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denocarcinoma is the most com-
mon subtype of lung cancer. In
2011, a new classification of ade-
nocarcinoma (1) was developed to stan-
dardize diagnostic criteria and termi-
nology applied to the wide spectrum of
entities encompassed in this histologic
subtype, which can range from indolent
to lethal tumors. Results from several
studies (2-5) have shown by using com-
puted tomographic (CT) imaging that
morphologic structure of adenocarci-
noma can be predictive of tumor grade
and patient prognosis. As emphasized
in the recently published recommen-
dations for subsolid nodules from the
Fleischner Society (6), measurement of
solid components and determination of
the relative percentages of solid versus
ground-glass portions of subsolid nod-
ules are important because an increase
in the extent of a solid component is
associated with a higher likelihood of
an invasive tumor. However, integra-
tion of this type of prognostic CT data
into clinical management algorithms
for adenocarcinoma has been relatively
hindered by the lack of standardized
methods for tumor characterization
and measurement, particularly in the
setting of part-solid nodules.
Volumetric measurement of nod-
ules is a promising technique that has
been shown (7-11) to be both accu-
rate and precise for the quantification
of small solid nodules. However, volu-
metric assessment of subsolid nodules
is more challenging because of diffi-
culties in segmentation and accurate

Advances in Knowledge

delineation between a tumor’s ground-
glass margins and the adjacent normal
parenchyma. By using manual measure-
ments, de Hoop et al (12) compared di-
ameter, volume, and mass (volume X
CT value) of 532 ground-glass nodules
(GGNs) that were followed as part of a
lung cancer screening trial; among the
three measures, they found that mass
of GGN was subject to less variability
and allowed earliest detection of growth
in malignant nodules. Ko et al (11) re-
ported similar growth-related results in
five solid and three subsolid malignant
nodules that were detected earlier with
volumetric measurements obtained by
using a semiautomated computer algo-
rithm than with radiologic criteria used
in current practice.

We: hypothesized that volumetric
measurement of solid and nonsolid
components of early-stage adenocar-
cinoma seen by using CT imaging can
provide prognostic information. The
purpose of our study was to perform
volumetric analysis of stage I lung ad-
enocarcinomas by using an automated
computer program and to determine
the value of volumetric CT measure-
ments associated with prognostic fac-
tors and patient outcome.

Materials and Methods

Patients

We obtained approval from our inter-
nal institutional review board; informed
consent was waived for retrospective
review of patient records and images.
The study population consisted of 145
consecutive patients (68 men and 77
women; mean age, 63.6 years * 9.6
[standard deviation]; range, 31-82
years) who had undergone lobectomy
(n = 104) or segmentectomy (n = 41)
for pathologic stage I adenocarcinoma

Implication for Patient Care

558

at our hospital from April 1999 to April
2006 and had a preoperative thin-sec-
tion chest CT study available for review.
All patients were node-negative based
on fluorine 18 fluorodeoxyglucose
(FDG) positron emission tomographic
(PET) staging study. Hilar and medias-
tinal lymph node resections were per-
formed in 104 patients with lobectomy,
and hilar lymph nodal sampling was
performed in 41 patients with segmen-
tectomy at the time of tumor resection.
Individuals who had history of adeno-
carcinoma of the lung or other organs
or who had received induction chemo-
therapy before surgery were excluded
from the study.

After hospital discharge, all patients
were evaluated at 3-month intervals.
The evaluation included a physical ex-
amination, chest x-ray, and blood tests
(including tumor markers). Additional
thoracoabdominal CT scans were gen-
erally obtained at 6-month intervals.
Recurrence was confirmed at CT and, if
necessary, FDG PET imaging. The me-
dian follow-up period of all 145 patients
after surgery was 6.2 years (range,
0.86-12.63 years). Complete follow-up
information until death or January 2013
was available for all patients. During
the follow-up period, 22 patients expe-
rienced disease recurrence with seven

associated cancer-related deaths.
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Scanning Protocols

