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To determine whether computed tomographic (CT) atten-
uation values correlate with the histologic measurements
of a lung cancer manifesting as a nonsolid nodule and to
quantify the extent to which the tumor replaces the air-
space within the nodule.

Informed consent was obtained to analyze images from
CT and pathologic examination under an institutional re-
view board-approved protocol. Fifteen patients who had
undergone resection of nonsolid lung cancer were evalu-
ated. On the basis of the CT attenuation values of non-
solid nodules, nonneoplastic lung, soft tissue, and air, the
overall proportion of soft tissue in the nodule and non-
neoplastic lung and the difference between these two
measures were calculated. The analogous measures were
obtained from a representative digitized histologic slide.
The area of each nodule and the proportion of air within
it were measured, and the proportion of soft tissue in the
nodule and nonneoplastic lung and the difference between
the two were calculated. The difference between the two
proportions at CT and histologic examination are the pro-
portions attributable to the cancer on the basis of CT and
histologic examinations, respectively. Linear regression
was performed to assess the relationship between these
measures.

The average proportions of soft tissue in the nodule at CT
and histologic examination were 48% and 69%, respec-
tively, and they showed significant correlation with each
other (P = .02); in addition, each showed significant cor-
relation with the attenuation of the nodule (P < .0001 and
P = .02, respectively). The difference between the propor-
tions of soft tissue in nodule and nonneoplastic lung at CT
and histologic examination were 37% and 30%, respec-
tively, and both were independent of the tumor diameter
(P=.26 and P = .41).

The proportion of soft tissue within a nonsolid nodule is
correlated with attenuation at CT. This allows for mea-
surement of change within the nodule. An increase of 100
HU in nodule attenuation represents an approximately
10% increase in tumor volume.

©RSNA, 2012

Supplemental material: http://radiology.rsna.org/lookup
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ung cancers manifesting as non-

solid nodules on computed tomo-

graphic (CT) scans, unlike those
manifesting as solid nodules, contain
partially aerated alveoli. As the tumor
progresses, the aerated spaces are
eventually replaced and compressed by
tumor, as has been elegantly described
by Noguchi and others (1,2). Even with
modern CT scanning in the clinical
setting, we still do not have sufficient
resolution to identify these anatomic
components. However, on the basis of
our understanding of the attenuation
of soft tissue and air along with prin-
ciples of volume averaging, it is possi-
ble to estimate the proportion of the
partially aerated nonsolid nodule that is
soft tissue.

Unlike solid nodules, nonsolid ma-
lignant nodules can grow when tumor
replaces the air-containing alveoli (1,3).
Initially, the tumor cells proliferate
along the surface of the alveoli without
invading the lung parenchyma; subse-
quently, as they increase in number and
the alveolar walls thicken, the air within
the alveoli is replaced by cells and the
nodule becomes more solid appear-
ing, both on histologic and CT images.
Given this pattern of progression, an in-
crease in nodule attenuation should be
a useful measure of tumor growth; in
particular, this internal growth can be
integrated with an overall change in size
to provide a more complete measure of
tumor volume doubling time.

In Appendix E1 (online), we clar-
ify the theoretic relationship between
CT attenuation and the proportion
of tumor within a nonsolid nodule to
measure internal nodule growth at re-
peat imaging on the basis of a change
in attenuation. We also describe the re-
lationship between soft tissue and air

Advance in Knowledge

®m CT attenuation can be used to
estimate the amount of soft
tissue within a nonsolid nodule
because there was a significant
linear relationship with histologic
findings (R? = 0.35, P = .02),
allowing for estimation of the
internal tumor growth.

seen on histologic slices. We performed
this study to determine whether CT at-
tenuation values correlate with the his-
tologic measurements of a lung cancer
manifesting as a nonsolid nodule and to
quantify the extent to which the tumor
replaces the airspace within the nodule.

