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mepE I
S ARRICEITBBEDOE Y hR—J

MOV, PILEED, SRR, FE OED. REEY
D KIRRE R AT > 8 —
D KRDAFHRB LS —

(L. BOEFE LI F—TRRLEABETHD)

EiEERAt CT MBICHL> TERRRM SO TR ERE LOFRFL L ZIR
B, FI CTﬁ%%%ﬁéﬂ%ﬁ&m®§9®ﬁ% I IENTH 5,

(#k2 i)
FFHE O CTRBOREN SBRRB, JEHIEL L P TIWATAACTITE
LSBT, TEFK 25mA. A5 AE 10mm T, EREZMRIILML TND.
ZHERITH A ERTONR 9,296 A (B4 5,803 A, &k 3,493 A) T. ¥
&%%%ﬂh@%ﬁﬂ%ﬁ%ow%k%ﬁ3&kmﬂmkﬁﬁlykm4w@
THolr. BHIPBEIBELTENTN 12% & 81% T, YIIREIL 92% & 75% T

#» -7 (Table 1). HIERZEHERERD sEE (1 ERICESRREDOH 5E) TR
LTaH5E. MREZVETHRSSEE 5,669 A (ZZED 61.0%) BOMANA
cimeOH%)®«4wWItIA%?MWM%T%otoﬁﬁﬁﬁﬁﬁsm
A (39.0%)FOFEEMA AL # (0.25%) EHMEHFIOIHDLTHolk. TN
IHRES S EMN 40%ICERIENS S NEED RN &, BEZBETITILE
BEENAEEZEDTWEI ECHERT 3 EEbNE. Ll 1A Hild 7 #
me@a@E%$%$Dt@ofmtﬂmmmh%ﬁ%ﬂm®W§%&éa\
m@%ﬁ%t@#@@%ﬁ¥&ﬁ<ﬁbfﬁb\ih%@ﬁﬁﬂﬁé%%ﬁb
T%oto%E%%%@é%@@%?%atoﬁﬁﬂfm‘m@%%MTm%
RAMKLE (85%) 5D, TODED 77%NE [ type A D type B TH®D
LNTWE, BERBAL. BAA4H (5B 1HO type A ZFRWT type D
LLETH 7). BEEEMNA 2 H, KEREASA 2 #l, NIFEN A 1T, T
OFENBANKEE (89%) ZEDiz. ETOREVWRAEFIERZS S I HERE S
N ESEEO—DTHS D(Table 3).

(BEZOFNE & T K]

BB T CT REOFEZEME L T#ED> TWH0M 2 ALMNBST. H
MIE T ESERICEEEAEELS > TEREHEE L TWieh, RS
HOMTLTHEELERIE, BTEELONEEER > TEREHERZ{T>TW
2, HENRLSESIFBNFOREIIED T ENEN,

BBOEOESFTH B LBFEEIIE— CRTEE LOYFE— RTRHISET
FaskIioTn5S (Fig.l). EFBELIEBED CT 74 )V LRHEH
%brméo%ﬁk%m@%Tﬁhﬁ\%%ﬁtﬁ%@ﬁ%XP?4»h%5%
T LT3, CT EEHICIIBEEFROEBRT VLA, BREAEGREETTF
TIRIZON TRV ERICHBENTESF& 2K o> T3., IhoDEHEE
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Wi TIC HIB #l. IV iTHoiz. IV HIDESII/INIBETH 0, fix e
O CT IR TR TH o/, HEBELIETD CTATR E QR E B - 7B
ELHFITH o7z, ZOD 2 PlIZFOREF v &7 Uizt sl o—if & ¥
ELBETH o/, BED 1815 L BiE D partial volume effect & 28H)=
LZGGOFTR TH /e LFICEBROEMETR UL KA SO E S Em~
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(FREROEEFIE] |
1. WRERTICLDBREOHROEICER (Fig.2) :
%52 CT EHR T, AEMBREDKRSAIZD, B0 H5M/NE
LAY TSCT THIRZMER L T I+ O— D ZRET S,
2. mEREZ EDOER (Fig. 3) :

MEREE OEMIMEE 2 Z EMNZ < WEBHICIIEENLETH S,
BHE U7 OEOEFIE N D TRAZWED, SE0OREX
ERDTHRL . BRBICETHATRLE S ICHERICITMEE
MUDOREVMETH D, HRENPERDENSREIIRINERE
NIRRT TR T 2. HEICFLREEE s A5 TSCT T
LTBEBSDO—FThHd. PLTHEMZTEFLENLVWEEITITE
HZZ2 L0 TSCT L ARBEENEYTH 2., ERISDE~DT
ERHHBRETHS,

3. Partial volume effect 72 & & DFEER (Fig. 4) :

4-a. V358 1 W& %esn D partial volume effect & Z552 L #) [mIkF 0¥ ¢ 13
B ELEHITHZ. BRETERINEOTHRLERESRF v I T
T, BEBYEETHO., ZOXI72 GO RETHENEICNAL TS
SZEERHVEENLETH B,

4-b I3 EE T D&% T partial volume effect 2. BEFH7: ERRE
Bin&EDHTHIEREOREIX C LA, REEICIIREOBANE
SNTHRMRZRTT L2 W BIEIREN A type C Tstage ITIB 12725 T
7Zo p3 D T3 THD, MEETOREICH p RFSEDOTHELE
THEALTH B,

4. AIEE C HIRRMOMER— LR E & 85 /201 (Fig. 5) :

M2 CTHRICERILEZEDLOEZBRENBD SN HEDORESS
FTHD, MFED CHEEDBREATIORE LSBT &I
LORHEFTHD. EZEN DV TMSHRT B E. FORELE
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Table 1. CTAVY—= T DRREE
(1998.10 - 2003.3%)

