Other Findings

Normal Findings Abnormal Findings
Overall
Central Vessels Peripheral Vessels Interlobar Image Streak Image
and Airways and Airways Fissures Nodules GGO ISP Noise Artifact Quality
Reconstruction technique
32-mAs MBIR 3.33 £ 0.09 3.50 £+ 0.11 3.53 £ 0.17 3.46 £+ 0.09 3.77 £ 0.11 3.44 +0.13 4.97 +0.03 4,97 +0.03 3.67 +£ 0.12
16-mAs-MBIR 3.07 + 0.07 3.14 +0.14 3.27 +0.12 3.18 £0.10 3.27 £ 0.13 2,75 +0.17 4.93 + 0.05 4.93 + 0.05 2.93 + 0.08
8-mAs MBIR 3.07 +£ 0.07 2.73+0.18 2.93 + 0.07 2.82+0.12 2.86 £0.12 219+ 0.10 4.87 + 0.06 4.93 + 0.05 2.63 +0.10
80-mAs FBP 3.00 £ 0.00 3.00 £ 0.00 3.00 £ 0.00 3.00 + 0.00 3.00 £+ 0.00 3.00 £ 0.00 3.00 £+ 0.00 3.00 + 0.00 3.00 4= 0.00
Pairwise comparison (P*)
32-mAs MBIR 179 .047 .243 .108 .005 .002 1.000 1.000 <.001
versus 16-mAs
MBIR
8-mAs MBIR 179 <.001 .015 .001 <.001 <.001 1.000 1.000 <.001
80-mAs FBP .004 .001 .037 <.001 <.001 .023 <.001 <.001 <.001
16-mAs MBIR 1.000 .023 115 .013 .023 .017 .965 1.000 .028
versus 8-mAs MBIR
80-mAs FBP 1.000 1.000 .243 576 .333 .983 <.001 <.001 1.000
8-mAs MBIR versus 1.000 .821 1.000 .805 1.000 <.001 <.001 <.001 .007
80-mAs FBP

ASIR, adaptive statistical iterative reconstruction; GGO, ground-glass opacity; ISP, interiobular septal thickening; FBP, filtered back projection; MBIR, model-based iterative reconstruction.
Data are presented as mean + standard deviation. Data of the subjective image analysis were statistically analyzed using the Wilcoxon signed rank tests with a Bonferroni correction applied for

multiple comparisons. P* is a Bonferroni-corrected P value. P* value <0.05 was considered to be significant.
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used in scanning of the 10 cadaveric lungs are summarized in
Table 1. The reported radiation dose measurements consist of
CT dose index volume (CTDIvol), dose-length product
(DLP), and effective dose (ED) which was calculated as the
product of DLP and ‘k’ conversion coefficient (0.014 mSv/
[mGy cm]) for chest CT (20). Compared to standard-dose
(80 mAs) technique, there were 80% and 90% decreases in
dose measurements for 16-mAs and 8-mAs acquisitions,
respectively with effective doses in the submillisievert range
(0.31 and 0.62).

Subjective Evaluation of CT Findings

Comparisons between images reconstructed using MBIR,
ASIR blends, and FBP and acquired at 8 mAs are summarized
in Table 2. Statistical analysis of four findings (consolidation,
intralobular reticular opacities, cyst, and bronchiectasis) could
not be performed because of their low prevalence (<2% of
cases). Interobserver agreement for each evaluated category
of CT findings was from moderate to excellent (k = 0.46—
1.00). There were no kappa values in the following eight items
because all the same scores were graded by two observers: on
MBIR images, other findings (image noise and streak artifact);
on ASIR 3, images, normal findings (central vessels and air-
ways, peripheral vessels and airways, and interlobar fissures),
interlobular septal thickening, streak artifacts, and overall im-
age quality. In each evaluated category of CT findings, MBIR
scored highest with significant differences between MBIR,
ASIR blends, and FBP except for interlobular septal thick-
ening, which was not significantly different between MBIR.
and ASIRg,. ASIRg, images scored significantly higher in
each category than the two lower ASIR blends or FBP except
for GGO, which was not statistically different from ASIR4q
(P = .084). Conspicuity and visibility of CT findings using
ASIR 30 were equivalent to FBP (P = 1.000; Fig. 1). Scores
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Figure 2. Thin-section computed tomo-
graphic images of a cadaveric lung with
diffuse alveolar hemorrhage show dimin-
ished visibility of intralobular reticular
opacities (arrowheads) on (a) 8-mAs and
(b) 16-mAs MBIR images as compared to
(c) 8-mAs and (d) 80-mAs FBP despite
their higher noise levels. FBP, filtered
back projection; MBIR, model-based itera-
tive reconstruction.

for subjective image noise and streak artifact significantly
improved with increasing blends of ASIR (P < .001).

