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Purpose: To investigate the relationship between the postoperative 
prognosis of patients with part-solid non–small cell lung 
cancer and the solid component size acquired by using 
three-dimensional (3D) volumetry software on multide-
tector computed tomographic (CT) images.

Materials and 
Methods:

A retrospective study by using preoperative multidetector 
CT data with 0.5-mm section thickness, clinical records, 
and pathologic reports of 96 patients with primary sub-
solid non–small cell lung cancer (47 men and 49 women; 
mean age 6 standard deviation, 66 years 6 8) were re-
viewed. Two radiologists measured the two-dimensional 
(2D) maximal solid size of each nodule on an axial image 
(hereafter, 2D MSSA), the 3D maximal solid size on mul-
tiplanar reconstructed images (hereafter, 3D MSSMPR), 
and the 3D solid volume of greater than 0 HU (hereafter, 
3D SV0HU) within each nodule. The correlations between 
the postoperative recurrence and the effects of clinical 
and pathologic characteristics, 2D MSSA, 3D MSSMPR, 
and 3D SV0HU as prognostic imaging biomarkers were as-
sessed by using a Cox proportional hazards model. 

Results: For the prediction of postoperative recurrence, the area 
under the receiver operating characteristics curve was 
0.796 (95% confidence interval: 0.692, 0.900) for 2D 
MSSA, 0.776 (95% confidence interval: 0.667, 0.886) 
for 3D MSSMPR, and 0.835 (95% confidence interval: 
0.749, 0.922) for 3D SV0HU. The optimal cutoff value 
for 3D SV0HU for predicting tumor recurrence was 0.54 
cm3, with a sensitivity of 0.933 (95% confidence inter-
val: 0.679, 0.998) and a specificity of 0.716 (95% confi-
dence interval: 0.605, 0.811) for the recurrence. Signifi-
cant predictive factors for disease-free survival were 3D 
SV0HU greater than or equal to 0.54 cm3 (hazard ratio, 
6.61; P = .001) and lymphatic and/or vascular invasion 
derived from histopathologic analysis (hazard ratio, 2.96;  
P = .040).

Conclusion: The measurement of 3D SV0HU predicted the postopera-
tive prognosis of patients with part-solid lung cancer more 
accurately than did 2D MSSA and 3D MSSMPR.
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metastasis) was found in the postoper-
ative specimen (n = 31), and (c) neither 
recurrence nor pathologic invasiveness 
were observed (n = 150). Category 
1 (n = 15), category 2 (n = 31), and 
one-third of category 3 by using a ran-
dom number table (n = 50) were re-
cruited for further analysis, resulting 
in a total of 96 patients with subsolid 
non–small cell lung cancer (47 men and 
49 women; mean age 6 standard de-
viation, 66 years 6 8). The mean ages 
of men and women were 66 years 6 7 
(range, 45–78 years) and 66 years 6 8 
(range, 42–79 years), respectively. No 
significant difference was shown in age 
between men and women (P = .989). 
The patient demographics and tumor 
characteristics are shown in Table 1.

The clinical records of all recruited 
patients were reviewed to obtain data 
on patient age, sex, date of CT and 
surgery, surgical procedure, and post-
operative course. Lobectomy and pneu-
monectomy were regarded as standard 

(solid volume [SV]) (hereafter, 3D TV 
and 3D SV, respectively) (11–15). A re-
cent study reported that 3D SV of lung 
adenocarcinomas can more accurately 
predict pathologic lymph node metasta-
ses and tumor invasiveness than can 2D 
MSSA (14). This finding indicates that 
3D SV enabled prediction of progno-
sis for subsolid lung cancer. However, 
determining the border between the 
ground-glass opacity and solid compo-
nent in a subsolid tumor is subjective 
and a cause for confusion on thin-sec-
tion multidetector CT images.

In our study, we compared 2D 
MSSA, 3D MSSMPR, and 3D SV with 
respect to their predictive ability for 
disease-free survival in subsolid non–
small cell lung cancer. We also evalu-
ated the most suitable cutoff value in 
CT Hounsfield units of the solid compo-
nent to more accurately predict postop-
erative recurrence.

Materials and Methods

Our retrospective, single-center study 
was approved by our institutional re-
view board and written informed con-
sent was waived on March 16, 2017 
(approval no. 2016–0507).