Bt =¥
REEE 5,803 3,493
BRE (%) 82 59
HRRZE (%) 90.4

F RAHELER 35 14
10 A 603 401

RER L RAZR (%) 72 81
YIBREE (%) 92 75

Table 2. FIEIEEERDICIOFERE

VEZe BERD*
SEW 5,669 3,627
BEREMAA  40(0.71) 9 (0.25)
10/ AL 706 248
JAHR 1 ARBZE (%) 70.3 77.8
* 50% MIEELEE (): %
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Table 3. %ﬂ@tﬁﬁwﬁﬁﬁﬂm%

AEFER REXKE
n=40 n=9
JERYEE 17 (auAD, B4 0 -
BEE 23 9 (%t 1)
BIETES 960 (100-2040) 1016 (340-3240)
< 600 4 3
600 < 19 6
TR
AD 34 (85%) * 4 (44%) **
SQ 3 )
LA 1 2
SM 1 1
other 1

¥ Smoker/non-smoker: 17/17, Type A & Type B: 77%
** Type A: 1 pts :

- 112 —~



®12%, 15 20004 1A

BROCT#IE Bl TSCTTI =
K<RZD

Fig.2 EZCTTORIESE
AD type D, stage 1A

- 113 ~

69



% 11 [Eas C TRBIIRNSRERES

LOSL 96661

V1 93e1s ‘OS 1q
V1 93ess ‘) odA1 Qv e

EENYER S

TH ik v 6661

L1

cd i 0177002

¢

d

d

31

2 ik

2 ik

8661

0170002

*

— 114 —

70



2W05FE1LH

wioxk 15

71

(g1 98es D 2d4y V) FEHE B BHEA 9
H SpT :ouwm Jurjqnop ‘(v 98es ) 9dA) OV) 222 109119 owN[oA [entedcplipac EL0Y e

e (2 2, 10910 SWN[oA [enIed § B

cd W_w% LO

ZH sk 'P'200T . D E§ v'100¢

— 116 -

225 60000 & Lk LOGH 66661

EE]




72

5 11 EigER C T R RSEF

2001.6. #|FE C 2002.6. ¥F E2

BIEES CHIE

b ER AL SRR Bt R R HY
RENEBLIE R RALERREE

Fig. 5 LB T B o= EH
SM, stage IV (bone)

A7

1999.4. R CT #IFEC  1999.11. 5BE CT

Fig. 6 %Al or fhERIZ D B3kL
(TSCTTHEIDH/MNEEETAO—LTUL=H)
SQ, stage IIIA, Doubling time: 65H

— 116 —

IR 3



B N O TR, T SV S N S T T JRPE S

Leng neoplasms CT 60, 1211
Lung neoplasms, dmgnosts, 60 31
60 32 :

- pubtished Grline before p‘rini -
- $0.1748/radicl. 2333031018+
3 Radiulegy‘_"2004; ‘2335793—?98_ - .

GGO ‘ground:gtass: opaclty
. PPV‘ posgtwe_ p‘redsctwe,va.!ue

" From the Kurt-Rossmann Laborato-
ries. for.. Raduﬂogrc Image: Research,
» Department ‘of. Radlology, Umver5|ty .
i %5

tal Ekeda* Nagano TFrom
entlflcassembiy Re- )
20037 revisiart fe--
cg; it nairews:on e’

Malignant versus Benign
Nodiules at CT Screening for
Lung Cancer: Comparison of
Thin-Section CT Hnmngsl

PURPOSE' eva[uatet --computed t mographlc (CT) charactenstlcs of '
‘malrgnant nodulec. on'the: basns of overall appearance (pure. ground~glass opacity
=1 [GGOY, m:xed GGO UF"SOIid opac&ty)-in companson wzth the appearance of berugn
-‘_‘-‘nodules : o ' -

’ :MATERIALS AND METHODS. [nst;tutuonal review board approvai and pat[ent
" consent were obtained: Follow-up ‘diagnostic C‘T‘ was performed in 747. suspnc:ous
j'puimonary noduies detected at/low-dose CT screenlng (17 892 exammatnons} Of-
‘{_“747 nodules, 222 were: evaluated at thin- section’ CT (1-mm. colhmatlon) “which
s ;lncluded 59 cancers and 163 benlgn nodules (3—20 mm). Thin-section CT findings
“ooof ma]sgnant versus bemgn nodules with pure GGO (17 vs 12 lesions), mixed GGO
S {27 vs 297 les:ons) or. soild opacnty (15 vs 122 lesionsy were anaiyzed Fisher exact’
“ test-for mdependence was used to .¢ompare differences in shape margin, and
internaI features between ben:gn and ma[:gnant nodules Posntwe pred:cttve valug._

Computed tomographic {CT) screening has increased the detection rate of early peripheral
lung cancer in the United States and Japan (1,2). The results of the Early Lung Cancer
Action Project, or ELCAP (1), suggested that nodules with pure {(nonsolid) or mixed
(partially solid) ground-glass opacity (GGO) at thin-section CT are mote likely to be
malignant than are those with solid opacity; among 44 nodules with GGO (19% of 233
nodules identified at baseline screening), 15 (349) were confirmed to be malignant. On
the other hand, most of the benign lesions were solid at CT, although some (approxi-
mately 15%) contained elements of GGO. According to the ELCAP data, 18% of nodules
(five of 28) with pure GGO were malignant and 63% of nodules (10 of 16) with mixed
GGO were malignant (1). To our knowledge, there aze no previous studies that specifically
compaze thin-section CT characteristics between malignant lesions and benign lesions
with pure GGO, mixed GGO, and solid opacity. .

A 3-year lung cancer screening program has recently been completed in Japan by using
low-dose CT and follow-up thin-section CT. We have previously reported that among 39
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Pure GGO

Shape O
Round Oval
Wargin
Smocth Somewhat
smooth
Figure 1.

