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Objective: To evaluate tumor responses in patients treated with anti-angiogenic agents for non-small cell lung cancer
(NSCLC) by assessing intratumoral changes using a dual-energy CT (DECT) (based on Choi’s criteria) and to compare it to
traditional Response Evaluation Criteria in Solid Tumors (RECIST) criteria.

Materials and Methods: Ten NSCLC patients treated with bevacizumab underwent DECT. Tumor responses to anti-angiogenic
therapy were assessed and compared with the baseline CT results using both RECIST (size changes only) and Choi’s criteria
(reflecting net tumor enhancement). Kappa statistics was used to evaluate agreements between tumor responses assessed
by RECIST and Choi’s criteria.

Results: The weighted « value for the comparison of tumor responses between the RECIST and Choi’s criteria was 0.72. Of
31 target lesions (21 solid nodules, 8 lymph nodes, and two ground-glass opacity nodules [GGNs]), five lesions (16%)
showed discordant responses between RECIST and Choi’s criteria. Iodine-enhanced images allowed for a distinction between
tumor enhancement and hemorrhagic response (detected in 14% [4 of 29, excluding GGNs] of target lesions on virtual
nonenhanced images).

Conclusion: DECT may serve as a useful tool for response evaluation after anti-angiogenic treatment in NSCLC patients by
providing information on the net enhancement of target lesions without obtaining non-enhanced images.
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The tumor responses of solid tumors to cytotoxic therapy
are usually assessed by traditional Response Evaluation
Criteria in Solid Tumors (RECIST) guideline (version 1.1),
and is dependent on only the size change of the target
lesion. However, the RECIST guideline may have some
limitations (1) particularly when it's used for treating
solid tumors by using anti-angiogenic agents, which have
recently emerged as new treatment options for cancer (2,
3). With anti-angiogenic agent treatment, intratumoral
morphologic changes may occur such as cavitation,
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hemorrhage and/or necrosis which usually develop as

a response to the agent and may lead to tumor growth
inhibition (4-6). When such morphologic changes occur,
the tumor response to anti-angiogenic agents may be
misinterpreted during the application of the RECIST 1.1
version in spite of the presence of an ongoing intratumoral
response to anti-angiogenic agents (4, 7).

Intratumoral hemorrhage may cause the tumor to appear
larger in size as compared with the tumor size on baseline
CT scans. Further, the hemorrhage may mask changes in
tumor attenuation which is important factor in the modified
response criteria evaluation devised by Choi et al. (7). Thus,
estimating the net enhancement of a tumor, irrespective
of the presence of tumor hemorrhage, is crucial for the
accurate evaluation of tumor response. In order to calculate
net tumor enhancement, both enhanced and nonenhanced
scans should be acquired. However, to obtain both the
scans as a routine protocol is worrisome because of the
large radiation dose the patient will receive.

With the advent of dual-energy CT (DECT), many clinical
applications of the technique have been introduced (8,

9). The DECT technique enables one to differentiate an
iodine substance from other materials by the material
decomposition principle (10). The iodine component

of lung nodules can be measured on iodine-enhanced
images of DECT and this is comparable to the real value
(net enhancement) of the extent of enhancement (11).

A recent study demonstrated that the iodine-related
attenuation of DECT in primary lung cancer correlates with
the maximum standardized uptake value (SUVa) of F-18-
fluorodeoxyglucose (FDG) positron emission tomography
(PET)-CT (12). It suggests that DECT could be a useful
functional imaging test for patients with NSCLC, reflecting
angiogenesis of tumor. In addition, hemorrhage in the brain
can be detected on virtual non-enhanced images with the
removal of the iodine component within the lesion (13).
Thus we expect that DECT can help to accurately assess the
intrarumoral changes of non-small cell cancer (NSCLC) after
anti-angiogenic angiogenic agents on virtual non-enhanced
and iodine enhanced images, which are available without
the acquisition of the non-enhanced images with the use
of material decomposition technique at DECT. Thus, the
purpose of our study was to evaluate the tumor responses in
patients treated with anti-angiogenic agents for NSCLC by
assessing intratumoral changes using DECT (based on Choi’s
criteria) and to compare it to traditional RECIST criteria.
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Institutional Review Board of Samsung Medical Center
located in Seoul, Korea approved this study and informed
consent was waived.