Chest CT scans were acquired by using
a four-detector row CT scanner (Light-
Speed QXi; GE Healthcare, Milwaukee,
Wis) and an eight-detector row CT scan-
ner (LightSpeed Ultra; GE Healthcare).
Acquisition parameters were as follows:
collimation, 0.625 mm or 1.25 mm; pitch,
0.625-1.5; rotation time, 0.4-0.8 sec-
onds per rotation; exposure parameters,
120 kV and 200 mA; field of view, 200
mm. All image data were reconstructed
with a high spatial frequency algorithm at
contiguous section thicknesses of 0.625
mm or 1.25 mm.

Visual Analysis

CT scans were displayed on a monitor
at lung window settings (level, —700
HU; width, 1200 HU). Two independent
chest radiologists (G.T. and H.S., with
9 and 13 years of experience, respec-
tively) visually classified tumors into
three subgroups: pure GGN, part-solid
GGN, and solid. GGN was defined as
an area that exhibited a slight, homo-
geneous increase in density, which did
not obscure underlying vascular mark-
ings. Solid was defined as an area of
increased opacity that completely ob-
scured underlying vascular markings.
The two radiologists designated the
distribution of each nodule as periph-
eral (outer one-third of lung, but not
in contact with pleura), middle (inner
two-thirds of lung), or juxtapleural (in
contact with pleura). Final evaluations
were decided by a consensus panel,
which consisted of the same two radi-
ologists and an adjudicator (O.H., with
21 years of experience in chest radio-
logic imaging), as needed. By using
electronic calipers, one chest radiolo-
gist (M.Y., with 12 years of experience)
measured the longest diameter of the
solid component and of total tumor;
solid proportion was defined as the ra-
tio of the longest diameter of the solid
component divided by the longest diam-
eter of total tumor multiplied by 100%.

Computer Analysis

We developed our software by using
commercial software (Microsoft Visual
C++ 6.0; Microsoft, Redmond, Wash)
on a commercially available personal

Figure 1:
rendering image of all vessels identified by the three-dimensional line filter. (b) Green areas in right lung
correspond to extracted vessels.

computer. Incorporated in our software
is a previously described (13) three-
dimensional line filter that enabled the
enhancement of curvilinear structures,
such as vessels, in three-dimensional
medical images on the basis of a com-
bination of the eigenvalues of the three-
dimensional Hessian matrix. Multiscale
integration is formulated by taking the
maximum among single scale filter re-
sponses, and its characteristics are ex-
amined to derive criteria for the selec-
tion of parameters in the formulation.
The resultant multiscale line-filtered
images provide improved segmenta-
tion and visualization of curvilinear
structures. This three-dimensional line
filter was used as the first step to elim-
inate vessels on the CT images (Fig 1).
Quantitative analysis was then per-
formed by one observer (M.Y., 12 years
of experience in chest radiology) who
was required to place an over-inclusive
region of interest around each nodule
after selecting a tumor center point (ie,
a seed point) (Fig 2). The threshold
value on CT between a tumor and sur-
rounding normal lung parenchyma was
automatically determined by applying
CT density profile curves, one-dimen-
sional quantitative CT values across
the nodule, through the seed point
at 10° intervals on each axial section

Images show extraction of vessels by using a muitiscale three-dimensional line filter. (a) Volume

(14) (Fig 3a). A CT value that corre-
sponded to full width at half maximum
(FWHM) was measured from each pro-
file curve, and the mean FWHM from
the 36 density profiles was used as
threshold value (Fig 3b). FWHM is a
mathematically well-defined parameter
used to describe a measurement of the
width of an object in imaging when that
object does not have sharp edges. The
width of the CT density profile curve is
often decided by the FWHM (15,16).
Following this approach, we used the
CT value that corresponded to mean
FWHM as an objective, standardized
method to determine the threshold CT
value between the tumor and surround-
ing normal lung parenchyma.