Mixed GGO patterns

Solid
GGO: ground-glass opacity

O e

Polygonal

R

Complex

Slight immegular with
spiculation

Irzegular with
spiculation

Typical appearance of the three patterns, four shapes, and

four margins used to classify lesions in this study.

small (6-20 mm) lung adenocarcinomas,
only 16 nodules (27%) showed solid
opacity and the rest (73%) showed pure
or mixed GGO at thin-section CT in this
screening program (2). In another study
(3), thin-section CT characteristics were
compared between 25 very small (=10
mum) cancers, 24 of which were adenocar-
cinomas, and 40 benign lesions, most of
which were solid nodules. We found that
by using a single CT feature, namely po-
lygonal shape, and a three-dimensional
ratio (maximum transverse diameter to
maximum z-axis dimension of a lesion,
which was measured as the difference be-
tween the cephalic extent and the caudal
extent of the lesion in coronal reforma-
tion) greater than 1.78, 100% specificity
was shown for benign nodules (3). How-
ever, these features were not necessarily
applicable to benign lesions with GGO,
especially not to those larger than 10
mm. Thus, the purpose of our study was
to evaluate the thin-section CT character-
istics of malignant nodules on the hasis
of the overall appearance (pure GGO,
mixed GGO, or solid opacity) compared
with the appearance of benign nodules.

MATERIALS AND METHODS
Study Nodules

From May 1996 to March 1999, 17 892
examinations were performed in 7847 in-
dividuals (4288 men and 355% women;
mean age, 61 years) as part of an annual
low-dose CT screening program for lung

794 + Radiclogy - December 2004

cancer in Nagano, Japan. A mobile unit
equipped with a CT scanner (W93505R;
Hitachi, Tokyo, Japan) was used to scan
the chest with a tube current of 25 or 50
mA, a scanning time of 2 seconds per
rotation of the x-ray tube (tube rotation
time, 2 seconds), a table speed of 10 rnm/
sec (pitch of 2), 10-mm collimation, and
a 10-mm reconstruction interval. The
program was sponsored and supported
by the Telecommunications Advance-
ment Organization of Japan and was
completed after 3 years. All subjects gave
informed consent. Approval for review
and research of the cases used in this
study was obtained from our institu-
tional review board at the University of
Chicago.

Among those undergoing the exami-
nations, 605 patients with 747 suspicious
pulmonary nodules detected at low-dose
CT underwent follow-up diagnostic CT.
Diagnostic work-up CT, which included
thin-section CT, was performed within 3
months of low-dose CT screening; fol-
low-up CT examinations were performed
at 3, 6, 12, 18, and 24 months, as needed.
Most of the follow-up CT examinations
were performed at Shinshu University
Hospital, and some were performed at
loczl hospitals. The results for follow-up
work were accrued until December 1999,

The follow-up results for the 747 nod-
ules include six categories, as follows: 76
primary lung cancers confirmed at biop-
sy; 11 atypical adenormatous hyperplasias
confirmed at biopsy; 444 lesions, which
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Figure 2. Graphs show distribution of sizes
among, A, 29 nedules with pure GGO (17 ma-
lignant and 12 benign); B, 56 nodules with
mixed GGO (27 malignant and 29 benign);
and C, 137 nodules with solid opacity (15 ma-
fignant and 122 benign). Gray bars = malig-
nant nodules, white bars = benign nodules.
For pure and mixed GGO lesions, the size of
benign nodules extensively overlaps that of
malignant nodules in the 6-15-mm range.

included 167 1esolved nodules, 230 nod-
ules that were stable for 2 years or more,
38 nodules with benign-pattern calcifica-
tions (diffuse, central, popcorn, and lam-
inar or concentric calcification), and nine
nodules that were resected and con-
firmed as benign; 27 nodules with find-
ings suspicious for malignancy at thin-
section CT but not confirmed at biopsy;
176 nodules suspected of being benign
but with insufficient follow-up; and 13
indeterminate nodules.

For this study, we used a database of
thin-section CT images obtained from
Shinshu University Hospital as part of
the Nagano CT screening program for
lung cancer. A helical scanner (HiSpeed
Advantage; GE Medical Systems, Milwau-
kee, Wis) was used for scanning the nod-
ules with a 200-mA tube current, 1 sec-
ond per tube rotation, table speed of 1

Li et al



TABLE 1
Thin-Section CT Findings in Malignant

versus Benign Lesions with Pure GGO

Feature

Malignant (n = 17) Benign (n = 12)

Shape
Round
Qval
Polygonal
Cornplex
Mazgin
smeoth
Somewhat smooth
Stightly irregular with spiculation
Irregular with spicutation

WO W=
ol — N

oo —
(=R N RV ]

TABLE 2
Thin-Section CT Findings in Malignant

versus Benign Lesions with Mixed GGO

Feature

Malignant {n = 27) Benign (n = 29)

Central opacity
Present
Absent
Alr component
Present
Absent
Shape
Round
Oval
Polygonal
Complex
Margin
Smeoth
'Somewhat smooth
Slightly irregular with spiculation
Irregular with spicutation

11 2
16 27
16 9
11 20
16 2
1 2
3 9
13 16
s] 0
4 7
g 14
14 8

TABLE 3
Thin-Section CT Findings in Malignant

versus Benign Solid Nodules

Feature

Malignant {n = 15} Benign {n = 122)

Air component
Present
Absent
Shape
Round
Ovel
Polygonal
Complex
Margin
Smooth
Somewhat smooth
Slightly irregular with spiculation
Irregular with spiculation

o~

117

39
24
46
i3

= O

27
50
37

[N N ]

mmy/sec, 1-mim collimation, and 0.5-mm
interval with a bone reconstruction algo-
rithm. The database consisted of studies
performed In 222 patients with 222 con-
firmed malignant or confirmed benign
nodules, which were small in size (3-20
mm) on the first thin-section CT image
obtained within 3 months of low-dose
CT screening. Among the 222 patients,
there were 14 patients with two nodules