MATERIALS AND METHODS

Patients

Between March and July in 2010, 10 patients (mean age,
60 years + 10.5 [standard deviation]; range, 44-78 years)
with stage IV of NSCLC and treated with bevacizumab (at
a dose of 15 mg/kg on day 1) combined with cytotoxic
chemotherapeutic agents (gemcitabine 1000 mg/m?® IV on
days 1 and 8, and cisplatin 70 mg/m* IV on day 1) were
prospectively enrolled. They were seven men (mean age, 59
years + 7.5; range, 50-70 years) and three women (mean
age, 63 years + 17.5; range, 44-78 years) (Table 1).

Dual-Energy CT

Image Acquisition

The initial CT scans were performed within two weeks
prior to the initial cycle of chemotherapy, and the follow-up
CT scans were conducted after two cycles of chemotherapy.
All patients underwent a CT examination using a dual-
source CT scanner (Somatom Definition Flash; Siemens
Healthcare, Forchheim, Germany) with the dual-energy
technique. This DECT system was composed of two X-ray
tubes and two corresponding 128-row detectors mounted in
a perpendicular arrangement. DECT scanning was obtained
90 seconds after the administration of contrast material
(100 mL of iopamidol: Iomeron 300; Bracco, Milan, Italy)
at a rate of 1.5 mL/sec by using a power injector. This was
followed by 20 cc saline flushing at a rate of 1.5 mL/sec.
Scan parameters were as follows: 105 mAs (effective) at 140
kV, 248 mAs (effective) at 80 kV, 32 x 0.6-mm collimation,
a pitch of 0.7, a rotation time of 0.5 second, and a 512 x
512-pixel matrix. Scanning was performed from the thoracic
inlet to the middle portion of the kidneys. Three types of
data sets were generated from the DECT scanning: the 80
kV, 140 kV, and enhanced weighted-average images. The
weighted-average images were generated by combining
the 140-kV and 80-kV data sets with a weighting factor of
0.6 (60% of the information derived from the 80 kV image
and 40% derived from the 140 kV image) and these were
approximately 120 kV images.
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Table 1. Patient Demographics and Target Lesions Characteristics

Kim et al.

Patient Sex  Age Cell Type Stage Target Lesions* Additional Information from DECT
1 M 50 Adenocarcinoma v Solid nodules (n = 2) Hemorrhage within target lesion
2 E 4b NSCLC, NOS v Solid nodule (n = 1), LN (n = 1)
3 M 58 Squamous v Solid nodules (n = 3), LNs (n = 2)
4 F 78 Adenocarcinoma v Ground glass nodules (n = 2)
5 M 66 Adenocarcinoma v Solid nodule (n=1), LN (n=1) Hemorrhage within target lesion
6 M 55 Adenocarcinoma v Solid nodule (n = 1), LNs (n = 2)
7 M 64 Adenocarcinoma v Solid nodules (n = 6) Hemorrhage within target lesion
8 M 52 Adenocarcinoma v Solid nodules (n = 5), LNs (n = 2) Hemorrhage within target lesion
9 M 70 Adenocarcinoma v Solid nodule (n = 1) Renal hemorrhagic cyst
10 F 68 NSCLC, NOS v Solid nodule (n = 1) Segmental pulmonary thromboembolism

Note.— *Numbers in parentheses are numbers of target lesions. NSCLC = non-small cell lung cancer, NOS = not otherwise specified, LN =

lymph node, DECT = dual-energy CT

Data Postprocessing and Image Reconstruction

The virtual non-enhanced images and iodine-enhanced
images were made by using the liver Virtual Non-

Contrast (VNC) application mode of dedicated dual-energy
postprocessing software (Syngo Dual Energy; Siemens
Medical Solutions, Forchheim, Germany). Since measurable
target lesions were classified into three types, namely, solid
pulmonary nodules, ground-glass opacity nodules (GGNs),
and lymph nodes, the postprocessing software that was
used was different depending on the type of target lesion.
In cases of solid nodules and lymph nodes, the material
parameters for the material decomposition method were as
follows: -110 HU for fat at 80 kV, -87 HU for fat at 140 kV,
52 HU for soft tissue at 80 kV, and 51 HU for soft tissue at
140 kV. In cases of GGNs, since the lesion was composed of
a mixture of air and soft tissue, the HU value of fat in the
liver VNC application mode should be replaced with that

of air, which is a HU value located at the interconnecting
line between air and soft tissue (11, 13). Thus, the material
parameters were -110 HU for fat at 80 kV, -115 HU for fat
at 140 kV, 60 HU for soft tissue at 80 kV, and 54 HU for soft
tissue at 140 kV (Fig. 1).