Patients
Figure 1 shows the flowchart of our 
study population. By using the re-
trieval function of the picture archiv-
ing and communication system, we 
searched our institutional database for 
CT and pathologic reports of patients  
with pathologically confirmed, surgically 
resected non–small cell lung cancers  
between November 2006 and Decem-
ber 2013. During this period, 246 sub-
solid non–small cell lung cancers were 
detected in our institution. First, syn-
chronous or metachronous lung can-
cers (n = 46) and tumors greater than 
5 cm in maximal pathologic diameter 
(n = 4) were excluded from our co-
hort. The remaining 196 subsolid non–
small cell lung cancers were classified 
into the following three categories: (a) 
postoperative recurrence was observed 
(n = 15), (b) pathologic local invasive-
ness (pleural invasion, lymphatic inva-
sion, vascular invasion, or lymph node 
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Implication for Patient Care

nn Computer-aided volumetry of the 
solid component of a part-solid 
nodule at CT imaging can accu-
rately predict postoperative re-
currence of primary lung cancer.

Primary lung cancer is one of the 
most common malignant tumors 
in the world. Prognosis of ad-

vanced lung cancer has been so poor 
that early diagnosis is important. Non–
small cell lung cancer is classified into  
solid and subsolid tumors. Subsolid 
tumors can be further classified into 
part-solid and nonsolid types based on  
thin-section computed tomographic (CT)  
findings. A large number of part-solid 
tumors are adenocarcinomas, includ-
ing ground-glass opacity that reflects 
replacement of the alveolar epithelium 
by well-differentiated tumor cells, often 
filled with mucous, and a solid compo-
nent that reflects intratumoral collapse 
of airspace or fibrosis (1–4). For the 
part-solid tumors, several studies have 
indicated that solid size (the maximal 
diameter of the solid component) cor-
relates more accurately with tumor 
invasiveness and prognosis than does 
total size (the maximal diameter of the 
whole tumor, including ground-glass 
opacity [5–9]). The solid size measure-
ment has been adapted as the clinical T 
factor in the eighth version of the Union 
for International Cancer Control TNM 
classification for subsolid lung cancer 
(2,10).

Conventionally, the maximal total 
size and maximal solid size have been 
measured on a two-dimensional (2D) 
axial CT image (hereafter, 2D MTSA 
and 2D MSSA, respectively). Multide-
tector CT enables three-dimensional 
(3D) whole lung scan and the max-
imal total size and maximal solid size 
can be measured on the axial, coronal, 
and sagittal views by using multiplanar 
reconstruction of near-isotropic voxels 
(hereafter, 3D MTSMPR and 3D MS-
SMPR, respectively). Moreover, volum-
etry by using computer-aided diagnosis 
has been able to automatically measure 
the 3D volume of the whole tumor (to-
tal volume [TV]) and solid component 
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recommendation. When recurrence 
was suspected, additional imaging sur-
veys or biopsy were performed.

Three-dimensional CT Scan Protocol
All preoperative 3D CT scans were ob-
tained with a 64-row multidetector CT 
scanner (Aquilion 64; Toshiba Medical, 
Tokyo, Japan) in the craniocaudal di-
rection during inspiration without con-
trast material enhancement by using 
the following scan parameters: x-ray 
tube voltage, 120 kVp; automatic tube 
current modulation, maximum of 500 
mA; gantry rotation speed, 0.5 sec; and 
beam collimation, 64 3 0.5 mm. Axial 
thin-section multidetector CT images of 
the whole lung were reconstructed with 
a section thickness of 0.5 mm at the 
same increment by using a high-spatial-
frequency algorithm (FC52; Toshiba 
Medical). The iterative reconstruction 
technique was not used because the 
multidetector CT scanner at the time 
could not reconstruct images with iter-
ative reconstruction.

Size and Volume Measurement on a 3D 
Workstation
All reconstructed thin-section CT im-
ages were transferred to a commercially 
available 3D workstation (VINCENT, 
version 4.3; Fujifilm Medical, Tokyo, 
Japan). The axial multiplanar recon-
structed and 3D images of extracted 
nodules were displayed with window 
level and width settings of 600 HU 
and 1800 HU and reviewed indepen-
dently by a radiology resident and a 
chest radiologists (S.K., with 1 year 
of experience and S.I., with 22 years 
of experience reading thoracic CT 
scans, respectively). The average of 
the two radiologists’ measurements 
was used for analysis. For the resi-
dent, any pretraining for this study 
was not performed. The two readers 
knew the measurement objective was 
subsolid lung cancer, although they did 
not know the pathologic findings and 
prognosis. No time limit was set for 
measurement.