Volume 232 - Number 3

in different lung lobes, in which case the
larger of the two nodules was selected for
this study. Patients with two nodules in
the same lung lobe and patients with
more than two nodules were not in-
cluded. On thin-section CT images, non-
nodular lesions sach as linear or scattered
opacities, which had been regarded as
suspicious on the original 10-mm colli-
mation screening CT images, were ex-

Figure 3. Transverse thin-section CT images.
A, Image shows a malignant pure GGO lesion
(adenocarcinoma) with a round shape (ar-
rows). B, [rnage shows a benign pure GGO
lesion (resolved within 3 months) with a po-
lygonal-complex shape (arrows) that is con-
fined to a secondary lobule.

cluded from the analysis. Nodules with
benign-pattern calcifications were also
exciuded. This database contained cases
of 96 pulmonary nodules that were used
in two previous studies (2,3}

Among the 222 patients (mean age,
62.4 years; age range, 30-84 years), there
were 119 men (mean age, 62.8 years; age
range, 30-84 years) and 103 women
(mean age, 61.9 years; age range, 34-75
yeais).

Data Analysis

Thin-section CT images for the 222
nodules were displayed and interpreted
with use of “stacked” mode on a mono-
chrome cathode 1ay tube monitor at a
width and level of 1500 HU and —~550
HU, respectively. The images of 222 nod-
ules were randomly arranged for a read-
ing sequence, and the final diagnosis for
the nodules, which included the his-

Malignant Lung Nodules at Thin-Section CT » 795
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topathologic results, was blinded to the
radiologists. Three radiologists with 20,
18, and 17 years of experience in general
radiology (F.L. and H.A. included) inde-
pendentiy viewed these images and sub-
jectively classified the nodules as one of
three patterns: pure GGO, mixed GGO,
or solid opacity. They also independently
determined the overall shape (round,
oval, polygonal, or compiex) and margin
{smooth, somewhat smooth, somewhat
irregular with slight spiculation, or irreg-
ular with spiculation) of the nodules, as
well as the internal features. Internal fea-
tures included a specific mixed GGO pat-
tern characterized by GGO in the periph-
ery, with a high-attenuation zone in the
center and the presence or absence of air
{air bronchogram, cavitation, or focal
emphysema) within the nodule on thin-
section CT images. The typical appear-
ance of the three patterns, four shapes,
and four margins used to classify the le-
sions is illustrated in Figure 1.

For pattern, shape, and margins of the
nodules, the same judgment was made
by all three radiologists for 73%, 40%,
and 13% of cases, respectively, and the
same judgment was made by any two of
the radiologists for 99%, 91%, and 73%
of cases, respectively. Two radiologists
(F.L., LA} worked together to reach a
consensus for the remaining 83 features
in 76 nodules; these nodules were ini-
tially classified differently by each of the
three radiologists. For internal features,
the same judgment was made by all three
radiologists in 67% of cases and by any
two radiologists in 100% of cases. The
final decision regarding the CT findings
was based on the consensus of at least
two radiologists. The mean size {average
length and width) and clinical cutcome
for 222 nodules were recorded by one
radiologist (F.L.}. -

Statistical Analysis

Statistical analysis was performed by
using the Student t test for comparison of
differences in size between benign and
malignant nodules. The x? test for inde-
pendence was used independently for
comparison of the differences in patterns
(nodules with and those without GGO)
between the benign nodules and the ma-
lignant nodules. The data presented in
Tables 1-3 were analyzed first by using
the Fisher exact test for independence to
determine whether there were any signif-
icant differences in the proportion of ma-
lignant lesions and benign lesions in the
categories of shape, margin, and internal
features. If such differences were estab-

796 » Radlology - December 2004

Figure 4. Transverse thin-section CT images. 4, B, Images show a malignant mixed GGO lesion

{adenocarcinoma) with irregular margins. The nodule shows both GGG in the periphery (arrows)
and 2 high-attenuation zone (arrowhead) in the center. C, D, Trnages show a benign mixed GGO
lesion (nodular fibrosis) with irregular margins. In C, a small air collection (arrowhead) is seen in
the nodule. In D, the nedule (arrows) is seen on another section.

lished (the difference was significant at
P = .05), additional Fisher exact tests
were performed to determine which cat-
egories were significantly different from
the others. Fisher exact test was used in-
stead of x* test because of the small sam-
ple size. Positive predictive value (PPV)
was further analyzed when a category
was significantly different from the oth-
ers.

RESULTS

Of the 222 patients evaluated, 59 (27
men and 32 women; mean age, 64.6
years) had malignant nodules and 163
(92 men and 71 women; mean age, 61.6
years) had benign nodules. The mean size
of the 59 malignant nodules (12.3 mm)
was larger than that of the 163 benign
nodules (7.2 mm, P < .001). Among 59
malignant nodules, there were 17 with
pure GGO, 27 with mixed GGO, and 15

with solid opacity. Among 163 benign
nodules, 12 showed pure GGO, 29
showed mixed GGO, and 122 showed
solid opacity. The numbes of lesions with
GGO was greater in the group of malig-
nant nodules than in the group of benign
nodules (P < .001).