Comparisons between low-dose MBIR and standard-dose
FBP images are summarized in Table 3. Interobserver agree-
ment for each evaluated category of CT findings was from
moderate to excellent (k = 0.42-0.83). In each evaluated cate-
gory of CT findings, 32-mAs MBIR scored highest with sig-
nificant improvements in finding conspicuity, image noise,
streak artifact, and overall image quality as compared to FBP
(P = .037). Comparisons between ultra-low-dose (8 and
16 mAs) MBIR and 80-mAs FBP showed no statistically sig-
nificant difference in conspicuity or visibility of normal and
abnormal CT findings with the exception of interlobular
septal thickening which was less well visualized on 8-mAs
MBIR than on FBP (P < .001). A decrease in conspicuity
of intralobular reticular opacities was identified by both ob-
servers on ultra-low-dose MBIR (Fig. 2) although formal sta-
tistical analysis could not be performed because of low
prevalence of this finding. Scores for subjective image noise
and streak artifact significantly improved on 8-mAs and 16~
mAs MBIR images as compared to standard-dose FBP
(P <.001), but with no significant differences among the three
different dose MBIR image sets. Overall image quality was
equivalent for 16-mAs MBIR (P = 1.00; Fig. 3) but inferior
for 8-mAs MBIR (P = .028) as compared to FBP.

Quantitative Image Noise Measurements

Figure 4 shows sequential and statistically significant decreases
(P < .001) in objective image noise on 8-mAs images recon-
structed with FBP, increasing blends of ASIR and MBIR.
Figure 5 similarly shows sequential and statistically significant
decreases (P < .001) in objective image noise on images ac-
quired and reconstructed using 80-mAs FBP and 8-, 16-,
and 32-mAs MBIR.
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DISCUSSION

The principle of ALARA (as low as reasonably achievable)
urges radiologists to use the minimum level of radiation
needed in imaging examinations to achieve the necessary
diagnostic results. Iterative reconstruction algorithms are
one of the newer options in the available dose reduction arma-
mentarium that has included restriction oflength of coverage,
reduced tube voltage, and tube current modulation (11). Of
the two iterative reconstruction algorithms evaluated in this
study, ASIR, which was introduced earlier, has been more
extensively studied (1-8,21-23) and has now largely been
implemented into routine clinical practice. In comparison,
MBIR, a more mathematically complex reconstruction
technique, offers greater potential in dose reduction but at
the cost of longer reconstruction times on the order of 45—
60 minutes per series (10,11,24). Few studies to date (10~
14) have evaluated image quality and diagnostic adequacy of
ultra-low-dose MBIR for thin-section chest CT studies.

Figure 3. Thin-section computed tomo-
graphic images of a cadaveric lung with
metastases acquired and reconstructed
using 8-mAs MBIR (a), 16-mAs MBIR (b),
32-mAs MBIR (c), and 80-mAs FBP (d)
show similar low level of noise and streak
artifacts on the three MBIR images, irre-
spective of dose. Conspicuity and visibility
of peripheral vessels (long arrow), interlo-
bar fissure (arrowheads), and margins of
small and large nodules (short arrows) are
worse on 8-mAs (a), similar on 16-mAs
(b), and better on 32-mAs MBIR (c) images
as compared to standard-dose FBP (d).
FBP, filtered back projection; MBIR,
model-based iterative reconstruction.

Our study showed that both ASIR and MBIR can improve
lung image quality on ultra-low-dose CT as compared to FBP
with MBIR images rated highest. These results are consistent
with those of prior clinical studies (10,14) that have reported
that when scanning at submillisievert doses, MBIR is superior
to ASIR in generating diagnostically acceptable thin-section
chest CT images largely because of marked reductions in im-
age noise.

Of the four different iterative reconstructions performed in
our study, overall image quality, image noise, and streak arti-
fact were each rated best for MBIR and sequentially decreased
with lower blends of ASIR (ASIRg, > ASIR 4 > ASIR 5p).
Although a pixilated blotchy appearance has previously been
described in association with high-percentage ASIR blends
(6,22), this feature was not observed in this study likely
related to interval improvements of the ASIR algorithm by
the vendor (10). A blotchy appearance however was charac-
teristic of MBIR images, which rendered blinding of
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Figure 4. Quantitative noise measurements (mean £ standard de-
viation): 8-mAs FBP (24.7 £+ 2.21), 8-mAs ASIR3, (21.6 £ 2.01), 8-
mAs ASIRgo (18.5 + 1.81), 8-mAs ASIRg (15.5 + 1.64), and 8-mAs
MBIR (2.71 £ 1.10). Significant differences in quantitative noise mea-
surements were found among all groups (P < .001). ASIR, adaptive
statistical iterative reconstruction; FBP, filtered back projection;
MBIR, model-based iterative reconstruction.