Materials and Methods

Selection of Cases

Informed consent was obtained to an-
alyze CT and pathologic images under
an institutional review board-approved
protocol at Weill Cornell Medical Col-
lege, New York, NY. Among the 29 pa-
tients who underwent resection of lung
cancer that manifested as a nonsolid
nodule at CT, 15 had pathologic spec-
imens that included a representative
part of the tumor and some nonneoplas-
tic tissue in a single histologic slide for
the image analysis without a substantial
amount of staining artifacts. In all but
three patients, CT was performed with
a section thickness of 1.25 mm or less;
none of the patients received intrave-
nous contrast material. The median
time between CT and surgery was 2.9
months (interquartile range, 1.8-4.0
months). All scans were obtained with
a Light Speed Ultra or Light Speed QX/I
unit (GE Medical Systems, Milwaukee,
Wis). Fourteen of the 15 patients had
mixed subtype adenocarcinoma (min-
imally invasive), and one patient had
bronchioloalveolar subtype adenocarci-
noma (new classification of adenocar-
cinoma in situ) (4-7). Noninvasive and
minimally invasive adenocarcinomas
typically manifest as nonsolid nodules
and are indistinguishable from each
other radiologically (7).

Assessment of CT Scans

For each case, the representative CT
scan was displayed at a window width

Implication for Patient Care

B We provide an easy-to-use
method of estimating the propor-
tion of tumor within nonsolid
lung nodules, which could allow
for estimation of internal growth
within a nonsolid nodule.

of 1500 HU and window level of —650
HU. All scans were obtained with
low-dose techniques (120 kVp, 20-40
mAs). Nodule size was measured by us-
ing an electronic ruler on the worksta-
tion and recorded as the average of the
maximal length and the width perpen-
dicular to it. For each case, the average
CT attenuation (in Hounsfield units)
was determined for the lung cancer by
placing an adjustable elliptical region of
interest (ROI) (placed by L.Z., with 8
years of experience, and confirmed by
D.Y., with more than 25 years of ex-
perience) totally within the cancerous
nodule so as to include its maximal area
while also checking that the ROl was
entirely contained within the nodule on
adjacent sections above and below (Fig
1). Therefore, the maximal diameter of
the ellipse was smaller than the maxi-
mal diameter of the nodule. If a large
blood vessel was present, the ROl was
placed so it did not include the blood
vessel. Attenuation was also measured
in nonneoplastic lung that had a nor-
mal appearance but was close to the
lung cancer, and the area of this ROI
for measurement purposes was chosen
to be close to that used for measuring
the attenuation of the lung cancer itself.
In addition, CT attenuation was mea-
sured for air (measured in the largest
proximal airway on the same CT image,
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usually the trachea) and muscle, with
the latter being representative of soft
tissue.

With use of these empirically deter-
mined values, we determined the pro-
portions of soft tissue in the lung cancer
manifesting as a nonsolid nodule and
in nonneoplastic lung and calculated
the difference between the two values
(Table 1). Equations are described in
Appendix E1 (online). The average CT
attenuation value (Zstandard devia-
tion) was —476 HU = 74.9 for nodules,
—862 HU = 28.3 for nonneoplastic
lung, 58 HU * 6.4 for soft tissue, and
—977 HU = 16.1 for air.

Histologic Assessment

For each case, a representative histo-
logic slide (chosen by L.Z. and con-
firmed by D.C., with more than 30
years of experience) stained with hema-
toxylin-eosin, and containing the largest
cross section or representative part of
the tumor, was digitized by using com-
mercial software (ImagePro Plus; Me-
dia Cybernetics, Silver Spring, Md) and
a digital camera (Eclipse E400; Nikon,
Melville, NY). With use of software, the
tumor border was manually drawn (by
L.Z. and confirmed by D.C.) and the to-
tal area of the tumor (Fig 2a) automati-
cally calculated by the software. Within
the tumor, the area occupied by air was
also automatically segmented and cal-
culated (Fig 2b).

Using these values, and following the
same steps described in Appendix El
(online), which are analogous to those
used for CT images, we calculated the
proportion of soft tissue within the tu-
mor, the proportion of soft tissue within
the nonneoplastic lung, and the differ-
ence between these two values. On the
basis of histologic specimens, the tumor
area, area of air in the nodule, area of
the nonneoplastic lung, and area of air
in the nonneoplastic lung are given for
each nodule in pixel counts in Table 2.
The cases are in the same order as in
Table 1, and the proportions of soft
tissue in the nodule and nonneoplastic
lung were calculated (Table 2).

