratory Society

IASLC = International Association for the Study of Lung
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LPA = lepidic-predominant adenocarcinoma

MIA = minimally invasive carcinoma

3D = three-dimensional

VOI = volume of interest
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(Definition AS+ or Definition Flash;
Siemens, Malvern, Pa). The protocol
included the following parameters: ref-
erence 80-160 mAs tube current time,
120 kVp, gantry rotation time of 0.33-
0.50 second, and tube current modu-
lation. CT images were reconstructed
with a high-frequency (b60) reconstruc-
tion kernel into a 512 X 512 matrix and
field of view to contain the patient’s
lungs. Thin-section images were 1.0-
mm sections reconstructed at 0.8-mm
intervals.

For the correlation of histopath-
ologic findings with CT quantitative
measures, the imaging examination that
was closest to the date of tumor resec-
tion was used for analysis. Studies of 42
patients were excluded if thin-section
CT studies were not performed within
90 days prior to the date of surgical
resection or if CT involved intravenous
administration of contrast material.
Thus, a cohort of 41 noncontrast thin-
section CT studies in 41 patients with
stage | lung adenocarcinoma were an-
alyzed and were correlated with histo-
pathologic findings. Of the 41 patients,
11 were men (mean age, 73 years =
7.6 [standard deviation]; range, 54-81
years) and 30 were women (mean age,
70 years *= 7.0; range, 47-82 years)
(independent samples t test, t = 2.11,
P = .30). The mean age of the entire
cohort was 70.6 years *= 7.2 (range,
47-82 years). The CT study closest to
resection had been performed a mean
of 39.5 days = 21.1 prior to surgical
resection.

A pulmonary pathologist with 1-2
years of experience (J.S.) who was
unaware of the imaging findings had
evaluated and classified the adenocar-
cinomas according to the newly intro-
duced IASLC/ATS/ERS international
multidisciplinary classification (16). The
predominant cell type was determined,
in addition to the percentage of this pre-
dominant cell type. The specimens were
categorized as atypical adenomatous
hyperplasia, AIS, MIA, LPA, papillary,
acinar, micropapillary, solid, and other
adenocarcinoma histologic findings. The
invasive subtypes other than LPA were
considered as one group of invasive non-
lepidic-predominant  adenocarcinomas

(INVs). Acinar and papillary histologic
subtypes, given their intermediate-grade
patterns of invasion, and micropapillary
and solid tumors, considered to have
high-grade patterns of invasion, were
grouped together for analysis.

CT data prior to analysis were as-
signed anonymous identifiers. A tho-
racic radiologist with 17 years of post-
fellowship experience (J.P.K.) who was
blinded to the pathologic results visually
evaluated features of nodules. Nodule
margin was classified as smooth, lobu-
lated, or irregular (19). Nodule shape
was categorized as round, oval, or amor-
phous (19). Amorphous nodules were
those nodules that were not character-
ized as round or oval. Pseudocavitation
was defined as small rounded bubble
lucencies within the nodule (14,19).
Pleural tag, defined as a linear density
extending from the nodule to the pleura,
was evaluated (14,19). Internal retic-
ulation was considered to be present
when a reticular network of intralobu-
lar lines was visualized within a nodule
(20). Nodule location was characterized
as either central (within the inner two-
thirds of a lobe) or peripheral (within
the outer third of a lobe) (21).

Automated 3D Nodule Volume
Measurement

Each subsolid nodule was segmented by
extending a previously described method
(22) and using a locally developed soft-
ware program. After a training session of
five cases, a radiology resident (O.1.) and a
4th-year medical student (J.G.E.) blinded
to the pathologic diagnosis independently
placed overinclusive volumes of interest
(VOIs) around 19 lung nodules on each
section in which the nodule was visualized
(Fig 1, red region). A thoracic radiologist
with 30 years of experience (D.P.N.) and
the radiology resident each segmented 12
additional nodules, while a thoracic ra-
diologist with 17 years of postfellowship
experience (J.P.K.) segmented 10 more
cases using the same process.

The VOI encompassed the nodule and
included a rim of approximately 1-3 mm
of surrounding lung. The reader excluded
any blood vessels and the chest wall abut-
ting the margin of the nodule. VOI delin-
eation took 35 seconds, on average. The

program then automatically normalized
the rim size, estimated the distribution of
lung background attenuation by averaging
the attenuation of all voxels located along
the edge of the region that were below
—700 HU, and constructed the subsolid
nodule mask (Fig 1, yellow region).

The solid component was defined by
using the threshold of —188 HU. This
value was based on a 95% distribution
of manually segmented solid component
(see below). To calculate the mass, the
program converted for each voxel i its
attenuation a, expressed in Hounsfield
units, to the density (specific gravity), ex-
pressed in grams per milliliter, with the
following equation: d, = (a, + 1000)/1000.