observers impossible but did not adversely impact conspicuity
or visibility of the CT findings evaluated in this study, namely
central and peripheral airways and vessels, interlobar fissures,
nodules, GGOs, and thickened interlobular septa. We did,
however, observe obscuration of intralobular reticular opaci-
ties on MBIR images of one lung specimen with a “crazing
paving” pattern because of diffuse alveolar hemorrhage. We
postulate that visibility of these fine low-contrast abnormal-
ities may be decreased on the ultra-low-dose MBIR images.
Further research on diagnostic adequacy of low-dose MBIR
images for broader spectrum of lung abnormalities including
those of intrinsic low contrast is required before this technique
can be adopted into routine clinical practice.

Although not possible in clinical patients, using this
cadaveric lung model, we were able to perform multiple ac-
quisitions to determine the minimum tube current—time
product at which image quality of a low-dose MBIR study
is comparable to that of a standard-dose FBP study. Of the
three tube currents tested, 32-mAs MBIR images were rated
highest with statistically significant improvements in conspi~
cuity of each evaluated category of normal and abnormal
CT findings, level of image noise, presence of streak artifact,
and overall image quality. We found no significant difference
in conspicuity of evaluated CT findings (GGOs, nodules,
and interlobular septa) between 16-mAs MBIR. as compared
to 80-mAs FBP despite an 80% reduction in effective dose.
At 90% dose reduction, significant decreases in overall image
quality and conspicuity of interlobular septal thickening were
observed on 8-mAs MBIR images. Thus, MBIR technique
enables a submillisievert-dose (0.62 mSv) CT. This effective
dose, which is well below the annual exposure from natural
sources (3.1 mSv/year), is only 10 times greater than that
delivered with two-view radiography (0.06 mSv for standard
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Figure 5. Quantitative noise measurements (mean =+ standard de-
viation): 80-mAs FBP (11.99 + 2.01), 8-mAs MBIR (2.73 % 1.11),
16-mAs MBIR (2.42 & 1.10), and 32-mAs MBIR (2.12 £ 1.10). Signif-
icant differences in quantitative noise measurements were found
among all groups (P < .001). FBP, filtered back projection;
MBIR = model-based iterative reconstruction.

patient), including posteroanterior- and lateral-projection
acquisitions (15,25).

Neroladaki et al. (14) have similarly reported limitations in
detection of some CT findings on ultra-low-dose MBIR im-
ages that were acquired in their study at a radiation exposure
(100 kVp, 6 mAs) similar to chest radiography. High-contrast
lesions such as solid nodules and architectural distortion were
consistently identified by three observers, while interobserver
agreement for GGOs and emphysema were fair and poor,
respectively.

Detectability of nodules on ultra-low-dose MBIR has been
investigated by several groups (11,12,14). Using low-dose
(50 mAs) FBP as the gold standard, Yamada et al. (12) report
average true-positive fractions of 1.0 and 0.944 for calcified
and =4 mm noncalcified nodules, respectively on ultra-
low-dose (4 mAs) MBIR. Katsura et al. (11) compared
5-mAs MBIR to low-dose ASIR 5, and found no significant
differences in detection of nodules =4 mm including nodules
with nonsolid components; however, as compared to refer-
ence dose ASIRjp, only an average of 10.5 of 18 pure
ground-glass nodules were identified on ultra-low-dose
MBIR by the two observers.

Our study was limited by the small number of cases with
only three types of abnormal CT findings included for formal
evaluation; determination of the diagnostic adequacy of ultra~
low-dose MBIR technique will require larger sample sizes
with inclusion of a broader spectrum of representative lung
CT findings that are encountered in clinical practice. The
use of a cadaveric lung model did not allow us to evaluate
the influence of a chest wall, body habitus, or motion artifacts
on image quality. Moreover, histologic sections of cadaveric
lungs should have been used to evaluate the fidelity of the
various CT images. Because ASIR and MBIR algorithms
are both manufactured by the same company, it is unclear as
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to whether the results of our studies are applicable to other
iterative reconstruction algorithms. Finally, although the im-
age data sets used in the present study were randomized, per-
fect blinding to MBIR. images might be difficult because it
may be relatively easy to discriminate MBIR. images with
no concept of reconstruction algorithm from ASIR and
FBP using a high—spatial-frequency algorithm.