Linear regression analysis was
performed with SPSS (version 13.0;
SPSS, Chicago, 1IlI) to assess the

Figure 1:

relationship between the histologic
and CT measures. The Student ¢ test
was used to compare the differences
between the radiologic and histologic
measures.

On the basis of the CT attenuation
values in Table 1, the average pro-
portion of soft tissue in each nodule
was 48% (range, 35%-59%). The av-
erage proportion of soft tissue in the
nonneoplastic lung parenchyma was
11% (range, 7%-16%). The average
difference between these two values
was 37% (range, 23%-51%). Figure
3a shows that both the proportion of
soft tissue in the nodule at CT and the
difference between the proportions of
soft tissue in the nodule and nonneo-
plastic lung have a significant linear re-
lationship with nodule attenuation (P
< .0001 and P < .0001, respectively).
Neither of these measures showed a
significant relationship (P = .39 and P =
.26, respectively) with tumor diameter
(Fig 3b).

Assessment of CT scans. For each nonsolid nodule, a representa-
tive scan was used and attenuation (in Hounsfield units) was obtained for four
ROls. For this 12-mm-diameter nodule (nodule 3), attenuation was —504 HU
within nonsolid nodule (D,), —978 for air in trachea (D,), —905 HU for non-
neoplastic lung (D), and 58 HU for muscle (D).

On the basis of measurements of
the histologic specimens (Table 2), the
average percentage of soft tissue in the
nodule was 69% (range, 50%-83%).
The average proportion of soft tissue
in nonneoplastic lung parenchyma was
39% (range, 18%-58%). The average
difference between these two histologic
measures was 30% (range, 22%-42%).

Although the estimated proportion
of soft tissue was higher on average in
the histologic specimens than on the CT
scans, both in the nodule (69% vs 48%,
respectively; P < .0001) and nonneo-
plastic lung (39% vs 11%, respectively;
P < .0001), the difference between the
histologic measurements in the nodule
and nonneoplastic lung was lower than
that for the CT measurements (30% vs
37%, respectively; P = .01). The pro-
portion of soft tissue determined with
histologic specimens showed a signifi-
cant linear relationship with that deter-
mined at CT (Fig 4, P = .02) and with
the attenuation of the nodule (Fig 5, P
= .02). However, the proportion of soft
tissue in the nonneoplastic lung deter-
mined with histologic specimens (P =
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Table 1

CT Measurements of Attenuation and Proportion of Soft Tissue

Attenuation (HU) Wil Dl Percentage of Soft Tissue
Nodule No. Nodule Nonneoplastic Lung Air Soft Tissue at CT (mm) Nodule Nonneoplastic Lung Difference

1 —571 —864 —979 50 10 40 11 28
2 —548 —882 —999 47 20 43 1 32
8 —504 —905 —978 58 12 46 07 39
4 —523 —846 —933 60 14 4 09 33
5 —485 —866 —976 62 14 47 11 37
6 —469 —862 —966 54 21 49 10 39
7 —425 —848 —983 52 12 54 13 41
8 —628 —874 —999 50 14 35 12 23
9 —423 —813 —978 68 19 53 16 37
10 —523 —826 —960 58 31 43 13 30
1 —442 —879 —985 63 8 52 10 42
12 —456 —848 —984 65 12 50 13 37
13 —413 —892 —984 64 12 54 9 46
14 —368 —905 —986 57 15 59 8 51
15 —361 —824 —970 65 10 59 14 45

Average —476 —862 —977 58 15 48 1 37

Note.—All but nodule 4 are adenocarcinomas, mixed subtype; nodule 4 is an adenocarcinoma, bronchioloalveolar nonmucinous subtype. Minor variations in percentage calculations are due to

rounding effect.

.24) and the difference between the
proportion of soft tissue in the nodule
and nonneoplastic lung as determined
with histologic examination (P = .56)
did not show a significant relationship
with either the attenuation of the nod-
ule or the nodule diameter (P = .41).

The evaluation of nonsolid nodules is
emerging as an important topic in lung
cancer management because they are
being found with increasing frequency,
largely due to continued improvements
in CT scanner technology. These nod-
ules may be malignant (1,8) and, even
though malignant, a substantial propor-
tion of them may be sufficiently slow
growing that, under appropriate clini-
cal circumstances, they merit careful
consideration for follow-up rather than
immediate surgical treatment (2,9,10).
In a recent systematic review, it was
recognized that there is still much un-
certainty regarding the natural course
of these nodules and that the optimal
frequency and follow-up for these le-
sions have yet to be defined (7). In
another review, it was suggested that

resection should be performed for
nonsolid nodules larger than 10 mm
that demonstrate either persistence or
growth (11,12).