All 17 malignant nodules with pure
GGO were well-differentiated adenocar-
cinomas. Among 27 malignant nodules
with mixed GGQO, 26 were well-differen-
tiated adenocarcinomas and one was a
moderately differentiated adenocarcinoma.
Of the 15 malignant nodules with solid
opacity, four were well-differentiated ade-
nocarcinomas, seven were other adenocar-
cinomas, two were squamous cell carcino-
mas, and two were smail cell carcinomas.
All 12 benign nodules with pure GGO had
resolved at the 3-month follow-up exami-
nation. Among 29 benign nodules with
mixed GGQO, nodular fibrosis was con-
firmed at surgery in three cases, was re-
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Figure 5. Transverse thin-section CT images.
A, Image shows a malignant nodule {(squa-
mous cell carcinema) with air components {ar-
rowhead) and an irregular margin and gross
spiculation (arrows). B, [mage shows a small
benign solid nodule (stable for more than 2
years) with a polygonal shape (arrows) and
somewhat smooth margin.

solved at 3 months or more of follow-up in
17 cases, and showed no change for 2 years
or more in nine cases. Among the 122 be-
nign solid nodules, five cases (one case
each of inflammatory granuloma, crypto-
coccoma, focal organizing pneumonia, in-
flammatory pseudotumor, and sclerosing
hemangioma) were confirmed at surgery,
19 cases were resolved at 3 months or more
of follow-up, and 98 cases showed no
change for 2 years or more. All malignant
nodules were confirmed at surgery.

The distribution of sizes among 29
nodules with pure GGO, 56 with mixed
GGO, and 137 with solid opacity is
shown in Figure 2. For GGO lesions,
there was extensive overlap between the
size of benign nodules and that of malig-

nant nodules. On the other hand, for

solid lesions, there was relatively lirnited
overlap between the size of benign nod-
ules 2nd that of malignant nodules.
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Table 1 shows the thin-section CT
findings for malignant versus benign le-
sions with pure GGO; Figure 3 shows a
malignant nodule and a benign nodule
with pure GGO obtained at thin-section
CT. The overall Fisher exact test indi-
cated a significant association between
lesion- shape and malignancy (P = .008)
but indicated no significant association
between marging and malignancy (P =
.826). At further examination, we found
a significant association between malig-
nancy and round nodules (P = .022); the
number of round nodules was greater in
the malignant group (65%, 11 of 17)
than in the benign group {17%, two of
12) of pure GGO lesions. If round shape
was used to discriminate between malig-
nant lesions and benign lesions with
pure GGO, the PPV (probability that a
nodule is malignant, given that it is
round) of such a test would be 85% (95%
confidence interval: 54.55%, 98.08%) in
this data set.

Table 2 lists thin-section CT findings
for malignant lesions versus benign le-
sions with mixed GGO; Figure 4 shows a
malignant nodule and a benign nodule
with mixed GGO obtained at thin-sec-
tion CT. The overall Fisher exact test
again showed a significant association
between nodule shape and malignancy
(P = .020) but showed no significant as-
sociation between margins and malig-
nancy (P = .174). The association be-
tween round nodules and malignancy
was found to be significant (F = .009),
and the proportion of round nodules was
higher among malignant lesions (37%,
10 of 27) than among benign lesions
(7%, two of 29). The PPV was 83% (95%
confidence interval: 51.59%, 97.91%).
Furthermore, the presence of central
opacity with mixed GGO was signifi-
cantly associated with malignancy (P =
.004), with a higher propertion of nod-
ules with this feature in the malignant
group (41%, 11 of 27) than in the benign
group {79, two of 29). The PPV of this
test was 85% (95% confidence interval:
54.55%, 98.08%). However, the presence
of air components within lesions was not
significantly associated with malignancy
(P = .059).

Table 3 lists thin-section CT findings
for malignant versus benign solid nod-
ules; Figure 5 shows malignant nodules
and benign nodules obtained at thin-sec-
tion CT. Fisher exact test showed a sig-
nificant association between shape and
malignancy (P < .001), as well as between
margins and malignancy (P < .001).
However, a round shape was not found
to be associated with malignancy in solid

nodules (P = .262), which is in contrast
to the results found with pure and mixed
GGO lesions. An oval shape was not sig-
nificantly associated with malignancy
(P = .073). The association between a
complex shape and malignancy was
found to be significant (P = .002)—the
proportion of nodules with complex
shape was higher among malignant le-
sions (479, seven of 15) than among be-
nign lesions (11%, 13 of 122). However,
the PPV of this test was only 35% {95%
confidence interval: 15.39%, 59.22%]).
The proportion of nodules with a polyg-
onal shape was greater among benign le-
sions (38%, 46 of 122) than among ma-
lignant lesions (7%, one of 15; P = .019).
There were 47 polygonal nodules, 46
{98%;) of which were benign. When the
margin classifications were dichotomized
into “smooth or somewhat smooth” and
“slightly irregular or irregular” categories,
there was a significant difference be-
tween benign nodules and malignant
nodules (P < .001). The proportion of
smooth o0r somewhat smooth margins
among malignant lesions was lower (0%,
none of 15) than it was among benign
lesions (63%, 77 of 122). There were 77
smooth or somewhat smooth nodules,
and all 77 were benign. Furthermore, the
presence of air components within these
solid lesions was significantly associated
with the malignant group (47%, seven of
15; P < .001) in comparison with the
benign group (4%, five of 122). The PPV
of this test was 58% (95% confidence in-
terval: 27.67%, 84.83%).

DISCUSSION

Comparison of various CT features such
as contour, margins, and internal charac-
teristics of pulmonary nodules with
pathologic specimens can be helpful for
developing criteria to distinguish be-
tween cancers and benign lesions (1,2,4~
7). In CT screening programs, however,
most benign nodules are not confirmed
at pathologic diagnosis. Because of this
limitation, we were not able to make a
detailed radiologic-pathologic compari-
son. Therefore, we chose to investigate
two internal patterns, namely (a) nodules
with both GGO in the periphery and a
high-attenuation zone in the center and
(b) nodules with an area of air, such asan
air bronchogram, that is frequently
found in small well-differentiated adeno-
carcinomas (2,5). Also, we classified all
nodules into one of four subcategories of
shape and margins on the basis of the
predominant CT appearance. In our
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study, we found that differences in the
CT features between benign lesions and
malignant lesions were observed for each
of the three patterns on thin-section CT
images.