Figure 2 shows the measuring method 
used to determine the total size and solid 
size in a subsolid nodule. First, only the 
maximal total size as 2D MTSA and the 

based on the research of Maeshima 
et al (16) has been recorded routinely 
in the histopathologic reports at our 
institution.

The patients were scheduled for fol-
low-up every 1 to 3 months for 2 years 
after surgery and every 6 months there-
after. Multidetector CT of the chest and 
abdomen was performed every 6 to 12 
months according to the physicians’ 

surgery, and wide-wedge resection 
and segmentectomy were recorded as 
limited surgery. Pathologic information 
including tumor size, histologic type, 
pleural invasion, vascular and lymphatic 
invasion, nodal metastasis, desmoplas-
tic reaction, and TNM staging were 
recorded from the final postoperative 
histopathologic reports. The degree 
of intratumoral desmoplastic reaction 

Figure 1

Figure 1:  Flowchart of study population.

Table 1

Patient and Tumor Characteristics

Parameter No. of Patients Mean 6 SD Median Range

Female 49 … … …
  Age (y) … 66 6 8 68 42–79
Male 47 … … …
  Age (y) … 66 6 7 67 45–78
Smoking history (pack-year) … 22 6 34 0 0–174
Nonsolid/part-solid 4/92 … … …
Primary lesion site: RUL/RML/RLL/LUL/LLL 31/2/18/33/12 … … …
Limited surgery/standard surgery 18/78 … … …
Adenocarcinoma/adenosquamous carcinoma 95/1 … … …
Pleural invasion 36 … … …
Lymphatic invasion/vascular invasion 6/4 … … …
Lymph node metastasis 7 … … …
Pathologic tumor size (cm) … 2.18 6 0.89 2.0 0.5–5.0
Pathologic stage: 0/I/II/III/IV 1/85/5/5/0 … … …
Interval between CT and surgery (d) … 23.7 6 24.8 17.5 2–148
Postoperative follow-up duration (mo) … 60.6 6 28.8 60 1–120

Note.—RUL = right upper lobe, RML = right middle lobe, RLL = right lower lobe, LUL = left upper lobe, LLL = left lower lobe,  
SD = standard deviation.
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was analyzed with intraclass correlation 
coefficient. The degree of agreement 
was interpreted as follows: less than 
0.20, poor agreement; 0.21–0.40, 
fair agreement; 0.41–0.60, moder-
ate agreement; 0.61–0.80, substantial 
agreement; and 0.81–1.00, almost per-
fect agreement (17). Second, patient 
and tumor characteristics were com-
pared between recurrent and nonrecur-
rent tumors. Age, duration of postoper-
ative follow-up, tumor size, and tumor 
volume were compared with Student t 
or Welch t test, and distribution of sex, 
frequency of pathologic invasiveness, 
and desmoplastic reaction were com-
pared with the x2 test. Third, receiver 
operating characteristic analysis and 

or blood vessels, then the reader manu-
ally removed them. When the observer 
approved the definition of the margin, 
the program automatically calculated the 
internal volume for each CT number. 
We defined a volume based on having a 
density of greater than 2800 HU in the 
candidate nodule as the 3D TV to elimi-
nate the internal bronchus and any areas 
of pseudocavitation. In addition, we de-
fined volumes of greater than 2300 HU, 
greater than 2200 HU, greater than 
2100 HU, and greater than 0 HU in the 
candidate nodule, respectively.

Statistical Analysis
First, the interreader reliability be-
tween the two readers (S.K. and S.I.) 

maximal solid size as 2D MSSA on the 
original axial images were measured. 
Next, we independently measured the 
maximal total size as 3D MTSMPR and 
the maximal solid size as 3D MSSMPR 
on axial, sagittal, and coronal images 
with multiplanar reconstruction. Figure 3
shows the measuring method of TV and 
SV by using computer-aided volumetry. 
After an observer marked a candidate 
nodule by dragging the mouse across the 
nodule, the program automatically de-
fined the margin of interest around the 
candidate nodule and the margin was 
displayed on the axial, sagittal, and co-
ronal planes with multiplanar images. If 
the solid component could not be auto-
matically separated from the chest wall 