Although methods for assessing
the growth of nonsolid nodules are still
evolving, it is generally recognized that
an overall increase in size and the de-
velopment of a solid component within
the nodule are highly suspicious for tu-
mor progression. A recent analysis of
different methods for evaluating nonsol-
id tumors found that measurement of
the overall mass was the best indicator
of growth (13).

We developed a mathematical ap-
proach to determine the proportion of
soft tissue representing tumor within
the nonsolid nodule based on consider-
ation of volume averaging effects (Ap-
pendix E1, online). The approach fol-
lows the same principles that have been
previously used to estimate the calcium
composition of nodules and quantify air
and water in acute respiratory distress
syndrome (14-17). We found that the
proportion of soft tissue in the nonsolid
nodule and nonneoplastic lung had a
linear relationship and thus were di-
rectly proportional to the attenuation

of the nodule, as was the difference
between the two. This reflects the in-
crease in soft tissue relative to the
background lung tissue caused by the
tumor itself. We applied the method-
ology to this study and showed that CT
measurement of the soft tissue within
the nonsolid nodule had a significant
linear relationship with both the atten-
uation of the nodule and the histologic
measurement. We also showed that
both are independent of tumor size.
Thus, an increase in the attenuation of
the nonsolid nodule represents an in-
crease in the proportion of soft tissue
within the nonsolid nodule, even when
the nodule diameter does not change.
Therefore, estimation of tumor volume
doubling time requires determination
of both the increase in the soft tissue
within the tumor and the increase in
the overall size of the tumor.

The measures of the proportion of
soft tissue within the nonsolid nodule as
determined from the histologic specimen
were higher than those determined with
CT (69% vs 48%, respectively)—and this
was true for every case. Moreover, this was
also true for the proportion of soft tissue
within the nonneoplastic lung (39% vs
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11%, respectively). We believe this finding
can be explained by the difference in the
degree of inflation of the lung in the histo-
logic specimen as compared with the CT
scans. The lung specimen is obtained from
the deflated lung at the time of resection,
and the specimen is not reinflated before
being fixed for pathologic evaluation; it may
even be further deflated. The CT scans,
conversely, are obtained with full and deep
inspiration. Therefore, it is to be expected
that there is consistently less air, and thus
a higher proportion of soft tissue, in the

Figure 2: (a) Digitized image of histologic
slide from nodule 3. Tumor border was man-
ually defined as well as a preset ROl over a
representative part of nonneoplastic lung tissue
(shown for illustrative purposes). (Hematoxylin-
eosin stain; original magnification, x<40.) (b,

c) Automated segmentation was performed to
determine areas of air-filled spaces in (b) tumor
and (c) nonneoplastic lung .

histologic specimens than on the CT scans.
Because the plane of section of the histo-
logic specimen may not be aligned with the
CT scan, we did not compare their relative
sizes.

When considering the proportion of
soft tissue in the nodule compared with
surrounding nonneoplastic lung on the
basis of histologic and CT measures,
the estimates were much closer (30%
vs 37%, respectively). The lower value
of 30% for the histologic estimate is
probably due to the fact that in the his-
tologic specimen the tumor has alveolar
walls that are thickened and relatively
stiff so that the tumor better retains the
relative proportion of soft tissue and air
than does the nonneoplastic lung. Thus,

at histologic examination a higher pro-
portion of soft tissue is subtracted for
the nonneoplastic lung so that the av-
erage difference of measurements ob-
tained at histologic examination (30%)
is lower than that of measurements
obtained at CT (37%). This explana-
tion is further supported by the signifi-
cant correlation (P = .02) between the
proportion of soft tissue in the nodule
based on histologic and CT measures
and the lack of correlation (P = .24) be-
tween the two analogous measures for
the nonneoplastic lung.