In conclusion, ultra-low-dose thin-section CT images of
the lung reconstructed using MBIR are of higher overall im-
age quality with less noise and streak artifact than images
reconstructed using ASIR.. Even nearly 80% dose reduction
under the use of MBIR does not degrade overall image quality.
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denocarcinoma is the most com-
mon subtype of lung cancer. In
2011, a new classification of ade-
nocarcinoma (1) was developed to stan-
dardize diagnostic criteria and termi-
nology applied to the wide spectrum of
entities encompassed in this histologic
subtype, which can range from indolent
to lethal tumors. Results from several
studies (2-5) have shown by using com-
puted tomographic (CT) imaging that
morphologic structure of adenocarci-
noma can be predictive of tumor grade
and patient prognosis. As emphasized
in the recently published recommen-
dations for subsolid nodules from the
Fleischner Society (6), measurement of
solid components and determination of
the relative percentages of solid versus
ground-glass portions of subsolid nod-
ules are important because an increase
in the extent of a solid component is
associated with a higher likelihood of
an invasive tumor. However, integra-
tion of this type of prognostic CT data
into clinical management algorithms
for adenocarcinoma has been relatively
hindered by the lack of standardized
methods for tumor characterization
and measurement, particularly in the
setting of part-solid nodules.
Volumetric measurement of nod-
ules is a promising technique that has
been shown (7-11) to be both accu-
rate and precise for the quantification
of small solid nodules. However, volu-
metric assessment of subsolid nodules
is more challenging because of diffi-
culties in segmentation and accurate

delineation between a tumor’s ground-
glass margins and the adjacent normal
parenchyma. By using manual measure-
ments, de Hoop et al (12) compared di-
ameter, volume, and mass (volume X
CT value) of 52 ground-glass nodules
(GGNs) that were followed as part of a
lung cancer screening trial; among the
three measures, they found that mass
of GGN was subject to less variability
and allowed earliest detection of growth
in malignant nodules. Ko et al (11) re-
ported similar growth-related results in
five solid and three subsolid malignant
nodules that were detected earlier with
volumetric measurements obtained by
using a semiautomated computer algo-
rithm than with radiologic criteria used
in current practice.

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

Patients

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

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

After hospital discharge, all patients
were evaluated at 3-month intervals.
The evaluation included a physical ex-
amination, chest x-ray, and blood tests
(including tumor markers). Additional
thoracoabdominal CT scans were gen-
erally obtained at 6-month intervals.
Recurrence was confirmed at CT and, if
necessary, FDG PET imaging. The me-
dian follow-up period of all 143 patients
after surgery was 6.2 years (range,
0.86-12.63 years). Complete follow-up
information until death or January 2013
was available for all patients. During
the follow-up period, 22 patients expe-
rienced disease recurrence with seven

assoclated cancer-related deaths.
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Scanning Protocols

Chest CT scans were acquired by using
a four-detector row CT scanner (Light-
Speed QXi; GE Healthcare, Milwaukee,
Wis) and an eight-detector row CT scan-
ner (LightSpeed Ultra; GE Healthcare).
Acquisition parameters were as follows:
collimation, 0.625 mm or 1.25 mm; pitch,
0.625-1.5; rotation time, 0.4-0.8 sec-
onds per rotation; exposure parameters,
120 kV and 200 mA; field of view, 200
mm. All image data were reconstructed
with a high spatial frequency algorithm at
contiguous section thicknesses of 0.623
mm or 1.25 mm.

Visual Analysis

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

Gomputer Analysis

We developed our software by using
commercial software (Microsoft Visual
C++ 6.0; Microsoft, Redmond, Wash)
on a commercially available personal
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Figure 1:
rendering image of all vessels identified by the three-dimensional ling filter. (b) Green areas in right lung
correspond to extracted vessels.

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

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

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

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

On the basis of a previously re-
ported threshold selection and nodule
classification method (18), we used
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Figure 2:

f.

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

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

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

cm3, and 0.00%, respectively.

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

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

Figure3

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

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

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

Pathologic Analysis

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

Patients with Part-Solid GGN

: Tumorvolume(cm3)
SOll volume (cm3)
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96=70(00-310)
563 = 37.1 (00-1000) 0

2.46 *287 (0.03{6.97) ‘
1.47 = 2.18 (0.00-14.28)
49.1 = 28.2 (o 00-90. 40)

112 £ 2.7 (7.0-14.9)
00200(0.0-00)
0000000

0.64 * 0.54 (0.03-1 .62)
0,00 = 0.02(0.00-0.12)
021+05 (o 00-1.90)

159 + 46 (7.2-31.0)
75+ 47(1.0-210)
472+265(ﬁ4-95

192+ 2.23 (0.05-15.60)
©0.75 = 0.82(0.003-4.09)
40.9 =199 (s 30-71. 50)

16.9 £5.1(7.0-31.0
0.0 (100.0-100.0)

0)

401 + 358 (0.45-16.97)
22 £3.00(035-1428)
787 + 5.0 (71.60-90.40)

i, 15 with pure GG, 86 with part -sold GGN, and

4 Wlth SOhd tumur

ere were 145 pahents total, 15 wnth p

lid ’GGN, anq 4 with solid tumor.