Figure 2

Figure 2:  Images show measurements of two-dimensional (2D) maximal solid size on axial image (hereafter, 2D MSSA) and three-dimensional (3D) maximal solid 
size on multiplanar reconstructed images (hereafter, 3D MSSMPR) on the workstation. A, Total size on axial image. B, Total size on coronal image. C, Total size on 
sagittal image. D, Solid size on axial image. E, Solid size on coronal image. F, Solid size on sagittal image. For this tumor, 2D maximal total size on axial image and 2D 
MSSA are 19.7 mm and 13.2 mm, respectively. Three-dimensional maximal total size on multiplanar reconstructed images and 3D MSSMPR are 26.9 mm and 17.0 
mm, respectively.
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Analyses were performed by us-
ing SPSS (version 23; IBM, Armonk, 
NY), Microsoft Excel 2013 (Redmond, 
Wash), and add-in statistical software 
(BellCurve, version 2.13; Social Survey 
Research Information, Tokyo, Japan). 
A P value , .05 was considered to indi-
cate statistical significance.

Results

Interreader Reliability
For all size and volume measurements, 
the agreement of the two readers 
showed almost perfect agreement (P , 
.001) (Table 2).

univariable and multivariable analysis of 
disease-free survival, Cox proportional 
hazards model was used to assess the 
effects of clinical and pathologic char-
acteristics, 2D MSSA, 3D MSSMPR, 
and 3D SV as potential prognostic fac-
tors. The significant variables at the 
univariable analysis were adopted for 
the multivariable analysis, and stepwise 
method was used for further variable 
selection. Finally, univariable and mul-
tivariable logistic regression analyses 
were performed to compare the asso-
ciation between the presence of intra-
tumoral desmoplastic reaction and the 
volume partitioned by the threshold CT 
number of 2300 HU and 0 HU.

Youden index were used to determine 
the suitable cutoff size (in centimeters), 
CT number (in Hounsfield units), and 
SV (in cubic centimeters) that would 
indicate a recurrent tumor. Each area 
under the receiver operating charac-
teristics curve (AUC) was compared 
by using the x2 test. Fourth, disease-
free survival was assessed by using the 
Kaplan-Meier method, and the survival 
curves for each subgroup by the cutoff 
value of 3D SV were compared by using 
log-rank test. Disease-free survival was 
defined as the interval between surgery 
and first disease recurrence, including 
local-regional recurrence and distant 
metastasis, or death from any cause. At 

Figure 3

Figure 3:  Images show three-dimensional (3D) total volume (hereafter, 3D TV) and 3D solid volume (hereafter, 3D SV) measurements of subsolid nodule by using 
computer-aided diagnosis. A, Axial image of subsolid nodule. B, After an observer marks the candidate nodule by dragging the mouse across the nodule, the program 
automatically defines margin of interest around the candidate nodule and margin is displayed on multiplanar images. When observer approves definition of margin, 
the program automatically calculates internal volume for each CT number. C, Pink area on nodule shows solid part greater than 2300 HU and green area shows 
ground-glass opacity. Volume colored green plus pink is 3D TV. D, Pink area on nodule shows solid part greater than 2200 HU. E, Pink area on nodule shows solid 
part greater than 2100 HU. F, Pink area on nodule shows solid part greater than 0 HU.
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2D MSSA greater than 1 cm, 2D 
MSSA greater than 2 cm, 3D MSSMPR 
greater than 1 cm, 3D MSSMPR greater 
than 2 cm, and 3D SV0HU greater than 
or equal to 0.54 cm3 were significant 
factors correlated with postopera-
tive prognosis (P = .002, P , .001, P 
= .034, P = .002, P = .042, P = .017, 
and P , .001, respectively) (Table 5).  
At the multivariable analysis using these 
seven significant factors, postoperative 
prognosis was significantly correlated 
with lymphatic and/or vascular invasion  
(P = .040) and 3D SV0HU greater than or 
equal to 0.54 cm3 (P = .001) (Table 5).

Correlation between Presence of 
Desmoplastic Reaction and Volume 
Partitioned by the CT Number
In the univariable analysis, the desmo-
plastic reaction was significantly corre-
lated with the volume of 2299 HU to 0 
HU and the volume of greater than 0 
HU (P = .016 and P = .007, respectively) 
(Table 6). Furthermore, the multivar-
iable analysis demonstrated that only 
the volume of greater than 0 HU was a 
significant factor (P = .004) (Table 6). 
The CT and pathologic findings of the 
recurrent and nonrecurrent part-solid 
tumors are shown in Figures 5 and 6.