Image data were reconstructed with a section thickness
of 1 mm by using a D30f (medium smooth) kernel for the
iodine-enhanced image and a D45f (medium sharp) kernel
for the virtual nonenhanced image.

Image Analysis

Two chest radiologists with six and nine years of
experience in thoracic CT interpretation, respectively,
evaluated CT images. In cases of discordant interpretations,
decisions on CT findings were reached by consensus.

By the comparison of the current DECT images with
previous baseline CT images of all patients who underwent
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Fig. 1. Diagram of three-material decomposition of voxel used
by dual-energy software. This software splits every voxel in 80-

and 140-kV image pair into three components represented by air, soft
tissue, and iodine (for ground-glass nodule) or fat, soft tissue, and
iodine (for solid nodule or lymph node). (a), (b), (c), and (d) are fixed
points of CT attenuation values from two different energies for air,

fat, soft tissue, and iodine, respectively. Intercept x or y along iodine
axis represents iodine content of voxel on this two-energy plot. Virtual
unenhanced images display noniodine component of voxel, and iodine-
enhanced images display z intercept (i.e., iodine content). CGN =
ground-glass opacity nodule

both non-enhanced and enhanced CT scans, we assessed
the tumor response by tumor size change only according

to traditional RECIST 1.1 (1) and the modified CT response
criteria proposed by Choi et al. (7) we assessed the tumor
response by tumor size change. The measurable lesions with
the size greater than 1 cm were included as target lesions.
The size of each target lesion was evaluated in mediastinal
window images. For the GGNs, their size was measured on
lung window images. In addition to the size measurements,
tumor attenuation changes were also considered. The

mean CT attenuation of a target lesion was measured in
Hounsfield Units (HUs). A region of interest (ROI) with
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the largest size possible (covering at least two thirds of
the longest diameter) was placed in the solid portion of
the target lesion. In case of GGNs, ROI covered almost the
entire area of target lesion. For the baseline (pretreatment)
CT studies, the net enhancement was defined by subtracting
CT attenuation values on non-enhanced images from those
on enhanced images. For the DECT studies, net enhancement
was calculated by subtracting CT attenuation values on
virtual non-enhanced images from those on enhanced
weighted-average images or by measuring iodine content on
iodine-enhanced images. The lesion was believed to have
internal hemorrhage if it had an attenuation value of 50

HU or greater on both the true non-enhanced (at baseline
CT obtained before treatment) and virtual non-enhanced
images (at DECT) (14).

The tumor response was divided into: complete response
(CR), partial response (PR), stable disease (SD), and
progressive disease (PD) (7). According to RECIST 1.1, the
sum of the longest diameter of the target lesions (SLD)
is calculated, and four response categories are defined
as follows: CR (complete disappearance of all lesions,
confirmed at > 4 weeks), PR (a > 30% decrease in SLD from
baseline, confirmed at > 4 weeks), PD (a > 20% increase in
SLD from smallest SLD), and SD (neither PR nor PD). In our
study, SLD was replaced by the size of one target lesion.

At Choi’s criteria, four response categories are defined as:
CR (disappearance of all lesions), PR (a decrease in size of
10% or a decrease in tumor density [HU] > 15% on CT), PD
(an increase in tumor size of > 10% and not meet criteria
of PR by tumor density [HU] on CT), and SD (neither PR nor
PD). In our study, both criteria were applied to each target
lesion.