Statistical Analysis

We evaluated the value of eight features
of CT (visual classification, software
classification, longest diameter of solid
component, longest diameter of total
tumor, solid proportion, total tumor
volume, solid volume, and percentage
of solid volume) to examine associ-
ations with three prognostic factors
(lymphatic invasion, vascular invasion,
and pleural invasion) and two outcome
measures (overall survival and disease-
free survival). All statistical analyses
were performed by using commercially
available software (MedCalc version
8.0.0.1; Frank Schoonjans, Mariaker-
ke, Belgium). Agreement between
visual and software classification of
nodule subgroups was evaluated by
using the k statistic, and it was classi-
fied as poor (kx = 0.00-0.20), fair (k =
0.21-0.40), moderate (k = 0.41-0.60),
good (k = 0.61-0.80), or excellent (k =
0.81-1.00) (21). For each CT feature,
the cutoff value that yielded the larg-
est difference in numbers of patients
with and without recurrence and death
was determined by using the empiri-
cal receiver operating characteristic

method. Receiver operating charac-

teristic analyses were all univariate.
The optimal thresholds were deter-
mined for each variable separately.
Subsequently, associations between
prognostic factors and each binary
group designated by the cutoff value
for the eight CT features were evalu-
ated by using univariate logistic regres-
sion analysis. Similarly, associations

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

Results

Visual and Computer Analyses

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

part-solid GGN and solid nodules was
peripheral (n = 72), middle (n = 8), and
juxtapleural (n = 50). Mean measured
longest diameter of solid component
and total tumor were 9.6 mm * 7.0
(range, 0-31.0 mm) and 15.7 mm =
4.8 (range, 7.0-31.0 mm), respectively.
Calculated solid proportion of nodules
was 58.3%-37.1% (range, 09%-100%).
Total tumor volume, solid volume, and
percentage solid volume were 2.46 cm?®
+ 2.87 (range, 0.033-16.97 cm?®), 1.47
cm?® + 2.18 (range, 0-14.28 cm?), and
49.1% + 28.2 (range, 0%-90.4%),
respectively.

Pathologic Analysis

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

Relationship with Prognostic Factors

On the basis of receiver operating
characteristic analysis, both visually
and computer-classified subgroups
were re-sorted into pure GGN and
solid (part-solid GGN and solid) di-
visions. Cutoff values for the six CT
features were as follows: longest di-
ameter of solid component, 9.9 mm;
longest tumor diameter, 18 mm; solid
proportion, 78%; total tumor volume,
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Table 2

Relatronshlp of CT Features wﬂh Prognostlc Factors :

Lymphatlc lnvaslon (n= 145)

Pleural Invasion (n =51)

~No of Tumors

Odds Ratlo

Logistic Regression Analysis .

Univariate analysis .~
Visual classification
"PureGGN' i ’; G 45
Solid 130
Software classification * - o
Pure GGN 15
Solid o130
Longest dlameter of tumor
~<18mm e e
=18mm 51
Longest diameter of solid component e
<9.9 mm 81
=99mm : 64
Solid proportlon
<78% S
=78% 55
Total tumorvolume i : L
<1.9 om® 84
=1gemd B
Solid volume
S <15cm 101
=1.5cmd 44
Percentage of solid volume S
<63% 88
CEea% , 57
Multlple analysis (by stepwnse method)
Percentage of solid volume
<63% 88
263% -

90

57

27

24

21

30

24

27

1.96(0.24,1597) . 49
196 (0.24, 1597) “';49 ) ,
1.01(0.35,2.90) .99
217 (0.67, 6.99 19
2.04(065,643) .22
096 {0:34,2.68) 94
1.29(0.45,3.75) . .64
2.46 (0.887’6,90) 08
‘ND’ ; ; ' Nn’k
ND ND

21

30

o

25

23
28

23
.28

" 0ddsRatio ¢

ND*- ~ND*
ND* ND*
ND* ND*
ND* “ND*
0.95(0.27,337) - 94
300(0.71,1265 .13
4.12(0.98,17.38) 05
1.16 (0.32, 4.23) 81
1.30 (0.37,4.58) 89
6.03 (1.58,22.98) 01
6.03(1.58,2208 .01

Note. —Data in parentheses are 95% conﬁdence mtervals Palues Iess than .05 indicated statlstrcal mgnrﬁcance ND no data. -
* Statlstlcal analysts for assocratron wnh pleural lnvasmn cuuld niot be performed because ofa small number of ;uxtapleural nodules in GGN dwnsron