Discussion

Our study shows that computer-aided 
volumetry of solid component in sub-
solid lung cancers at multidetector CT 
more accurately correlated with post-
operative recurrence than did 2D and 
3D diametrical measurements of the 
solid component. The receiver op-
erating characteristics analysis illus-
trated that 2D MSSA and 3D MSSMPR 
showed higher diagnostic accuracy of 
postoperative recurrence than did 2D 
MTSA and 3D MTSMPR, respectively. 
Our results are consistent with previous 
studies showing that the tumor solid 
size or its proportion to the total size 
in lung adenocarcinomas is associated 
with tumor invasiveness and postoper-
ative prognosis (5,18,19). Similarly, 3D 
SV showed higher diagnostic accuracy 
for recurrence than did 3D TV in our 
study. Furthermore, the diagnostic ac-
curacy of 3D SV was higher than those 

tumor as SV showed the highest AUC. 
The AUC of 3D SV0HU was 0.835, and 
it was significantly higher than that of 
3D TV, 3D SV greater than 2300 HU, 
and 3D SV greater than 2200 HU (P 
= .003, P = .006, and P = .017, respec-
tively). The AUC of 3D SV0HU was also 
higher than that of 3D SV greater than 
2100 HU, although no significant differ-
ences were found (P = .067). The AUC 
of 3D SV0HU was significantly higher than 
that of 3D MSSMPR (P = .017). The AUC 
of 3D SV0HU was also higher than that of 
2D MSSA, although no significant differ-
ences were found (P = .112). 

An appropriate 3D SV0HU cutoff 
level for tumor recurrence determina-
tion was estimated to be 0.54 cm3 with 
Youden index. This value yielded sensi-
tivity of 0.933 (14 of 15) and specific-
ity of 0.716 (58 of 81) in determining 
tumor recurrence. Figure 4 shows the 
Kaplan-Meier curves for disease-free 
survival by using this cutoff level of 3D 
SV0HU. Patients with 3D SV0HU greater 
than or equal to 0.54 cm3 had a signif-
icantly worse prognosis than did those 
with 3D SV0HU less than 0.54 cm3 with 
the log-rank test (P , .001).

Factors Correlated with Postoperative 
Prognosis
At univariable analysis with Cox pro-
portional hazards model for disease-
free survival, lymphatic and/or vascu-
lar invasion, lymph node metastasis, 

Comparison between Recurrent and 
Nonrecurrent Tumors
The recurrent tumors showed signifi-
cantly higher 2D MSSA, 3D MSSMPR, 
and 3D SV than did the nonrecurrent 
tumors (P , .001, P , .001, and P = 
.023 to .026, respectively) (Table 3). For 
pathologic invasiveness, the frequency 
of lymphatic and/or vascular invasion 
and lymph node metastasis in recurrent 
tumors were significantly higher than in 
nonrecurrent tumors (P , .001 and P 
, .001), whereas the frequency of pleu-
ral invasion did not differ significantly 
between recurrent and nonrecurrent 
tumors (P = .425).

Receiver Operating Characteristics 
Analysis for Predicting Postoperative 
Recurrence of the Tumor
The results of receiver operating char-
acteristics analysis for predicting post-
operative recurrence are shown in  
Table 4. For size measurements, the 
AUC of 2D MSSA was significantly high-
er than that of 2D MTSA (P = .044). The 
AUC of 3D MSSMPR was higher than 
that of 3D MTSMPR, but the difference 
was not significant (P = .249). In addi-
tion, no significant difference was found 
between 2D MSSA and 3D MSSMPR 
(P = .316). For volume measurements, 
the AUCs of 3D SVs were significantly 
higher than those of 3D TVs (P = .003 
to .016). Particularly, 3D SV0HU that de-
fines volume of greater than 0 HU in the 

Table 2

Interreader Reliability for Measurement

Parameter Interreader ICCs P Value

2D MTSA 0.937 (0.907, 0.958) ,.001
2D MSSA 0.943 (0.915, 0.961) ,.001
3D MTSMPR 0.912 (0.848, 0.946) ,.001
3D MSSMPR 0.971 (0.957, 0.980) ,.001
3D total volume 0.940 (0.911, 0.959) ,.001
3D SV greater than 2300 HU 0.994 (0.991, 0.996) ,.001
3D SV greater than 2200 HU 0.995 (0.993, 0.997) ,.001
3D SV greater than 2100 HU 0.996 (0.994, 0.997) ,.001
3D SV greater than 0 HU 0.996 (0.994, 0.997) ,.001