Results of previous clinical CT studies
{8-10) have shown that malignant nod-
ules commonly contain solid opacity and
that benign nodules have higher attenu-
ation, often with visible calcifications,
than do malignant nodules. Siegelman et
al (10) reported that §1% of 279 benign
nodules (including 153 nodules with dif-
fuse calcifications} had smooth or mod-
erately smooth margins and 65% of 283
primary malignant tumors had irregular
shapes with spiculation. Kuriyama et al
(5), in a study of 20 peripheral lung can-
cers and 20 benign nodules less than 20
mm in diameter, reperted that an air
bronchogram was not observed as fre-
quently in small benign lesions, such as
hamartoma and tuberculoma, as it was in
adenocarcinomas.

The number of solid benign nodules
was much greater than the total number
of malignant nodules in our database,
which was obtained from a lung cancer
CT screening program, and the frequency
of some features, such as internal air

- bronchograms, a complex shape, and an
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irregular margin, was much less in com-
mon in benign lesions than in malignant
lesions. However, these observations do
not necessarily mean that these features
are reliable for differentiating benign
nodules from malignant nodules, be-
cause the absolute numbers of benign
nodules with such features may be com-
parable to the numbers of malignant
nodules with similar features. For exam-
ple, the frequency of an irregular margin
in solid nodules was 7% {eight of 122) for
benign nodules and 53% (eight of 15) for
malignant nodules. However, if a radiol-
ogist encountered such a case in a screen-
ing examination, there would be an ap-
proximately 50% (eight of 16) likelihood
that the lesion was malignant, if all other
factors were equal. We found that a po-
lygonal shape or a smooth or somewhat
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smeoth margin (98%-100% likelihood of
benignity) could be more helpful for dif-
ferentiating solid benign nodules from
malignant nodules than would internal
air bronchograms,-a complex shape, or
an irregular margin:

There were some limitations to this
study. For instance, no malignant lesions
§ mm or smallerwere found; this is prob-
ably because the database used here was
compiled from- images obtained with
low-dose single-detector row CT at a
10-mm section thickness. Second, many
of the benign GGO lesions detected at
the initial screening CT had resolved be-
fore thin-section diagnostic CT was per-
formed. In a previous study, we reported
that among 108 benign nodules (54, 27,
and 27 of which showed pure GGO,
mixed GGO, and solid opacity, respec-
tively, at low-dose CT), 92 (85%) resolved
within 3 months (11). Also, a large vari-

-ance was noted in the judgment for CT

features by three radiologists, especially
for margins of the nodules; this is proba-
bly because most nodules used in current
study were srnaller than 10 mm.

The margins and size of nodules were
not useful for differentiating benign from
malignant GGO lesions in this series, and
benign lesions with GGO were more dif-
ficult to distinguish from malignant nod-
ules than were those with solid opacity.
However, certain features, such as a
round shape or a combination of GGO in
the periphery with a high-attenuation
zone in the center, were observed much
more frequently in malignant GGO nod-
ules. Therefore, we believe that familiar-
ity with the different features of benign
nodules and malignant nodules can be
useful to radiclogists in the management
of indeterminate nodules. Also, short-
term follow-up imaging can be helpful
for differentiating benign from malig-
nant nodules with GGO pattemns, be-
cause all 12 of the benign pure GGO le-
sions in this series, as well as the majority
of benign mixed GGO lesions, had par-
tially or completely resolved within 3
months.
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QBJECTIVE. The purpose of our study was to evaluate whether a computer-aided diag-
nosis (CAD) scheme can assist radiologists in distinguishing smali benign from malignant
lung nodedes on high-resolution CT (HRCT).

MATERIALS AND METHODS. We developed an automated computerized scheme for
deterrining the likelikood of malignancy of lung nodules on multiple HRCT slices; the likeli-
hood estimate was obtained from various objective features of the nodules using linear discrimi-
nant anatysis. The data set used in this observer study consisted of 28 primary lung cancers (6-20
mm) and 28 benign nodules. Cancer cases included nodules with pure ground-glass opacity,
mixed ground-glass opacity, and solid opacity. Benign nodules were selected by matching their
size and pattern to the malignant nodules. Consecutive region-of-interest images for each noduie
on HRCT were displayed for interpretation in stacked mode on a cathode ray tube menitor. The
images were presented to 16 radiclogists—first without and then with the computer output—who
were asked to indicate their confidence level regarding the malignancy of a nodule. Performance
was evaluated by receiver operating characteristic (ROC) analysis.

RESULTS. The area under the ROC curve (4, value) of the CAD scheme alone was 0.831
for distinguishing benign from malignant nodules. The average A, value for radiologists was
improved with the aid of the CAD scheme from 0.785 te 0.853 by a statistically significant
level (p = 0.016). The radiclogists’ diagnostic performance with the CAD scheme was more

accurate than that of the CAD scheme alone (p < 0.05) and also that of radiologists alone.
CONCLUSION. CAD has the potential to improve radiologists’ diagnostic accuracy in
distinguishing small benign nodules from malignant ones on HRCT.

T screening has led to early de-
tection of peripheral lung cancer

: and also detection of a large
number of false-positives (i.e., noncalcifie¢

_benign nodules) [1-5]. The false-positive

rate at screening has been reported as 87—
93% with low-dose single-detector CT at 10-
mm shice thickness [}-3] and 98-99% with
single-detector CT or MDCT at 5-mm slice
thickness [4, 5]. Also, simultaneous or addi-
tional  diagnostic  high-resolution CT
(HRCT) is needed for the distinction be-
tween maligrant and benign lnng nodules
detected as suspicious or indeterminate le-
sions on screening CT [1-5]. This high false-
positive fate because of benign nodules is
likely to reduce the benefit of CT screening
for early detection of lung cancer [6). There-
fore, it is important to differentiate benign
from malignant nodules to reduce the num-
ber of false-positive findings on screening

CT and 1o reduce follow-up examinations for
diagnostic HRCT.