The equation derives from air having
attenuation of —1000 HU and negligible
mass (9). For example, a voxel with at-
tenuation 0 HU (water) will have a den-
sity of 1 g/mL. The mass is computed as
the product of voxel volume by its density
d, and summed over the nodule mask.
The solid component is computed sep-
arately (Fig 2). We then computed (a)
the volume of the solid component as the
fraction of nodule volume, expressed as
a percentage (percentage solid volume),
and (b) the mass and the fraction of nod-
ule mass that the solid component repre-
sented (percentage solid mass).

Statistical Analysis

t Tests were used to compare each im-
aging measure among AIS and MIA,
LPA, and INV. P < .05 was considered to
indicate a significant difference. A mul-
tinomial logistic regression model was
used to identify probabilities of three
different outcomes: INV, LPA, and AIS/
MIA. MIA and AIS were combined in
the analysis given their similar survival
rates. Multinomial regression is similar
to logistic regression but can, however,
handle more than two outcomes. Model
parameters were estimated through an
iterative maximume-likelihood algorithm.
Three separate regression models were
constructed for different choices of CT
measures. x> Analysis was used to an-
alyze the goodness of fit. The Akaike
information criterion was used as a
measure of the relative quality of a
model that includes a penalty for in-
creasing the number of free variables
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Figure 1:
nodule. Middle row: Masks generated by two observers. Bottom row: The final
nodule masks (yellow) are derived from the initial overinclusive masks (middle
row) by the algorithm. Note that the final masks are similar in spite of the

differences in the initial regions.

to discourage overfitting. Interobserver
agreement on all measures was as-
sessed by using interclass correlation
coefficients. Statistical analysis was per-
formed by using SPSS software (version
23; IBM, Armonk, NY).

Pathologic diagnoses of the adeno-
carcinomas were 21 INVs, 12 LPAs,
five MIAs, and three AISs. Table 1
describes imaging measures across
diagnostic subgroups. No significant
difference between LPA and INV was

Automated segmentation of subsolid nodule. Top: CT image of the

identified for total volume or total
mass. In distinction, percentage solid
volume was significantly higher for INV
than for LPA (P = .002), and a trend
(P =.051) distinguished LPA compared
with AIS and MIA combined (Table
1). Specifically, percentage solid vol-
ume averaged 35.4% = 20.2 (95% CI:
26.2%), 44.5%) for INV, 14.5% = 6.6
(95% CI: 10.3%, 18.7%) for LPA, and
8.2% = 6.5 (95% CI: 2.7%, 13.7%)
for AIS and MIA in combination. Simi-
larly, percentage solid mass differenti-
ated between INV and LPA (P = .001)
(Table 1).

Total solid volume did not signifi-
cantly differ between INV, with 3558
mm?® * 3681 (95% CI: 1883, 5234)
and LPA, with 4171 mm?® =+ 3798
(95% CI: 1822, 6521) (P > .05), but
a significant difference (P = .041)
was identified between LPA and AIS
and MIA in combination (1955 mm?
+ 1376 [95% CI: 636, 3273]). Solid
mass similarly differed between LPA
and AIS and MIA (P = .042) in combi-
nation but not between INV and LPA.

The interobserver agreement was
excellent for automated measures be-
tween the thoracic radiologist and ra-
diology resident, ranging from 0.986
to 0.996 (Table 2). The agreement be-
tween the radiology resident and the
medical student for automated mea-
surement were also excellent, in the
0.991-9.997 range (Table 2).

Qualitative features are summa-
rized in Figure 3. There was no as-
sociation between pathologic subtype
and shape, presence of pseudocavita-
tion, internal reticulation, appearance
of nodule margins, and central loca-
tion (P > .05). A significant associa-
tion between the pathologic subtype
and the presence of a pleural tag was
identified (x* = 6.813, df =2, P =.041)
(Fig 3).

When we used multivariate
analysis to discriminate three differ-
ent outcomes of INV, LPA, and AIS/
MIA, the multinomial regression
model based on visually evaluated
morphologic variables had an overall
accuracy of 56.1% (Table 3). In dis-
tinction, a model based on the com-
bination of two quantitative variables
using total volume and percentage
solid volume had superior accuracy
(overall, 73.2% correct) and pro-
vided a superior fit to the measure-
ments (Table 3). Similar results were
obtained when mass measures were
used instead of volumes (Table 3). In
a regression model with AIS/MIA as
the reference category, the odds ratio
for percentage solid volume was 1.4
and that for percentage solid by mass
was 1.3. Thus, for each 1% increase
in the solid fraction, an increase of
about 40% in the odds of an INV ver-
sus an AIS/MIA outcome is expected.

radiology.rsna.org = Radiology: \/olume 000: Number O—Ill Il M 2016
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Figure 2

d.
Figure 2:
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Images show quantitative evaluation of LPA i
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n a 63-year-old woman. (a) Representative axial CT image of the tumor and (b, ¢) images with overlays of

(b) the entire nodule and (c) solid areas of the nodule. (d) Staining showed tumor with lepidic (50%), acinar (10%), and papillary (40%) (circle) portions. (Hematoxylin-
eosin stain; original magnification, Xx20.) (e) At greater magnification, complex papillary structures filling alveolar spaces with central fibrovascular cores lined by
cuboidal tumor cells are seen. (Hematoxylin-eosin stain; original magnification, X200.)