Note.—Data in parentheses are 95% confidence intervals. ICC = intraclass correlation coefficient, MSSA = maximal solid size 
on axial image, MSSMPR = maximal solid size on multiplanar reconstructed images, MTSA = maximal total size on axial image, 
MTSMPR = maximal total size on multiplanar reconstructed images, SV = solid volume, 3D = three-dimensional, 2D = two-
dimensional.
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irregular shapes. For an irregular solid 
component, the one-dimensional mea-
surement of the diameter does not ac-
curately represent the volume. Even if 
the maximal diameter was measured on 
the multiplanar reconstructed images, 
the diagnostic accuracy to predict re-
currence would not improve. Therefore, 
3D measurement of the SV is essential 
to improve the diagnostic accuracy of 
recurrence. Traditionally, the volum-
etry on 3D CT images requires manual 
registration of the region of interest on 
many thin-section images, and is there-
fore time consuming. More recently, 
computer-aided volumetry software has 
become commercially available; it is 
now feasible to routinely calculate both 
the TV and the SV of the tumor with 
greater reproducibility than the manual 
measurement of tumor diameter.

To decide on the optimal border of 
the CT number between the ground-
glass and solid component, we changed 
the threshold value of 3D SV from 
2300 HU to 0 HU and performed re-
ceiver operating characteristics analysis 
for postoperative recurrence. We found 
that using a cutoff value of 0 HU had 
the highest AUC. By using this cutoff 
value, the appropriate cutoff volume 
of solid component was 0.54 cm3 with 
high sensitivity of 0.933 and specificity 
of 0.716 for the differentiation between 
recurrent and nonrecurrent tumors. 
The value of 0.54 cm3 is close to 0.52 
cm3, which is the volume of a sphere 
with 1 cm in diameter, and comparable 
to the border between T1a and T1b in 
TNM classification (2,10). The Kaplan-
Meier curves for disease-free survival 
showed significantly better survival in 
patients with 3D SV0HU less than 0.54 
cm3 than in patients with 3D SV0HU 
greater than or equal to 0.54 cm3. Use 
of 0 HU as the cutoff density value be-
tween the ground-glass and solid com-
ponent is somewhat higher than what 
has been previously reported. Okada 
et al reported that the maximal CT 
number of ground-glass opacity by vi-
sual assessment was 2194 HU (20). 
Matsuguma et al and Yoshida et al ad-
opted 2160 HU as the boundary value 
based on the visual assessment of the 
solid area on the lung window settings 

the size of the solid component. How-
ever, the solid component in subsolid 
tumors often shows both spherical and 

of 2D MSSA and 3D MSSMPR. Con-
ventional 2D diametrical measurement 
is the simplest procedure to evaluate 

Table 3

Recurrence versus Nonrecurrence

Parameter Recurrence (n = 15) Nonrecurrence (n = 81) P Value

No. of women 7 42 …
  Age (y) 70 6 7 65 6 8 .175
No. of men 8 39 …
  Age (y) 66 6 9 65 6 6 .811
Postoperative follow-up duration (mo) 26 6 14 67 6 26 ,.001
  Range (mo) 1–41 8–120 …
Pleural invasion* 7 (47) 29 (36) .425
Lymphatic and/or vascular invasion* 5 (33) 4 (5) ,.001
Lymph node metastasis* 5 (33) 2 (2) ,.001
Desmoplastic reaction* 9 (60) 30 (37) .056
2D MTSA (cm) 2.88 6 0.74 2.30 6 0.87 .018
2D MSSA (cm) 2.03 6 0.57 1.24 6 0.76 , .001
3D MTSMPR (cm) 3.46 6 1.05 2.65 6 1.10 .010
3D MSSMPR (cm) 2.46 6 1.02 1.47 6 0.94 , .001
3D total volume (cm3) 7.94 6 5.99 4.44 6 3.72 .044
3D SV greater than 2300 HU (cm3) 4.33 6 3.78 1.81 6 2.27 .024
3D SV greater than 2200 HU (cm3) 3.78 6 3.45 1.47 6 2.04 .023
3D SV greater than 2100 HU (cm3) 3.16 6 3.06 1.14 6 1.74 .024
3D SV greater than 0 HU (cm3) 2.12 6 2.16 0.72 6 1.18 .026

Note.—Unless otherwise specified, data are means 6 standard deviation. MSSA = maximal solid size on axial image, MSSMPR 
= maximal solid size on multiplanar reconstructed images, MTSA = maximal total size on axial image, MTSMPR = maximal total 
size on multiplanar reconstructed images, SV = solid volume, 3D = three-dimensional, 2D = two-dimensional.