The tumor was also segmented by
using a three-dimensional region-grow-
ing algorithm (17) that, after placement
of an initial seed point, added in neigh-
boring pixels with attenuation values
above defined threshold value that did
not contain vessels. The volume of
the tumor was calculated as follows:
(number of voxels within segmented re-
gion) X unit volume. Unit volume was
defined as the product of x-, y-, and
z-axes in a raw image.

On the basis of a previously re-
ported threshold selection and nodule
classification method (18), we used
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Figure2

g
Figure 2:

f.

Images show sequential steps in volumetric analysis of a pure GGN in a 57-year-old woman. (a)

Thin-section CT image shows a pulmonary vein traversing an 8.1-mm GGN in the left upper lobe. (b) Three-
dimensional fine filter identifies and extracts vessels (green areas). (c) An over-inclusive region of interest is
drawn manually around the nodule in red. (d) Axial image, (e) coronal image, and (f) sagittal image of GGN.
Nodule is automatically segmented (shown as highlighted green area) with calculation of GGN and solid

components. Total volume, solid volume, and percentage of solid volume for this nodule are 0.14 cm?, 0.00

cmd, and 0.00%, respectively.

—291 HU as the threshold CT value be-
tween ground glass and solid. By using
this value, each voxel of ground glass
and solid included in a segmented tumor
was automatically determined; total tu-
mor volume, solid volume, and percent-
age of solid volume (solid volume/tumor

volume X 100%) were calculated; and
the nodule was classified into three
subgroups (pure GGN [>98% of tumor
with attenuation of —291 HU or less],
part-solid GGN [2%-71.5% of tumor
with attenuation greater than -291
HU]J, and solid [>71.5% of tumor with

Figure 3: Threshold CT value between a tumor
and surrounding normal lung parenchyma in a
60-year-old woman. (a) CT density profile curves
are drawn through center of nodule at 10° intervals.
(b) A representative profile curve shows CT value

at FWHM is —545 HU (arrow). The mean CT value
derived from all 36 profile curves on each axial
section is used as the threshold CT value.

attenuation greater than —291 HU])
(18). Before beginning this study, we
performed computer-assisted analysis
of 10 nodules that were not included in
this study that by qualitative evaluation
consisted of pure ground-glass attenu-
ation. In these 10 cases, percentage of
solid volume ranged from 0% to 1.9%
(mean, 0.8% = 1.1% [standard devi-
ation]); therefore, percentage of solid
volume in the GGN subgroup was de-
fined as less than 2%.

Pathologic Analysis

The presence of lymphatic, vascular,
and pleural invasion was evaluated by
two pathologists. Final evaluation was
decided in consensus. Immunostain-
ing methods by using D2-40 (Covance,
San Diego, Calif), a lymphatic-specific
monoclonal antibody, and CD31 (Dako,
Glostrup, Denmark), an endothelial
antigen, were performed to optimize
identification of lymphatic and vascular
channels, respectively (19,20).

560

radfology.rsna.org = Radielogy: Volume 272: Number 2—August 2014



.
©
e

THORAGIC IMAGING: Prognostic Importance of Volumetric Measurements in Stage | Lung Adenocarcinoma

Yanagawa et al

_Table i

~ Quantitative Measurements ir 145 Patients with Sta eIAd ocarcinom

; Parameter E

Al Patients S

“Patieni with Sol dVVTuymor‘ -

Vlsua! analysns :
- Longest diameter of tumor (mm)
: Longeyst diameter of solid component (mm)
Solid proportion (%)
Computer analysis
- Tumor volume (cm®)
Solid volume (cm®)
Solid vqume (%

15.7 :4.8 (7.0-31.0)
9.6 = 7.0 (0.0-31.0)
58.3 = 37.1(0.0-100.0)

2.46 *+ 2.87 (0.03-16.97)
147 + 218 (0.00-14.28)
49.1 + 282 (0.00-90.40)

112 £ 27 (7.0-149)
0.0 + 0.0(0.0-0.0)
0.0 = 0.0 (0.0-0.)