Statistical Analysis

To evaluate agreements between tumor responses assessed
by RECIST 1.1 and Choi’s modified response criteria,
statistics was used. A k value of 0.01-0.20 indicates poor
agreement; 0.21-0.40 indicates fair agreement; 0.41-0.60
indicates moderate agreement; 0.61-0.80 indicates good
agreement; and 0.81-1.0 indicates excellent agreement.
Commercially available statistical software (MedCalc, version
7.1; MedCalc Software, Mariakerke, Belgium) was used.

RESULTS

In a total of 10 patients, the median value of the
effective dose for the enhanced DECT protocol was 6.52
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mSv (range, 5.37-7.65 mSv). On the other hand, the median
value of the effective dose for the non-enhanced and
enhanced images obtained at the previous baseline chest CT
was 8.72 mSv (range, 7.67-9.79 mSv).

Characteristics of Target Lesions

The histological subtypes of NSCLC in the 10 patients
were as follows: adenocarcinoma (n = 7), NSCLC not
otherwise specified (n = 2), and squamous cell carcinoma (n
= 1). The number of target lesions per patient ranged from
one to seven. Thirty-one target lesions (solid nodules [n =
21], lymph nodes [n = 8] and GGNs [n = 2]) in ten patients
were identified. Solid nodules, lymph nodes, and GGNs
ranged in their diameters from 10 to 89 mm, from 15 to 26
mm, and from 10 to 12 mm, respectively. The hemorrhagic
responses within the target lesions, with the exception of
two GGNs, were detected in 14% (4 of 29) of solid nodular
and lymph node target lesions.

Comparison of Tumor Response between RECIST 1.1 and
Choi’s Criteria Based on DECT

The weighted « value for the comparison of tumor
responses between the RECIST 1.1 and Choi’s criteria was
0.72 (0.65-0.79), which represented a good agreement.

Out of 31 target lesions, five (16%) target lesions showed
discordant tumor responses between the traditional RECIST
1.1 and Choi’s criteria (Table 2). While three of five target
lesions were PD or SD when applying RECIST 1.1. They were
PR based on Choi’s critera with the development of new
intratumoral hemorrhage (Fig. 2).

Discordant responses were also noticed in GGNs. They
were two GGNs of 10-12 mm in diameter. With RECIST 1.1,
these lesions were regarded as equivocal lesions and they
were categorized as SD as a response. However, the extent
of enhancement for these GGNs was assessed on iodine-
enhanced images, and this measured 58 HU and 89 HU,
respectively. On the next follow-up chest CT scans, the GGNs
changed into cavitary nodules with a definite increase in
size (compatible with cavitary metastases). Thus, they were
considered in PD category (Fig. 3).

DISCUSSION

According to RECIST 1.1, the tumor size change was the
only factor determining the tumor response to cytotoxic
chemotherapy (1). However, a few recent studies have
demonstrated that with RECIST 1.1 we could not perform
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Table 2. Comparison of Tumor Response between RECIST and Choi’s Criteria

Target Lesion RECIST 1.1 Choi’s Criteria Presence of Hemorrhage Reasons for Response Change on DECT
1 PD PD -)
2 PD PR Yes Hemorrhagic response
3 SD SD (-)
4 PD PD -)
5 PD PD -)
6 PD PD )
7 PD PD (-)
8 PD PD (-)
9 PD PD (-)
10 SD PD (-) Metastasis manifested as a GGN
11 SD PD (-) Metastasis manifested as a GGN
12 PD PR Yes Hemorrhagic response
13 SD SD )
14 PR PR (-)
15 PR PR (-)
16 PR PR (-)
17 SD SD (-)
18 SD SD (-)
19 PR PR (-)
Although hemorrhage existed, definite increase
20 PD PD Yes in size and substantially enhancing solid
component were seen.
21 PR PR (-)
22 SD SD (-)
23 SD SD )
24 SD SD “)
25 SD SD (-)
26 SD SD (-)
27 SD SD (-)
28 SD SD (-)
29* SD PR Yes Hemorrhagic response
30 PR PR )
31 SD SD -)

Note.— *Discordant tumor responses between RECIST 1.1 and Choi’s criteria. PR = partial response, SD = stable disease, PD = progressive

disease, GGN = ground-glass opacity nodule

an exact assessment of the tumor response for the targeted
agent. Because the targeted agents induce intratumoral
hemorrhage, necrosis or cavitation rather than tumor
shrinkage, the morphological change within a tumor

has been emphasized as a kind of tumor response (4, 7,
15). Choi et al. (7) proposed new CT response criteria to
assess the response of gastrointestinal stromal tumors
(GISTs) after imatinib treatment, and these criteria include

evaluating the changes in tumor size or attenuation values.