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

Results for association of eight CT
features with two prognostic factors
are summarized in Table 2. Statistical
analysis was performed to examine
associations with lymphatic invasion
in 1453 cases and pleural invasion in
51 cases; none of the resected tumors
were found by using pathologic ex-
amination to have vascular invasion.
Statistical analysis for examining the
association with pleural invasion was
performed only for those tumors that
were juxtapleural in location. None of
the eight CT features were found to
be of use in examination of presence

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

Relationship with Recurrence and
Survival

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

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

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

Cox Propomonal Hazards Regressmn Analyms

““No. of Tumors -

Dnsease free Survwa|

Overall Survwal

Hazard Ratio

' PValue

Hazard Ratio " PValue

: Umvanate ana|y3|s
Visual classification

- 310644 (0.00, 3.48 X 10'%) 097

:3’1064‘4 0.0, 348 x }bwé) 097
2.89(1.19,6.98) 012

9.23 (2.74, 31.09) <.601  |

8.12 (2.76,23.87) <001
‘4.57’(1 96, 11’.4,3‘) 001

7.17 (2.79,18.35) <001

8:.18 (2.30,y 18.35) <001 ‘:
18.45 (4.34, 78.49) <.001-

" Pure GGN 15
Solid 130

Software classification n
Pure GGN 15
©Solid 130

Longest d|ameter of tumor
<18 mm 94 .
=18 mm 51

Longest diarﬁetér of solid component :
<9.9mm 81
>9 9 mm 64

Solld proportlon
<T8% 20
>78% 55

. Total tumor volume ‘
<1.9cmd 84
=19cmd 61

Solid volume
aibem e ©oAo
=15cm? 44

Percentage of solid volume .

| <63% 88
=63% 57:

Multiple anaIyS|s (by stepW|se methcd)

Solid volume : i
<1.5cm? 101
=1.5cm3 . 44

Percentage of solid volume
<63% 88
=63% 57

113504 (0.00,5.23 X 10'%) = 375
1k1’3 504 (0.00, 523 >< mws) 375
 265(057,12.22) - 207

4,32 (0.84, 22.08) - .080
33 (0.84,12.3j) . 086
5.90 (1.17,29.80) 016
058209, Aé.éi):“  ;01
‘5.92(’1.17,30'.55)‘ B "".‘c‘)34‘
960 (1.17,78.91) 036

Note.—Data in pérentheseé are k9:5% conﬁdeﬁce intervals. Pvalues less than .05 indicate siéﬁstical significance.

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

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

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

solid volume of 29.8% (Fig 6). Ten pa-
tients with recurrent disease present-
ed with a solitary lung metastasis that
(based upon either biopsy or resection
findings) was confirmed to be adeno-
carcinoma. Only one nodule recurred
in the primary tumor lobe of a patient
who had undergone segmentectomy;
the remaining nine nodules recurred
in a nonprimary tumor lobe and were
clinically judged to more likely repre-
sent metastatic disease than metachro-
nous primaries based on temporal evo-
lution as documented on postoperative
surveillance imaging studies.
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Figure 4:  Kaplan-Meier survival curves show that patients with solid tumor volume of 1.5 cm? or greater had a significantly lower probability of (a) disease-free (P
< .001) and (b) overall survival (P = .015) than patients with solid tumor volume less than 1.5 cmd,
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Figure 5:  Kaplan-Meier survival curves show that patients with percentage of solid tumor volume of 63% or greater had a significantly lower probability of (a)
disease-free (P < .001) and (b) overall survival (P = .010) than patients with percentage of solid tumor volume of less than 63%.

et . | College of Chest Physicians (22), there  components visualized by using CT im-
T ' ' T ' was disagreement as to whether total aging should be measured on mediasti-
Clinical algorithms for optimal manage- diameter or diameter of only the solid nal or lung windows (23).
ment of adenocarcinomas that manifest component of a part-solid GGN should In our study, we used a volumetric
as subsolid nodules by using CT imaging be used as the predictive feature that automated computer-assisted method
remain an area of active controversy. In  determines triage into alternate man- to analyze early-stage adenocarcinomas
two guidelines recently published by the agement pathways. A more fundamen- and link the analytic output, including
Fleischner Society (6) and American tal controversy is whether solid tumor volumetric measurements, to prognostic

564 radiology.rsna.org = Radiology: Volume 272: Number 2—August 2014



&
;.8 ,
=
=

THORACIC IMAGING: Prognostic Importance of Volumetric Measurements in Stage I Lung Adenocarcinoma

Yanagawa et al

Solld Component (mm)

‘Percentage of Solid - Type of . - Site of

48
16.7

3 18.1
4 10 10
5 12 12
6 12 12
7 133 13.3
8 16 16
9 185 145
U
11 215 215
S22 o292 292
13 18 18
4191 191
15 22.1 22.1
Death = e
16 27.1 15
17153 10
18 12 12
19 s 1
20 18.3 18.3
21 199 19.9
2 222 22.2

‘Solid Proportion /o)'iTotalvd[um‘e (cm®  Solid Volume (cm?)