0.64 = 0.54 (0.03-1.62)
£ 0.00 % 0.02 (0.00-0.12)
0.21 +05(000~1 .90)

* Patients with Part-Solid GGN

15.9 = 46 (7.2-31.0)
75+ 4.7 (1.0-21.0)
47.2 + 265 (11.4-95.0)

1.92 = 2.23 (0.05-15.60)
-0.75 = 0.82 (0.003-4.09)
40. 9 * 19 9 (6 30-71.50)

169+51(70—31 0) ;
169 £51(7.031.0)
100.0 0.0 (100.0-100.0)

401 = 358 (0.45-16.97)
3,22+ 3,00 (0.35-14.28)
787 = 5.0 (71.60-90.40)

Note.—Data are mean = ‘standard deviation. Data in parentheses are range For group classxflcaﬂon there were 145 patlems total, 15 wﬂh pure GGN 83 wrth par!-sohd GGN and 47 with solld tumor.
For visual analy3|s there were 145 patrents total, 15 with pure GGN, 86 wﬂh part SOlld GGN, and 44 with solld tumor : . i :

Statistical Analysis

We evaluated the value of eight features
of CT (visual classification, software
classification, longest diameter of solid
component, longest diameter of total
tumor, solid proportion, total tumor
volume, solid volume, and percentage
of solid volume) to examine associ-

. | ations with three prognostic factors

(lymphatic invasion, vascular invasion,
and pleural invasion) and two outcome
measures (overall survival and disease-
free survival). All statistical analyses
were performed by using commercially
available software (MedCalc version
8.0.0.1; Frank Schoonjans, Mariaker-
ke, Belgium). Agreement between
visual and software classification of
nodule subgroups was evaluated by
using the k statistic, and it was classi-
fied as poor (k = 0.00-0.20), fair (k =
0.21-0.40), moderate (k = 0.41-0.60),
good (k = 0.61-0.80), or excellent (k =
0.81-1.00) (21). For each CT feature,
the cutoff value that yielded the larg-
est difference in numbers of patients
with and without recurrence and death
was determined by using the empiri-
cal receiver operating characteristic
method. Receiver operating charac-
teristic analyses were all univariate.
The optimal thresholds were deter-
mined for each variable separately.
Subsequently, associations between
prognostic factors and each binary
group designated by the cutoff value
for the eight CT features were evalu-
ated by using univariate logistic regres-
sion analysis. Similarly, associations

between outcome measures and each
binary group were evaluated by using
univariate. Cox proportional hazards
regression analysis. Significant param-
eters identified by univariate analysis
were included in the multiple logis-
tic regression and Cox proportional
hazards regression models (stepwise
method; P value of .05 or less was
used for entry into the model and P
value greater than .1 was selected for
removal), respectively. The 123 pa-
tients (85.0%) with no observed failure
events in the present study were con-
sidered censored for the two outcome
measures in the Cox proportional haz-
ards regression model. Survival curves
were generated by the Kaplan-Meier
method, with comparisons performed
by using the log-rank test. A P value
of less than .05 indicated statistical
significance.

Resulis

Visual and Computer Analyses

Results of all 145 patients are summa-
rized in Table 1. Classification of nod-
ules (per two radiologists) into pure
GGN, part-solid GGN, and solid sub-
types showed excellent agreement (k =
0.90). There was excellent agreement
(k = 0.81) between visual and computer
classification of nodule subgroups with
disagreements on only five nodules.
Distribution of pure GGN was pe-
ripheral (n = 12), middle (n = 2), and
juxtapleural (n = 1); distribution of

part-solid GGN and solid nodules was
peripheral (n = 72), middle (n = 8), and
juxtapleural (n = 50). Mean measured
longest diameter of solid component
and total tumor were 9.6 mm = 7.0
(range, 0-31.0 mm) and 15.7 mm =*
4.8 (range, 7.0-31.0 mm), respectively.
Calculated solid proportion of nodules
was 58.3%-37.1% (range, 0%-100%).
Total tumor volume, solid volume, and
percentage solid volume were 2.46 cm?®
+ 2.87 (range, 0.033-16.97 cm?), 1.47
cm® = 2.18 (range, 0-14.28 cm?), and
49.1% = 28.2 (range, 0%-90.4%),
respectively.