We developed an automated computerized
scheme [7] for determination of the likelihood
measure of malignancy by using various ob-
Jjective features of the nodules in our a data-
base of thick-section low-dose CT, one or two
slices were used for image analysis of each
nodule. The low-dose CT database consisted
of 489 nodules obtained from a mass screen-
ing for lung cancer in Nagano, Japan [2]. All
of these nodules were considered as suspicious
or indeterminate lestons when detected by ra-
diologists on low-dose CT sczeening. With the
use of receiver operating characteristic (ROC)
analysis, our computerized scheme achieved
an area under the ROC curve (A, value) of
0.846 for distincon between 76 ralignant
and 413 benign hng nodules.

Recently, we further developed apother
computerized scheme for distinction be-
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tween malignant and benign lesions derived
from multiple slices of HRCT (1-mm colli-
mation) based on 2D and 3D volume data.
The HRCT database consisted of 244 small
noncalcified (3—20 mm} nodules obtained as
part of follow-up diagnostic work for suspi-
cious or indeterminate lesions detected on
low-dose CT in the same screening program.

In the present study, we assessed observer
performance nsing ROC analysis 10 evaluate
the effectiveness of our computer-aided diag-
nosis {CAD) scheme to assist radiologists in
distingunishing small benign from malignant
luag nodules in various patterns at HRCT.
The malignant lung cancers included nod-
uies with pure ground-glass opacity, mixed
ground-glass opacity, and solid opacity; the
benign nodules were selected by matching
their size and pattern to the cancers on
HRCT in this observer study.

Materials and Methods

Our institutional review board approved the use
of this databasc and the participation of radiolo-
gists in this observer pcrf{)rmance study. Informed
consent for use of cases was waived. Informed
consent for the observer performance study was
obtained from all cbservers.

Database

The diagnostic HRCT database used in this
study consisted of 59 patients (27 men, 32 women;
mean age, 64.6 years) with 61 malignant nodules
and 169 patients (99 men, 70 women, mean age
61.6 years) with 183 benign nodules. The database
was obtained as part of an annual 3-year low-dose
CT screening for fung cancer from 17,892 exami-
nations on 7,847 individuals in Nagane, Japan [2).
HRCT scans were obtained on a helical scanner
(HiSpeed Advantage, GE Healthcare) with a stan-
dard tube current (200 mA) to cover the entire
nodule lesion, 1-mm c¢ollimation, and a bone re-
construction algorithm with a 0.5-mm interval.

Two features concerning the size and pattern type
of the putmonary nodules on HRCT were subjec-
tively determined by radiologists for the purpose of
grouping nodules in our database. The mean size
{average length and width} was recorded by one
radiologist. The three types of patterns of these
nodules—pure ground-glass opacity, mixed ground-
glass opacity, and solid cpacity—were viewed inde-
pendently and grouped by three radiologists without
knowledge of ihe final diagnosis, and a consensus
was reached through discussion. Nodules with be-
nign-pattern calcifications (diffuse, central, popcom,
and laminar, -or concentric calcification) were ex-
cluded. The range of nodule sizes for the 61 malig-
nant and 83 benign nodules was 6-19 mm {mean,
12 mm)} and 3-20 mm (mean, 7 mm), respectively.
Among the 61 malignant nodules, there were 18
aodules with pure ground-glass opacity, 28 with
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mixed ground-glass opacity, and 15 with sojid opac-
ity, whereas 183 benign nodules included 12 with
pure ground-glass opacity, 30 with mixed groupd-
glass opacity, and 141 with solid opacity.

All malignant nedules were primary lung cancers
confirmed by surgery, including 49 well-differenti-
ated adenocarcinomas, eight other adenocarcino-
mas, two squamous cell carcinomas, and two
locatized smal cell carcinomas. Among the 183 be-
nign nodules, nine (four cases of nodular fibrosis;
and one case each of inflammatory granutoma, cryp-
tococcoma, focal organizing pnermonia, inflamma-
tory psendomumor, and sclerosing hemangioma)
were confirmed by surgery, 51 had resolved at fol-
low-up examination, and 123 showed no change for
2 or morc years.

CAD

‘With our CAD scheme, the nodules were seg-
mented automaticaily using a dynamic program-
ming technique [7]. Forty-one and 15 image
features based ¢n 2D and 3D volume data, respec-
tively, were determined from quantitative analysis
of the nodule outline and pixel values. Linear dis-
criminant analysis was uszd to distinguish benign
from malignant ncdules. The perfornance of this
CAD scheme was evaluated on the basis of a leave-
one-out testing method by use of 61 malignant and
183 benign lung nodules, For the input of the linear
discriminant analysis, we selected many combina-
tiops from 56 features and two clinical parameters
{patient age and sex). The fellowing features were
used in this study: effective diameter, contrast of
the segmented nodule on the HRCT image, overlap
measures of two gray-level histograms for the in-
side and outside regions of the segmented nodule
on the HRCT image, overlap measures of two
gray-level histograms for the inside and cutside re-
gions of the segmented nedule on the edge-gradi-
ent image, radial gradient index for the inside
region of the segmented nodule on the HRCT im-
age, peak value of the histogram for the inside re-
gion of the segmented rodule on the edge-gradient
image, pixel value at the peak of the histogram for
the inside region of the segmented nodule on the
edge-gradient image, and pixel value at the peak of
the histopram for the inside region of the seg-
mented nodule on the HRCT image.

Our computerized classification method out-
puts a percentage, from 1% to 99%, that indicates
the likelihood of malignancy. The performance of
the classification scheme yielded an A, value of
0.937 (0.919 for nodules with pure ground-glass
opacity, 0.852 for nodules with mixed ground-
glass opacity, and 0.957 for sotid nodules) for dis-
tinction between 61 malignant and 183 benign
lung nodules.