* Data are the number of patients, with percentages in parentheses.

Table 4

Receiver Operating Characteristics Analysis for Prediction of Tumor Recurrence

Parameter Area Under the Curve* Cutoff Value Sensitivity† Specificity†

2D MTSA (cm) 0.721 (0.588, 0.853) 2.45 0.800 (12/15) 0.617 (50/81)
2D MSSA (cm) 0.796 (0.692, 0.900) 1.70 0.800 (12/15) 0.704 (57/81)
3D MTSMPR (cm) 0.733 (0.609, 0.858) 2.65 0.867 (13/15) 0.543 (44/81)
3D MSSMPR (cm) 0.776 (0.667, 0.886) 1.75 0.800 (12/15) 0.679 (55/81)
3D total volume (cm3) 0.695 (0.547, 0.842) 4.09 0.733 (11/15) 0.630 (51/81)
3D SV greater than 2300 

HU (cm3)
0.779 (0.665, 0.892) 1.56 0.867 (13/15) 0.679 (55/81)

3D SV greater than 2200 
HU (cm3)

0.802 (0.698, 0.906) 1.33 0.867 (13/15) 0.704 (57/81)

3D SV greater than 2100 
HU (cm3)

0.820 (0.725, 0.915) 1.03 0.867 (13/15) 0.741 (60/81)

3D SV greater than 0 HU 
(cm3)

0.835 (0.749, 0.922) 0.54 0.933 (14/15) 0.716 (58/81)

Note.—MSSA = maximal solid size on axial image, MSSMPR = maximal solid size on multiplanar reconstructed images, MTSA 
= maximal total size on axial image, MTSMPR = maximal total size on multiplanar reconstructed images, SV = solid volume, 3D 
= three-dimensional, 2D = two-dimensional.

* Data in parentheses are 95% confidence intervals.
† Data in parentheses are numerators and denominators.
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the multivariable logistic regression 
analysis indicated that 3D SV0HU was 
more strongly correlated with the pres-
ence of intratumoral fibrosis than with 
the volume from 2299 HU to 0 HU. In 
addition, densely packed viable cells 
might contribute to the higher opacity 
volume.

Finally, we investigated whether 
the clinical, pathologic, and radiologic 
findings were significantly correlated 
with disease-free survival by using the 
Cox proportional hazards model. Mul-
tivariable analysis revealed that 3D 
SV0HU in the radiologic findings was 
an independent prognostic factor. The 
conventional 2D MSSA and 3D MS-
SMPR were also significant at the uni-
variable analysis, although they did not 
remain significant at the multivariable 
analysis. This indicates that 3D SV0HU 
allows for a more accurate prediction 
of the postoperative prognosis prior 
to surgery than can be accomplished 
by using 2D MSSA and 3D MSSMPR. 
Among the pathologic invasive findings, 
intratumoral vessel invasion (lymphatic 
and/or vascular invasion) was signifi-
cant but pleural invasion was not. The 
reason that pleural invasion did not 
show an association with disease-free 
survival may have been because it is 
related to both tumor invasiveness and 
distance from the tumor to the pleura. 

the higher opacity volume in the solid 
component may reflect the amount of 
fibrosis, or packed viable cells, that is 
associated with poor prognosis in ad-
enocarcinomas. We further examined 
the relationship between intratumoral 
fibrosis and 3D SV by using a thresh-
old value of 0 HU. As a consequence, 

(7,21). Shikuma et al adopted 2300 HU 
as the boundary value, although the 
reason was not specified (14). The visu-
ally assessed solid component included 
both intratumoral collapse and fibrosis 
and intratumoral fibrosis associated 
with tumor invasiveness and prognosis 
(16,22). Therefore, we speculated that 

Figure 4

Figure 4:  Graph shows Kaplan-Meier curves for disease-free survival based 
on cutoff level of three-dimensional (3D) solid volume of greater than 0 HU 
(hereafter, 3D SV

0HU
) of 0.54 cm3. Patients with 3D SV

0HU
 greater than or equal 

to 0.54 cm3 had a significantly worse prognosis than did those with 3D SV
0HU

 
less than 0.54 cm3 with log-rank test (P , .001). 