In this investigation, the automated
analysis discriminated three cohorts
of TASLC/ATS/ERS-classified lesions,
grouped according to their differing
S-year disease-free patient survival
rates (23,24), with accuracies of 73.2%
for volumetric and 75.6% for mass
measures. In addition, we have con-
firmed a high interreader agreement
for an automated method for segment-
ing the solid from the ground-glass

portions in a subsolid nodule. In con-
trast, morphologic features did not dis-
criminate as well.

The multidisciplinary TASLC/ATS/
ERS classification system (16) was is-
sued in 2011 in response to the need to
better classify lesions and differentiate
patients with varying survivals (23,24).
AIS comprises only lepidic noninvasive
growth. MIA and LPA are also predom-
inantly lepidic but also have invasive
foci, the largest of which is 5 mm for
MIA and larger than 5 mm for LPA (16).

AIS, MIA, and LPA have 5-year disease-
free survival rates of 100%, near 100%,
and 90%, respectively (16,24). The
S-year disease-free survival rates of ac-
inar- and papillary-predominant forms
are reported to be 84% and 83%, while
those of micropapillary- and solid-pre-
dominant adenocarcinomas have been
reported to be 67% and 70%, respec-
tively (16).

Subsolid nodules are associated
with lung adenocarcinoma. Imaging fea-
tures and linear dimensions of subsolid

Radiology: \/olume 000: Number O—Mll Il W 2016 = radiology.rsna.org
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Table 1

Differentiation of Pathologic Types of Adenocarcinomas

PValue for PValue for
Measurement AIS/MIA (n = 8) LPA (n=12) INV (n=21) INV vs LPA* LPA vs AIS/MIA*
Total volume (mm3) 1955 = 1576 (636, 3273) 4171 = 3798 (1822, 6521) 3558 =+ 3681 (1883, 5234) NS NS
Total solid volume (mm3) 188 =+ 255 (0, 401) 622 = 600 (241, 1004) 1627 + 2353 (556, 2698) NS .041
Percentage solid volume 8.2+6.5(27,13.7) 14.5 = 6.6 (10.3,18.7) 35.4 = 20.2 (26.2,44.5) .002 .051 (Trend)
Total mass (mg) 1025 + 889 (282, 1768) 2442 + 2139 (1083, 3801) 2717 = 3106 (1303, 4131) NS NS
Solid mass (mg) 182 =+ 248 (0, 389) 605 = 590 (230, 979) 1654 + 2431 (548, 2760) NS .042
Percentage solid mass 14.2 =10.6 (5.4,23.1) 23.0 = 8.8(17.4,28.6) 46.6 + 21.2 (37.0,56.3) .001 NS

Note.—Data are means * standard deviations, with 95% confidence intervals (Cls) in parentheses.

*NS = not significant.

Table 2

Intraclass Correlation Coefficients for Automated Nodule Measurements for Readers

A and B
Measurement Reader A Reader B
Total volume 0.995 (0.990, 0.997) 0.991 (0.941, 0.998)
Solid volume 0.996 (0.991, 0.998) 0.996 (0.988, 0.998)
Percentage solid volume 0.986 (0.954, 0.996) 0.996 (0.965, 0.999)
Total mass 0.994 (0.990, 0.996) 0.993 (0.966, 0.998)
Solid mass 0.996 (0.991, 0.998) 0.996 (0.988, 0.998)
( ) )

Percentage solid mass

0.989 (0.968, 0.997

0.997 (0.975, 0.999

Note.—Reader A was a thoracic radiologist and radiology resident; reader B was a resident and medical student. Data in

parentheses are 95% Cls.

nodules were previously compared
with pathologic findings categorized
according to the Noguchi classification
(17,25), with recent attention to the
IASLC-classified tumors (19). Corre-
lation of solid regions at CT with col-
lapse, fibrosis, and invasion (11,26,27)
and of the proportion of soft tissue at
CT with invasive pathologic findings
demonstrates the importance of esti-
mating the soft-tissue areas in subsolid
nodules. Nodules with larger solid com-
ponents are associated with a higher
likelihood of developing nodal metasta-
ses (1,28).