Pathologic Analysis

There were identified lymphatic inva-
sion in 17 cases, pleural invasion in 13
cases, and no cases of vascular inva-
sion. There were 118 patients staged as
pTla, 14 patients staged as pT1b, and
13 patients staged as pT2. No patients
were found to have lymph node metas-
tases. According to pathologic analysis,
there were 132 patients staged as Ia
and 13 patients staged as Ib.

Relationship with Prognostic Factors

On the basis of receiver operating
characteristic analysis, both visually
and computer-classified subgroups
were re-sorted into pure GGN and
solid (part-solid GGN and solid) di-
visions. Cutoff values for the six CT
features were as follows: longest di-
ameter of solid component, 9.9 mm;
longest tumor diameter, 18 mm; solid
proportion, 78%; total tumor volume,

Radiology: Volume 272: Number 2—August 2014 = radiology.rsna.org
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Plowal vasion (1=51)

No of Tumors

Vlsual classrflcatlon

“Pure GGN
Solid 130
~ Software classification i
Pure GGN 15
osolid. o 130
Longest diameter of tumor
<18mm T}
=18 mm 51
 Longest diameter of solid component .
<9 9 mm 81
Solld proportron
LoLT8% ©90
=78% 55
Total tumor volume B
<1.9cm? 84
c=tgem® B
Solid volume
C<15emd 101
=1.5cm? 44
. Percerrtage,of:soli‘dyvolume,,
<63% 88
G >63% S ‘ 57
Multrple anaIyS|s (by stepW|se method)
Percentage of solid volume Rt
<63% 88
=63% 57

. oadsjaarro z  PValie

~ No. of Tumors

50

B

1.96 (0.24,15.97) 49
Cmemsem e

1.01(0.35,2.90) © = .99
womes s
204(065,643 22

1.29 (045, 3.75) 64
 2.46(088,6.90) o

w o o

w o o

24

21

30

24
27

21
30

L2

25

23
s

23
28

© Odds Ratio . PValue

ND* ooNDE
ND* ND*
ND* N+
ND* ND*
1095(027,337) 94
3.00(0.71, 12.65) 13
©4.12(0.98,17.38) .05
1,16 (0.32, 4.23) 81
11.30(0.37,458) .69
6.03(158,2298) .01
603(1.58,22.98) 1

“Note.: -—~Data m parentheses are 95% conﬁdence rnterva!s Palues less ﬂran .05 mdrcated stahstrcal srgnlﬁcance ND =no data. *

e o 'f()("“

'y

with pleural |nvasmn could not be performed because ofa small number of juxtapleural nodules in GGN division.

1.9 cm3; solid volume, 1.5 cm?; and
solid volume, 63%.

Results for association of eight CT
features with two prognostic factors
are summarized in Table 2. Statistical
analysis was performed to examine
associations with lymphatic invasion
in 145 cases and pleural invasion in
51 cases; none of the resected tumors
were found by using pathologic ex-
amination to have vascular invasion.
Statistical analysis for examining the
association with pleural invasion was
performed only for those tumors that
were juxtapleural in location. None of
the eight CT features were found to
be of use in examination of presence

of lymphatic invasion. Univariate and
multiple logistic regression analyses
revealed that percentage of solid vol-
ume of 63% or greater was of sig-
nificant use in examination of pres-
ence of pleural invasion (odds ratio,
6.03 [95% confidence interval: 1.58,
22.98]; P = .01).