In estimating the proportion of the
nonsolid nodule that is composed of
tumor, consideration must be given as
to whether all of the soft tissue actu-
ally represents tumor or whether the
tumor is initially growing on a scaffold
of lung stroma that is already present
and, therefore, only represents the ad-
ditional soft tissue. We could not find
a conclusive answer to this question.
Tumors manifesting as nonsolid nod-
ules may initially have atypical cells
lining the alveoli without thickening of
the stroma. At this point, most of the
soft tissue in the nodule is the exist-
ing lung parenchyma because the addi-
tional atypical cells add only a minimal
amount of soft tissue. For example,
when the attenuation of nonneoplastic
lung is —800 HU, the attenuation of
the nonsolid nodule must reach —600
HU before the proportion being con-
tributed by the nonneoplastic lung pa-
renchyma becomes less than 50%. As
these atypical cells become increasingly
neoplastic and increase in number and
size, there is consequent thickening of
the alveolar septa and infiltration of the
stroma and it then becomes reasonable
to consider that the entire volume of
soft tissue is due to tumor. This dis-
tinction is important for estimating the
doubling time of the nonsolid tumor.
Say, for example, that a nonsolid nod-
ule remains identical in size at two time
points but its attenuation increases.
Assume that the attenuation is 40 HU
for soft tissue, —800 HU for non-tu-
mor-containing lung, and —1000 HU
for pure air and that the attenuation
of nonsolid nodule measures —700 HU
when first identified. In this case, the

Radiology: \/olume 263 Number 1—~April 2012 = radiology.rsna.org
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Table 2

Histologic Measurements of Area and Proportion of Soft Tissue

Attenuation of

Area (pixels/109)

Percentage of Soft Tissue

Nodule No. Nodule Nodule Air-filled Nodule Lung Air-filled Lung Nodule Lung Difference
1 —571 57.03 17.75 0.43 0.23 69 45 24
2 —548 18.09 9.08 0.43 0.32 50 24 26
3 —504 3.26 1.16 0.43 0.29 64 32 33
4 —523 10.09 4.22 0.43 0.35 58 18 4
5 —485 1.52 0.52 0.43 0.29 66 32 34
6 —469 23.55 10.42 0.43 0.34 56 19 36
7 —425 6.18 1.45 0.43 0.21 76 51 26
8 —628 0.56 0.20 0.43 0.27 64 37 27
9 —423 28.52 9.99 0.43 0.32 65 25 40
10 —523 2.55 0.71 0.43 0.23 72 45 27
11 —442 2.50 0.56 0.43 0.20 78 52 26
12 —456 5.98 1.07 0.43 0.18 82 58 24
13 —413 4.73 0.82 0.43 0.19 83 55 27
14 —368 9.16 2.27 0.43 0.29 75 33 42
15 —361 1.12 0.23 0.43 0.18 79 58 22

Average —476 1.7 4.03 0.43 0.26 69 39 30

Note.—Percentages of soft tissue are derived measures and are based on area measurements. All but nodule 4 are adenocarcinomas, mixed subtype; nodule 4 is an adenocarcinoma, bronchioloalveolar

nonmucinous subtype. Minor variations in percentage calculations are due to rounding effect.
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difference between tumor and non-tu-
mor-containing lung parenchyma is ap-
proximately 10%. For tumor volume to
double—that is, for it to be 20% of the

nodule—the overall attenuation would the soft tissue component is approx-
have to increase from —700 to —600 imately 30% when the nodule has an
HU. If we assume, instead, that all attenuation of —700 HU; thus, for the
soft tissue within the nodule is tumor, tumor volume to double the nodule
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Figure 4 Figure 5
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Figure 4:  Graph obtained with linear regression analysis shows a significant
linear relationship between proportion of soft tissue in nodule at histologic
R? =0.35, P=.02). Dashed lines are

examination (P, ;) and at CT (P, ;) (
95% confidence intervals.

attenuation would need to increase to
—400 HU.