Observer Study

The data used in this observer stedy consisted
of 28 malignant nodules that were randomly se-
lected from the 61 primary lung cancers and 28
benign nodules that were selected from the 183

berign nodules by matching in size and pattera to
the cancers. For both malignant and benign le-
sions, nine nodules ranged from 6 to 10 mm and
19 nodules ranged from 11 to 20 mm. The patierns
involved were eight nodules with pure ground-
glass opacity, 12 with mixed ground-glass opacity,
and eight with solid opacity. Examples of cases
used for this observer study are shown in Figure 1.

Sixteen radiclogists participated in this observer
study, The 16 radiologists, seven chest radiologists
and nine other radiologists, have a mean of 14
years of experience (range, 7-26 years). Consecu-
tive region-of-interest HRCT images for each nod-
ule were displayed for interpretation using the cine
mode on a cathode ray tube monitor (1,280 x 1,024
resohution). The window settings were initially at a
widrh of 1,500 H and a level of =550 H, but the set-
tingrs could be adjusted by the observer. In addition,
zooming capability was provided. Two clinical pa-
rameters (patient age and sex) were displayed to
the observer on the menitor,

The observers were told that the purpase of this
observer study was (o assist radiologists in distin-
guishing benign from malignant lesions on HRCT
by using a CAD scheme. The instructions for the
observers were an explanation of the role of CAD
output as a second opinicn. The cbservers were
told that 28 malignant lesions (6-10 mum, nine
cases; 11-20 mm, 19 cases; pure ground-glass
opacity, eight cases; mixed ground-glass opacily,
12 cases; and solid opaciry, eight cases) and 28 be-
nign lesions (matched in size and pattem to the ma-
lignant Jesions) were included in this stedy and that
the sensitivity and specificity of our CAD scheme,
using a threshold of (.50 {50%) likelihood of ma-
lignancy, are 80% and 75%, respectively.

The observers were instructed to click on a bar
(left, benignancy; right, malignancy) or the screen
using 2 mouse fo indicate confidence level regarding
the malignancy (or benigrancy) of a lesion first
without and then with computer output, and after in-
dicating your confidence (without and with CAD),
click on one of the four following clinical actions:
return to annual screening; follow-up in 6 months;
follow-up in 3 months; or biopsy or surgery.

For a training session before the test, we pro-
vided five cases so that the observers could learn
how to operate the cine mede interface and how to
take into account the computer output in their de-
cision. The review time was not limited. The aver-
age review time was 46 min (range, 28-100 min).

Data Analysis

The confidence level ratings fiom each observer
were analyzed using receiver operating characteris-
tic (ROC) methodology, and a quasimaximum like?i-
hcod estimation of the binormal distribution was
fitted to the radiotogists’ confidence ratings (8], The
statistical significance of the diffesence in A, values
between observer interpretations without and with
the CAD scheme was tested using the Dorfman-Ber-
baum-Metz method [9]; this methed included both
observer varation and case sample variation by
means of an analysis-of-variance approach. The sta-
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tistical significance of the difference in A, values be-
tween the computer outputs and  observer
interpretations {without and with the CAD scheme)
was lested by means of confidence interval method
by taking into account observer variation alone [10].
The effect of the computer output on the rsing
scores and also the change in scores that were due to
the use of the CAD scheme were analyzed, The dis-

Fig. 1.—Radiologists’ average ratings without and
with computer output for six cases used in abserver
study. Mote that difference in likelihood of malig-
nancy between computer cutput and initial radiolo-
gists” ratings was not large in cases shown here.
Aaediologists’ interpretation with computer-aided di-
agnosis {CAD) scheme was, in general, more accu-
rate than radiologists without CAD scheme in most
malignant and benign noduies.

A, High-resolution CT {HRCT| scan of 55-yearcld
woman with lung cancer shows pure ground-glass
opacity. Computer output was 0.66; radiologists’ rat-
ings without CAD, 0.64; and radiologists” ratings with
CAD, 0.7%.

B, HRCT scan of 57-year-old woman with benign nod-
ule shows pure ground-giass opacity. Computer out-
put was 0.24; radinlagists’ ratings without CAD, .32;
and radiclogists’ ratings with CAD, 0.27.

G, HRCT sean of 73-year-old man with leng cancer
shows mixed ground-glass opacity. Computer output
was 9.90; radiologists’ ratings without CAD, 0.75; and
radiologists’ ratings with CAD, 0.85.

D, HRCT scan of 79-year-old man with benign nodule
shows mixed ground-glass opacity. Computer output
was 0.57; radiologists’ ratings without CAD, 0.48; and
radiologists’ ratings with CAD, 0.56.

E, HRCT scan of 57-year-old man with lung cancer
shows solid opacity. Computer output was 0.75; radiolo-
gists’ ratings without CAL, 0.66; and radiologists’ ratings
with CAD, 0.75.

F HRET scan of 68-year-old man with benign nodife
shows sclid opacity. Computer output was 0.36; radiolo-
gists” ratings without CAD, 0.37; and radiologists' ratings
with CAD, 0.36.
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tributions of the radiologists’ ratings and of the com-
puter cutputs were compared for the malignant and
benign nodules,

The statistical significance of the difference in
clinical actions between the beneficial and detri-
mental-effect of the CAD scheme for each of the
malignant and benign nodules was estimated using
the Student's paired ¢ test for 16 radiologists.

Results

For the cases selected for this observer
study, the A, value of the CAD scheme alone
was 0.831 for distinguishing 28 malignant and
28 benign nodules (0.910 for nodules with
pure ground-glass opacity, 0.814 for nodules
with mixed ground-glass opacity, and (1.783
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