Relationship with Recurrence and
Survival

During a 7-year follow-up period, 22
patients experienced disease recur-
rence, and there were seven associ-
ated cancer-related deaths. All cases
of recurrence and death occurred
in patients with tumors classified as

part-solid GGN (n = 6) or solid (n =
16); none occurred in patients with
tumors classified as GGN.

Results for relationship of eight
CT features with disease-free survival
and overall survival are summarized in
Table 3. Multiple analyses showed that
percentage of solid volume of 63% or
greater was a significant indicator for
lower disease-free survival (P < .001).
Both univariate and multiple analyses
showed that solid volume of 1.5 cm3
or greater and three-dimensional per-
centage of solid of 63% or greater
were significant (P < .05) indicators
for lower overall survival. Figures 4
and 5 show the lower disease-free and
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Cox Proportional Hazards Regression Analysis

" Overall Surviva

PVaer .

,1",‘Hézard Ratio

Univariate analysis
Visual classification
Pure GGN ;
Solid 130
Software classification .
Pure GGN 15
Solid 130
Longest diameter of tumor
<18mm - 94
=18 mm 51
Longest diameter of salid component ‘
<9.9mm
=9.9mm - 64
Solid proportion
| <78% 90
=78% 55
Total tumor volume :
<1.9 cm®
=omt
Solid volume
o <15cmd 101
=1.5¢cm? 44
Percentage of solid volume :
<63% 88
=63%
Multiple analysis (by stepwise method)
Salid volume ' i
<1.5¢cm? 101
=1.5cm? 44
Percentage of solid volume
<63% 7
=63% 57

81

84
61

57

88

310644 (0.00, 3.48 X 10'%9) 097
531'6644 (ooo 348 x {0198} . 097
2.89(1.19,6.98) 012
d 9.23 (2.’7‘4,‘ 31‘.62)
- 8.12(2.76,23.87) <.001
PR
.77 (279,18.35) <.001
f 313 (2“80,:’18‘.35) | ‘4<.oqy1,
<.001

1845 (4.34,78.49)

<001

001

113504 (0.00, 5.23 X 10'%) 375
k1‘1‘3"594y (b:od; 5;23 x 110,1%) 375 ‘
2.65(0.57,12.22) 207
7.93 (096 sé.wsj - .ogé"
4,32 (0.84,22.08) 080 -
5.90 (1.17,29.80) 016
:9.5§ (2.09,@3.91) - : ,.051 ‘
: 5.92’(1.17,\';0.55)’ | 034 k
9.60 (1.17,78.91) 036

Note.—Data in paréntheses are 95% cdnﬁdence intervals. Pvalues less than .05 indicatg staﬁéﬁcal éigniﬁcance.

overall survival for patients with solid
volume of 1.5 em?® or greater (7-year
disease-free survival and overall sur-
vival rates, 58.6% and 85.1%, respec-
tively) and percentage of solid volume
of 63% or greater (7-year disease-free
survival and overall survival rates,
60.1% and 86.3%, respectively) com-
pared with patients with solid volume
less than 1.5 cm® (7-year disease-free
survival and overall survival rates,
92.4% and 98.0%, respectively; P =
.015) and percentage of solid volume
of less than 63% (7-year disease-free
survival and overall survival rates,

96.3% and 98.9%, respectively; P =
.01).

Table 4 shows quantitative mea-
surements, types of resection per-
formed, and sites of recurrence in 22
patients with recurrence and death.
Of the eight smallest tumors that were
less than 15.5 mm in longest diameter,
six tumors (75%) had solid volume of
less than 1.5 ¢m® and one (13%) had
percent solid volume of less than 63%.
A 27-mm part-solid tumor that result-
ed in patient death had multiple foci of
solid components with measured solid
volume of 2.77 c¢cm?® and percentage of

solid volume of 29.8% (Fig 6). Ten pa-
tients with recurrent disease present-
ed with a solitary lung metastasis that
(based upon either biopsy or resection
findings) was confirmed to be adeno-
carcinoma. Only one nodule recurred
in the primary tumor lobe of a patient
who had undergone segmentectomy;
the remaining nine nodules recurred
in a nonprimary tumor lobe and were
clinically judged to more likely repre-
sent metastatic disease than metachro-
nous primaries based on temporal evo-
lution as documented on postoperative
surveillance imaging studies.
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Figure 4;:  Kaplan-Meier survival curves show that patients with solid tumor volume of 1.5 cm® or greater had a significantly lower probability of (a) disease-free (P
< .001) and (b) overall survival (P = .015) than patients with solid tumor volume less than 1.5 cm?,