Table 5

Univariable and Multivariable Analyses with Cox Proportional Hazards Model for Disease-free Survival

Univariable Multivariable

Factor Hazard Ratio P Value Hazard Ratio P Value

Age (y) 1.016 (0.958, 1.078) .590 … …
Female vs male 0.976 (0.406, 2.346) .957 … …
Limited surgery vs standard surgery 0.741 (0.217, 2.529) .632 … …
Pleural invasion 1.626 (0.676, 3.910) .277 … …
Lymphatic and/or vascular invasion 4.822 (1.744, 13.336) .002 2.955 (1.050, 8.318) .040
Lymph node metastasis 6.203 (2.242, 17.161) ,.001 … …
2D MSSA .1 cm 3.773 (1.106, 12.877) .034 … …
2D MSSA .2 cm 4.110 (1.708, 9.889) .002 … …
3D MSSMPR .1 cm 4.565 (1.059, 19.681) .042 … …
3D MSSMPR .2 cm 2.937 (1.216, 7.091) .017 … …
3D solid volume greater than 0 HU 0.54 cm3 7.622 (2.546, 22.819) ,.001 6.607 (2.168, 20.135) .001

Note.—Data in parentheses are 95% confidence intervals. MSSA = maximal solid size on axial image, MSSMPR = maximal solid size on multiplanar reconstructed images, MTSA = maximal total size 
on axial image, MTSMPR = maximal total size on multiplanar reconstructed images, 3D = three-dimensional, 2D = two-dimensional.
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issues related to lymphatic and/or vas-
cular invasion.

For non–small cell lung cancer re-
sected surgically, many pathologic and 
genetic factors have been reported to 
define prognosis (23–25). The patho-
logic invasive size of the surgical spec-
imen that is correlated with the solid 
size at thin-section CT is a represen-
tative prognostic factor (2,26,27). Re-
cently, stereotactic radiation therapy 
has been gaining attention as an alter-
native therapy; however, the pathologic 
prognostic factors are limited for this 
therapy. The standardized uptake value 
of primary lung cancer at fluorine 18 
fluorodeoxyglucose positron emission 

analysis may have been because of both 
the small number of lymph node me-
tastases in this cohort and confounding 

The reason that lymph node metastasis 
did not show an association with dis-
ease-free survival at the multivariable 

Table 6

Univariable and Multivariable Logistic Regression Analyses for the Presence of 
Desmoplastic Reaction within the Tumor

Univariable Multivariable

Factor Odds Ratio P Value Odds Ratio P Value

Volume of less than or equal to 2300 HU (cm3) 0.696 (0.463, 1.048) .083 0.803 (0.635, 1.016) .067
Volume of 2299 HU to 0 HU (cm3) 1.537 (1.084, 2.179) .016 … …
Volume greater than 0 HU (cm3) 1.786 (1.177, 2.710) .007 2.291 (1.311, 4.007) .004

Note.—Data in parentheses are 95% confidence intervals.

Figure 5

Figure 5:  Images show CT and pathologic findings of nonrecurrent part-solid nodule. A, Axial CT image. B, Three-dimensional (3D) solid volume (hereafter, 3D SV) 
image. Pink area on nodule shows solid part greater than 0 HU and measured value of 3D SV of greater than 0 HU is 0.78 cm3. C, Histopathologic image stained with 
hematoxylin and eosin (original magnification, 340). Central solid part of tumor mostly consists of collapse and no fibrosis is seen.

Figure 6

Figure 6:  Images show CT and pathologic findings of recurrent part-solid nodule. A, Axial CT image. B, Three-dimensional (3D) solid volume (hereafter, 3D SV) 
image. Pink area on nodule shows solid part greater than 0 HU and measured value of 3D SV of greater than 0 HU is 1.16 cm3. C, Histopathologic image stained with 
hematoxylin and eosin (original magnification, 3 40). Central part of tumor mostly consists of densely packed viable tumor cells and fibrosis.
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