Quantitative assessment of the sub-
solid nodule has focused on the volume
of the entire nodule and, more recently,
of the solid region, primarily using vi-
sual assessment, manually measured
linear dimensions, and, to a lesser de-
gree, 3D methods (4,7,9,13,14,25,28-
34). In patients with ground-glass

nodules at lung cancer screening,

de Hoop et al reported intra- and in-
terobserver coefficients of variation
of 15% and 18% for volumes de-
rived from manually acquired lin-
ear two-dimensional measures to
be greater than those for manually
segmented 3D mass (9%) or vol-
umes (9,14). Visual assessment,
even by expert thoracic radiologists,
had only moderate agreement when de-
termining nodule attenuation, and iden-
tifying the presence of or amount of any
solid component was the major cause of
variation (35). Additionally, agreement
between an experienced thoracic radi-
ologist and one of less experience was
only fair (x = 0.309) when estimating
the area ratio of ground-glass opacity in
a nodule (32). Our excellent agreement
supports the use of automated methods
to minimize reader variation.

AIS/MIA in our study had only
8.2% = 6.5 solid attenuation, correlat-
ing with prior reports of AIS and MIA

as predominantly ground-glass nodules
(16). The CT appearance of LPA and
MIA have been less studied, although
they are likely part-solid in attenuation
(36,37). Our data support the positive
association between the percentage of
soft tissue at CT and invasive histo-
pathologic features, with LPA having
a mean percentage solid volume of
14.5%, which was significantly smaller
than the 35.4% for INV. In contrast, to-
tal volume or total mass alone did not
discriminate AIS/MIA, LPA, and INV,
in support of the need to segment the
solid from the ground-glass component
within a subsolid nodule.

Our investigation had a number of
limitations. We did not evaluate lung
cancers other than adenocarcinoma.
However, adenocarcinomas are the
most common histopathologic subtype
that often manifest as subsolid nodules
and are challenging to characterize. We
did not examine a reference group of
clinically stable or benign ground-glass
lesions. The ability to differentiate clin-
ically stable nodules that are likely to
represent indolent malignancy or pre-
invasive lesions from more aggressive
malignancy would be of great benefit.
An ability to differentiate preinvasive
and minimally invasive lesions such as
AIS and MIA from LPA and other in-
vasive histologic findings would reduce
overdiagnosis. We did not analyze nod-
ule growth, which may prove a valuable
indicator of aggressiveness, because
thin-section images or prior chest CT
studies were not available for a large
majority of our adenocarcinomas.
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Figure 3:  Graphs show distribution of morphologic nodule features. Central loc. = central location.

Table 3

Multinomial Regression Models for Differentiating Adenocarcinoma Subtypes

Parameter Model A Model B Model C
No. of variables 6 2 2
Variables

Shape Total volume Total mass
Pseudocavitation Percentage solid volume Percentage solid mass
Internal reticulation
Margins
Location
Pleural tag
Model-fitting information
AIC 741 62.9 62.1
x? Likelihood ratio test 221 32.8 33.6
Pvalue .076 <.001 <.001
R?value 0.479 0.632 0.643
Percentage correct
AIS/MIA 62.1 75.0 62.5
LPA Mn.7 50.0 58.3
INV 66.7 85.7 90.5
Overall 58.5 73.2 75.6

Note.—AIC = Akaike information criterion.

This investigation was a preliminary
evaluation of an automated method for
differentiating TASLC/ATS/ERS entities.
A number of patients in the lung cancer

database lacked thin-section imaging
data owing to the protocols used in
our department. The small number of
AIS and MIA neoplasms in our current

cohort probably relates to their lower
likelihood of being resected, given their
small size and less-aggressive imaging
features. We did not visually assess nod-
ule density, which has been shown to
have large interobserver variation (35).
Excellent correlation between the radi-
ology resident and the expert radiologist
showed that the automated technique
was applicable to varying levels of expe-
rience and supported the role of subsolid
nodule evaluation in clinical practice. An-
other limitation was the use of one site,
with CT scanners from the same vendor.
Finally, our method was not fully auto-
mated or commercially available, entail-
ing several minutes. Our model included
CT quantitative measures and did not
include patient risk factors, and these
probably influenced the clinical decision
to resect these lesions. Regardless, the
information brings to light the value of
quantitative parameters for potentially
discriminating lesions with varying prog-
noses. We did not analyze quantitative
image texture and morphologic features,
even though they may prove to be dif-
ferentiators (38). We also did not cor-
relate our measures with the molecular
genetics of the adenocarcinomas.
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In conclusion, a computer-assisted
method can be used to derive reliable
quantitative measures that distinguish
varying histopathologic subtypes of ade-
nocarcinoma with associated prognostic
values. Precise computer-assisted mea-
surement of the solid component volume
and fraction can discriminate among
TASLC/ATS/ERS subtypes of lung adeno-
carcinoma and therefore may potentially
be used to accurately and noninvasively
differentiate adenocarcinoma subtypes.
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