100 F 100 F=—
;.i : Lj
- °8 L L.
£

90 } 1 . , 1 H %Solid < 63%
= = %Solid < 63% 96 L i Negs
= i N=88 —_ k3
ot »:. e\f/ 3 E
= - 94 b :
S 80 [ — i
= [ -
E L £ .,
= i i
@ ' P %
53 70 o i : 90 .
b ;
g sl
2 6eor m isolids 63% %Solid > 63%
o) § N5 ’ 86 | N=357

. s
50 X \ i B e s o e = X 84 h L L X 1 X X 1
[+ 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Time (year) Time (year)

a. b.

Figure 5:  Kaplan-Meier survival curves show that patients with percentage of solid tumor volume of 63% or greater had a significantly lower probability of (a)
disease-free (P < .001) and (b) overall survival (P = .010) than patients with percentage of solid tumor volume of less than 63%.

 Discussion

Clinical algorithms for optimal manage-
ment of adenocarcinomas that manifest
as subsolid nodules by using CT imaging
remain an area of active controversy. In
two guidelines recently published by the
Fleischner Society (6) and American

College of Chest Physicians (22), there
was disagreement as to whether total
diameter or diameter of only the solid
component of a part-solid GGN should
be used as the predictive feature that
determines triage into alternate man-
agement pathways. A more fundamen-
tal controversy is whether solid tumor

components visualized by using CT im-
aging should be measured on mediasti-
nal or lung windows (23).

In our study, we used a volumetric
automated computer-assisted method
to analyze early-stage adenocarcinomas
and link the analytic output, including
volumetric measurements, to prognostic
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factors and outcome measures. By us-
ing our custom software, automatic
classification of nodules had excellent
agreement with visual classification by
radiologists; pure GGNs classified visu-
ally and by using software were asso-
ciated with excellent prognosis with no
recurrences or death observed. The uni-
formly excellent prognosis of pure GGNs
after resection has been reported by
several groups (24-26), and we are un-
aware of any cases of recurrence, even
when nodules less than 3 cm of pure
ground-glass composition are eventually
found at pathologic examination to have
invasive components (26).

Accurate segmentation of pulmo-
nary nodules with or without ground-
glass component is a challenging
problem (27-31). In general, nodule
segmentation is performed by using a

combination of watershed and shape-
analysis techniques; however, because
these methods are edge-based, they
cannot accurately delineate GGNs that
typically share blurred margins with the
surrounding lung parenchyma. Tan et al
(31) have developed a probability-based
method for segmentation of ground-
glass nodules by using a Markov ran-
dom model. By using this technique,
the average overlap between computer
and manual results for six nodules that
contain ground-glass components was
60%. Kim et al (32) demonstrated that
volumetric analysis was applicable for
volume and mass measurement (12) of
both pure and part-solid GGNs without
measurement variation. In our study,
we elected to segment nodules by us-
ing the mean FWHM of multiple den-
sity profile curves found by using CT

imaging, drawn through the center of
each tumor, with recognition that this
would be an imperfect but reproducible
technique that likely underestimates
the extent of peripheral ground glass
in some cases of part-solid GGNs. In-
corporation of a three-dimensional line
filter in our software also allowed for
the elimination of both contiguous and
intralesional vessels that may artificial-
ly increase the calculated total tumor
or solid tumor volume measurements,
respectively.