Lee et al. (4, 16) also devised a new (T response criteria
in NSCLC patients who are treated with epidermal growth
factor receptor tyrosine kinase inhibitor. These criteria
reflect the change of the tumor attenuation value and
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cavity changes as well as the size changes. They confirmed
that when these criteria are applied in tumor response
evaluation, they are significantly associated with the overall
patient survival. According to these new criteria, the tumor
density is defined as the CT attenuation value as measured
on enhanced CT images.

To evaluate a tumor’s response to treatment when
measuring CT attenuation changes, it would be ideal
to measure the net enhancement of the tumor and
thus evaluate the exact tumor response even in cases
with intratumoral hemorrhage or necrosis. Intratumoral
hemorrhage might lead to overestimation of tumor size
and thus misinterpretation of SD or PR as PD using
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Fig. 2. Hemorrhagic tumor response detected on dual-energy CT in 66-year-old man with lung adenocarcinoma.

A. Previous baseline enhanced CT image shows 35 mm-sized primary tumor with net enhancement of 48 HU (subtraction of CT attenuation value
on nonenhanced image from that of enhanced image; 68 minus 20 HU) in left lower lobe. B. Enhanced weighted-average image obtained from
dual-energy CT after chemotherapy shows about 28% increase in size of primary tumor and also increased CT attenuation value (up to 82 HU,
circular regional of interest [ROI]). Thus, tumor response was assessed as progressive disease on basis of traditional RECIST 1.1. C. In contrast,
virtual nonenhanced image shows primary cancer CT attenuation value of 53 HU (circular ROI), suggesting hemorrhagic component (arrows). D,
E. Color coded (D) and grayscale (E) iodine-enhanced images show tumor (arrows) attenuation value of 29 HU, declined value by 40% of net
enhancement calculated from previous baseline chest CT. Therefore, tumor response was assessed as partial response by Choi’s criteria based on

dual-energy CT.

the traditional tumor response criteria. Moreover, the
hemorrhage may be mistakenly regarded as an enhancing
solid component when only the enhanced CT images are
obtained.

Gupta et al. (13) recently reported that DECT is helpful
in detecting intracerebral hemorrhage (ICH) in patients
who have recently undergone intraarterial or intravenous
iodinated contrast material injection. In Gupta et al. (13),
the iodine component could be effectively differentiated
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from ICH with DECT with high sensitivity and specificity.
These have also been reports that virtual non-enhanced
images on DECT can replace the true non-enhanced images
for liver or kidney lesion evaluation (17, 18). In addition,
Chae et al. (11) corroborated that the CT numbers in
the virtual non-enhanced image are similar to the non-
enhanced-weighted image, and DECT can help to correctly
measure the enhancement degree of pulmonary nodules.
In addition, Schmid-Bindert et al. (12) reported that a
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D E

Fig. 3. New pulmonary metastases manifested as ground-glass opacity nodules (part solid) in 78-year-old woman with lung

adenocarcinoma in right upper and lower lobes.

A, B. Enhanced weighted-average image obtained from dual-energy CT shows newly developed 10-mm (A) and 12 mm-sized (B) ground-glass
opacity nodules in right lung (arrows). Ground-glass opacity nodules are equivocal (not definitely defined) lesions on RECIST 1.1 version. Thus,
tumor response was assessed as stable disease. C, D. These nodules shows substantial enhancement (58 HU in C and 89 HU in D) on color coded
iodine-enhanced images obtained from dual-energy CT (arrows). Therefore, tumor response was assessed as progressive disease. E, F. Conventional
images on further follow-up CT scans (two months after dual energy CT) show marked increase in nodule size with internal new cavitation (arrows),

suggestive of cavitary metastases. Tumor response was again confirmed as progressive disease.

moderate correlation was found between maximum iodine-
related attenuation of DECT and SUV,.x of PET/CT in all
primary lung cancers. Thus, we expected that DECT could
have been the method to enable tumor response monitoring
by allowing the detection of intratumoral hemorrhage
and evaluating the tumor net enhancement (measuring
the iodine component) without additional nonenhanced
scanning.