35.04 126

0.48*
8789 . 28 204
84.58 45 2.87
10 045 034
100 0.82 0.67+
00 09 0.62*
100 ' 2.38 1.92
00 204 182
78.38 2.44 1.8
1000 BA4 399
100 475 4.04
/100 ~ 1238 10.55
100 3.35 2.92
400 328 278
100 o B 493
55.35 931 277
6536 074 0.48* -
100 0.87 064"
100 as 401
100 " 1.95 1.53
100 409 318
469

100 633

-~ Volume (%) < Surgery Recurrence

Seg(LL) Lung RUL)

3s1f
708 LY Lung (LLL)
63.8 Seg (LU Lung (LUL)
758 ‘Seg (RLL) Lung (multiple)
81.7 LAML)  Lung RUL)
689 “Seg (LUL)  Lung (RML)
80.7 L(RUL)  Lung (LLL)
89.2 L(RUL) - Lymph node
73.8 L)  Bone
716 LRMY -~ Lymph node
85.1 L(AL)  Lung (LLL)
85.2 “L(LLL) - Lymph node
87.2 L (RLL) Lung (multlple)
Cog48 Seg'(LLL) Lung (LUL)
75.5 L (RUL) Lymph node
20.8" Seg (RUL) Pleura
649 L(LUY)  Brain
73.6 Seg (RLL) ~ Lymph node
899 S LY Lung RUD
785 Seg (LUL) Lung (LUL)
778 L(RML) - Pleura
741 L (LLE) Pleura

Note —|nformatmn in parentheses is exc;sron clte L
lower lobe.

*Volume of solld component was Iess than 1 5 cm3
1 Percentage of sohd volume was fess than 63%

lobectomy, Seg = segmentectorny, RUL = rlght upper Inbe RML _’nght mlddle lobe RLL = rlght lower Iobe LUL=
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factors and outcome measures. By us-
ing our custom software, automatic
classification of nodules had excellent
agreement with visual classification by
radiologists; pure GGNs classified visu-
ally and by using software were asso-
ciated with excellent prognosis with no
recurrences or death observed. The uni-
formly excellent prognosis of pure GGNs
after resection has been reported by
several groups (24-26), and we are un-
aware of any cases of recurrence, even
when nodules less than 3 cm of pure
ground-glass composition are eventually
found at pathologic examination to have
invasive components (26).

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

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

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

Similar to previous studies (4,33-
35), we found that for stage I adenocar-
cinoma, measurement of total tumor
was associated less with prognostic
factors and outcome than it was with
measurements of the solid component.
In our study, percentage of solid vol-
ume of 63% or greater was associated
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Figure 6:  Thin-section CT image of a 27-mm
nodule with multiple foci of solid components in a
65-year-old man who eventually died of recurrent
disease. Volumetric measurements were total tumor
volume, 8.31 ¢m?; solid tumor volume, 2.77 cm?;
and percentage of solid tumor volume, 29.8%.

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

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

by using CT imaging, such as maxi-
mum diameter of the solid component

 (4,33) and ratio of maximum diameter

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

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

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

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

A 15-year-old girl with acute lymphoblastic leukemia received allogeneic dendritic cell vaccination, pulsed with Wilms tumor
1 (WT1) peptide, after her third hematopoietic stem cell transplantation (HSCT). The vaccines were generated from the
third HSCT donor, who was her younger sister, age 12 years. The patient received 14 vaccines and had no graft-versus-host
disease or systemic adverse effect, aside from grade 2 skin reaction at the injection site. WT1-specific immune responses were
detected after vaccination by both WT1-tetramer analysis and enzyme-linked immunosorbent spot assay. This strategy may

be safe, tolerable and even feasible for patients with a relapse after HSCT.

Key Words: dendritic cells, ELISPOT, HSCT, tetramer analysis, Wilms tumor 1

Introduction

The outcome of patients with relapsed leukemia after
allogeneic hematopoietic stem cell transplantation
(HSCT) is discouraging and indicates an urgent
need for new therapies [1]. Donor lymphocyte
infusion (DLI) has been proposed to overcome
leukemic relapse after HSCT by boosting graft-
versus-leukemia effect. However, DLI provokes un-
manageable graft-versus-host disease (GVHD)
because many allogeneic antigens are targeted by
donor T cells [2].