Similar to previous studies (4,33-
35), we found that for stage I adenocar-
cinoma, measurement of total tumor
was associated less with prognostic
factors and outcome than it was with
measurements of the solid component.
In our study, percentage of solid vol-
ume of 63% or greater was associated
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Figure 6: Thin-section CT image of a 27-mm
nodule with multiple foci of solid components in a
65-year-old man who eventually died of recurrent
disease. Volumetric measurements were total tumor
volume, 9.31 cm?; solid tumar volume, 2.77 cm?;
and percentage of solid tumor volume, 29.8%.

with the presence of pleural invasion;
none of the four volumetric measure-
ments were found to be associated
with lymphatic or vascular invasion.
This latter finding is discordant with
results reported by Tsutani et al (33),
who found that in 502 patients with
clinical stage IA adenocarcinoma, solid
tumor diameter was predictive of pleu-
ral, as well as of vascular and lymphatic
invasion. Difference in results may be
related to differences in the enrolled
patient populations because our study
included patients with pathologic stage
I adenocarcinoma without lymph node
metastases, and who therefore had a
correspondingly lower prevalence of
lymphatic invasion, vascular invasion,
and pleural invasion compared with the
population studied by Tsutani et al.

By using our volumetric automated
computer-assisted analytic program,
we found two volumetric measure-
ments, solid volume of 1.5 cm® or
greater and percentage of solid volume
of 63% or greater, to be independent
indicators associated with recurrence
and/or death in patients with stage I
adenocarcinoma. These results are con-
sistent with those of previous studies
that also reported that features found

by using CT imaging, such as maxi-
mum diameter of the solid component
(4,33) and ratio of maximum diameter
of solid to ground-glass components ex-
ceeding 50% (2,36), can be associated
with tumor recurrence after surgery. In
our study, the two volumetric measure-
ments were complementary, and used
in combination they correctly identi-
fied 21 of 22 (95%) recurrent tumors.
However, none of our evaluated two-di-
mensional measurements were found at
multivariate analysis to be independent
indicators associated with outcome;
this lack of statistically significant re-
sults at multivariate analysis likely re-
flects the high degree of correlation be-
tween two-dimensional and volumetric
variables and suggests that of the two
quantitative sets, volumetric measure-
ments may serve as better indicators
associated with outcome. Compared
with two-dimensional analysis that typ-
ically consists of tumor measurements
on one or two images, volumetric
analysis enables a more comprehensive
and representative evaluation that may
be particularly important for adenocar-
cinomas that have multiple foci of solid
components.

Our study had several limitations.
The study was retrospective in nature,
and the relatively small number of en-
rolled patients may have resulted in
inadequate statistical power to detect
some CT features associated with prog-
nosis. Results found in our study that
had no statistically significant differ-
ences may have been caused by a true
lack of differences or by the small sam-
ple size. Prospective studies with larger
sample sizes will be needed to validate
our results. Segmentation of subsolid
nodules by using our custom software
was imperfect with underestimation of
the extent of peripheral ground glass.
Given that ground glass is known to
correspond to the lepidic noninvasive
component of tumor, we chose not to
perform manual edits so as to avoid
the introduction of observer variabil-
ity. Computer analysis of nodules was
performed by only one operator who
was required to select a tumor center
point and draw an over-inclusive region
of interest around the nodule before

automated volumetric measurements
could be performed. Ideally, the inclu-
sion of one or more additional opera-
tors would have allowed for assessment
of the reproducibility of the computer-
generated volumetric measurements.
Finally, inconsistency in the types of
operations may have negatively affected
outcomes in some patients who under-
went sublobar resection; there are cur-
rently two ongoing randomized trials in
Japan and North America to address
whether segmentectomy can replace lo-
bectomy as standard treatment (1).

In conclusion, our results demon-
strated that two volumetric measure-
ments (solid volume of =1.5 cm® and
percentage of solid volume of =63%)
are independent and complementary
indicators associated with recurrence
and/or death in patients with stage I
adenocarcinoma. These results may
have implications for determination of
the optimal management of subsolid
nodules.
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