Intratumoral hemorrhage, which was readily assessed
on virtual non-enhanced images, was detected in 14%
(4 of 29) of the solid target lesions. To the best of our
knowledge, the current study is the first that has assessed a
hemorrhagic tumor response by using DECT in a patient with
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NSCLC and who was treated with anti-angiogenic agents.
Interestingly most target lesions that showed a hemorrhagic
response (75%, 3 of 4 lesions) to anti-angiogenic
treatment, the tumor response evaluations based on RECIST
1.1 and Choi’s criteria were discordant. Hemorrhagic target
lesions seemed to increase or not be altered according to
their CT attenuation values on enhanced weighted-average
images as compared with those seen on baseline enhanced
CT images. However, the lesions had substantially declined
attenuation values of greater than 15% on iodine-enhanced
images as compared with net enhancement calculated from
baseline CT images. Thus, when applying Choi’s criteria

for tumor response evaluation, the response should be
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categorized as a PR.

A GGN is defined as a lesion of hazy increased lung
attenuation with the preservation of the underlying
bronchial and vascular margins (19). The lesion usually
does not appear on mediastinal window images. Thus, the
extent of its enhancement is not easily measured on the
mediastinal window images of routine chest CT. In our
study, we could quantify the enhancement extent of the
GGNs with the help of the DECT technique, which allowed
the pure iodine component of GGN to be differentiated
from an air component of the lesion. Two newly developed
GGNs in NSCLC patients treated with anti-angiogenic
therapy had internal high-attenuation values on iodine-
enhanced images, which represented the enhancing solid
component. The lesions showed a marked increase in size
on further follow up CT images, thus confirming that the
GGNs represented metastatic lesions. Such results may
imply that the DECT technique allows for quantification of
the extent of the nodule enhancement even in GGNs and
this facilitates monitoring the GGN internal morphologic
changes over time and a more accurate evaluation of the
tumor response.

Recent studies have reported that thoracic DECT is
performed without an additional radiation dose as compared
with conventional chest CT and without a hampered image
quality (11, 20). Our study also showed that the median
value of the effective dose with DECT was smaller than
that of a standard chest CT. The cumulative radiation dose
in cancer patients may not be a great concern, but having
DECT images that are comparable with the images of
standard chest CT without increasing the radiation dose to
patients is encouraging news. In the near future, we may
use DECT as a routine study protocol in oncologic patients
for lesion characterization and evaluation of the tumor
response.

Our study had several limitations. First, the generalized
applicability of our study’s DECT protocol for oncology
patients might be limited by the small sample size. Further
studies with large numbers of patients are needed to ensure
the feasibility of DECT for evaluating the tumor response
after anti-angiogenic treatment. Second, we did not measure
the volume of the enhancing solid portion. In addition to
the change in the net enhancement value, the volume of
enhancing solid component within the tumor could also be
an important parameter for evaluating the tumor response.
Assessment of both of these two parameteres might draw a
more exact evaluation of the tumor response. To corroborate
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this, future studies will be needed. Third, we could not
pathologically prove a hemorrhagic response within the
tumor. However, the non-enhancing portion showed a high
density, greater than 50 HU in a non-enhanced scan which
may exclusively be a hemorrhage component. Lastly, the
scatter radiation-related artifacts increase if a dual source
system of CT scanner is used. Therefore, it might affect the
exact measurement of the HU values on DECT images.

In conclusion, DECT may serve as a useful tool for
response evaluation after anti-angiogenic treatment in
NSCLC patients by providing information on the extent of
tumor nodules and lymph nodes enhancement, which can
be accomplished without obtaining non-enhanced images.
The virtual non-enhanced and iodine-enhanced DECT images
may facilitate identifying intratumoral morphologic changes
such as hemorrhage associated with anti-angiogenic therapy
and differentiating such changes from true tumor growth
(i.e., the enhancing portion of the tumor).
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