Although both approaches can be ar-
gued on the basis of the underlying path-
ologic characteristics, we favor the latter
approach for the following reasons. First,
it requires a greater change in attenu-
ation to declare that the tumor volume
has doubled. Given that there is a certain
amount of inherent error in these mea-
surements, this would be more conserva-
tive. Second, it also allows for measure-
ments to be made that are independent
of the amount of emphysema as reflected
by the attenuation of the nonneoplastic
lung. This simplifies the determination
and eliminates another source of poten-
tial measurement error. The same con-
siderations can also be given to other
disease entities that either increase or
decrease lung parenchymal attenuation.
Third, it will tend to minimize change
due to differences in degree of inspira-
tion between scans, another source of
potential measurement error. The rea-
son is that the nonneoplastic lung should
change to a greater extent depending on
the degree of inspiration, whereas the
nonsolid tumor with its thickened stroma
should be less sensitive. Use of the lat-
ter approach results in the realization

-650

600 -550

-500 -450 -400 -350

Du, CT attenuation of nonsolid nodule (HU)

examination (P, o

Figure 5:  Graph obtained with linear regression analysis shows a significant
linear relationship between proportion of soft tissue in nodule at histologic
) and nodule attenuation (D,) (R? = 0.34, P=.02). The

proportion of soft tissue in nodule at histologic examination increased with
increasing attenuation. Dashed lines are 95% confidence intervals.

that when the soft tissue component of
the nonsolid nodule reaches 50% (when
the nodule CT attenuation reaches —480
HU), the nodule can no longer double in
volume solely by internal growth. At that
point, for the tumor to double in volume
there must be some increase in its overall
dimension as well as in its attenuation.
Computer analytic techniques have been
developed that focus on the segmentation
of nonsolid nodules in the lungs (18).
This allows for more precise definition
of the boundaries of the tumor itself,
and this segmentation can potentially be
combined with the estimate of internal
growth for a more precise estimation of
the overall growth rate (19). This com-
bined approach should also provide im-
portant prognostic information (20).

A limitation in our approach is that
there will likely be a great deal of hetero-
geneity in the distribution of soft tissue
included in any measurement, which in-
cludes blood vessels, bronchial walls, and
possibly other small solid components.
However, the effect of such heterogene-
ity is minimized by measuring the change
rather than considering absolute values
at each time point because the bias will
be in the same direction for both mea-
surements. The same principal applies

when considering how differences in
soft tissue or air attenuation affect the
estimate of soft tissue. Although these
values may be slightly different from one
patient to another, they should be the
same for the same patient at two time
points. Therefore, any potential bias in
our estimates would be in the same di-
rection and, when comparing the nod-
ule at two time points, its effect would
be minimized. A potential strength of
this approach is that the nodules will
typically be larger than the CT section
thickness and, because the volume aver-
aging effect accounting for the nonsolid
appearance occurs at a level below the
scanner resolution, the attenuation mea-
surements should be relatively insensitive
to changes in scanning parameters (eg,
section thickness and pitch), enabling
the comparison between scans even with
some change in scanning parameters.
In addition, because we can only have
histologic information at a single time
point, our approach relies on comparing
CT images with histologic specimens for
different patients. However, we would ex-
pect even better correlation to occur in
the same patients. Another limitation of
the study was that technical factors, such
as those that are set by the user as well
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as those inherent to the machine itself,
may have an influence on attenuation
measurements. These types of technical
considerations are known to affect other
quantitative measures such as tumor vol-
ume (21). Accounting for all these factors
is well beyond the scope of this article,
but minimizing their influence should be
possible by maintaining scan parameters
as close as possible between scans just
as is recommended for volumetric de-
terminations. In particular, the use of
intravenous contrast material would have
a dramatic effect on CT attenuation mea-
surements. Another limitation was the
difference in the degree of inspiration be-
tween the histologic specimens and the
CT scans, which principally affects the
measurement of air in the nonneoplastic
lung tissue at histologic examination (35).
However, this mainly affected estimates
of the soft tissue proportion in the non-
neoplastic lung parenchyma; estimates of
soft tissue in the tumor itself on the basis
of CT and histologic measures showed
significant correlation. Another limita-
tion is that fluid and cells that might have
been present within the alveolar spaces
of the tumor when the CT scans were
obtained would not have been accounted
for in the histologic specimens because
they would have been washed out by the
formalin during the fixation process. This
likely had a minimal effect on our results
because the estimate of the amount of
soft tissue within the tumor on the basis
of histologic images was higher.

We found that CT attenuation had
a significant linear correlation with the
amount of soft tissue within the nonsolid
nodule, such that for each 100-HU in-
crease in attenuation the proportion of
tumor increased by approximately 10%.
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