Leukemic antigen-specific autologous dendritic
cell (DC)-based vaccination for hematological ma-
lignancies is currently explored to avoid off-target
effects [3,4]. The autologous DC therapy requires
the production of DC vaccines from patient-derived

peripheral blood mononuclear cells (PBMCs)
through the use of leukapheresis. Although healthy
donor-derived PBMCs may be available to generate
the allogeneic DC vaccines in the patients who
received HSCT, little has been reported on the safety
and tolerability of the production and administration
of donor-derived DCs for the donor and recipient.
Additionally, the induction of leukemic antigen-
specific T cells by allogeneic DC vaccines remains
unclear.

Thus, we conducted a phase I clinical trial to test
the safety and tolerability of Wilms tumor 1 (WT1)-
specific allogeneic DC vaccination for pediatric pa-
tients with relapsed leukemia after HSCT. We report
the results from the first patient who completed the
allogeneic DC vaccination.
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Methods
Patients

This clinical trial (UMIN: 000002105) was approved by
the institutional review board of the Shinshu University
School of Medicine. Written informed consent was ob-
tained from patients over 12 years of age, HSCT donors
and their parents, according to the Helsinki Declaration.
Adverse effects were graded by use of the National
Cancer Institute’s Common Toxicity Criteria version 3.

Prepararion of allogeneic DC vaccine

Mature DCs (mDCs) were generated under Good
Manufacturing Practice conditions and cryopreserved in
liquid nitrogen as described previously [5], with some
modification. Briefly, a PBMC-rich fracton was
obtained from the HSCT donor by means of leukaphe-
resis with the use of the COM.TEC, cell separator
(Fresenius Kabi Japan KK., Tokyo, Japan). The
PBMCs were isolated from leukapheresis products by
use of Ficoll-Hypaque gradient-density centrifugation as
described previously and placed into 100-mm plastic
tissue-culture plates (Becton Dickinson Labware,
Franklin Lakes, NJ, USA) in AIM-V medium (Gibco,
Gaithersburg, MD, USA). After 30 min of incubation,
nonadherent cells were removed and adherent cells were
cultured in AIM-V medium. On the next day, 50 ng/mL
of granulocyte-macrophage colony-stimulating factor
(Gentaur, Brussels, Belgium) and 50 ng/mL of inter-
leukin-4 (R&D Systems Inc, Minneapolis, MN, USA)
were added to generate immature DCs. After 5 days of
culture, immature DCs were subsequently stimulated
with 10 pg/mL of OK-432 (streptococcal preparation,
Chugai Pharmaceutical Co, Ltd, Tokyo, Japan) and 50
ng/mL of prostaglandin E2 (Daiichi Fine Chemical Co,
Ltd, Toyama, Japan) for 24 hours to generate mDCs.
The mDCs were cryopreserved and kept in liquid ni-
trogen until the day of administration. Cell culture su-
pernatant is collected for sterility testing at the time of
freezing. Surface molecules expressed by the DCs were
determined by means of flow cytometry. The phenotype
cluster of differentiation (CD) 14~ , human leukocyte
antigen (HLA)-DR*, HLA-ABC™*, CD80", CD83™,
CD86%,CD40" and CCR7" were defined asmDCs [6].

For each vaccination, an aliquot of frozen mDCs
was thawed just before clinical use and loaded with
100 pg/mL of HIA-A*24:02-restricted modified
WT1 peptide (CYTWNQML, residue 235—243)
and 1—2KE of OK-432 adjuvant.

Release criteria

Release criteria for administering the DC vaccine to
patients include purity >90%, viability >80%, mDC

phenotype, negative culture for bacteria and fungi
after 14 days, endotoxin testing < 0.05 EU/mL and
negative result for mycoplasma.

Tetramer staining

Unstimulated PBMCs  were stained  with
phycoerythrin-conjugated human immunodeficiency
virus/HLA-A*24:02 tetramer as a negative control
for phycoerythrin-conjugated WT1-modified
peptide/HILLA-A*24:02 tetramer (MBL, Medical &
Biological Laboratories Co, Ltd, Nagoya, Japan),
allophycocyanin-conjugated anti-human CD3 mono-
clonal antibodies (mAb) (Biolegend, San Diego, CA,
USA) and fluorescein isothiocyanate—conjugated
anti-human CD8 mAb (Beckman Coulter, Miami,
FI, USA) and then were analyzed by means of
flow cytometry (FACSCalibur, BD Biosciences,
San Jose, CA, USA).

Enzyme-linked immunosorbent spot assay

The enzyme-linked immunosorbent spot (ELISPOT)
assay was performed to examine WT1-specific inter-
feron (INF)-y production by CD8" T cells by use of
the human interferon (JFN)-y ELISpot PLUS kit
(Mabtech, Nacka Strand, Sweden) according to the
manufacturer’s instructions. Briefly, the CD8™ cells
were isolated from the patient’s PBMCs at each time
point through the use of microbead-conjugated CD8
mAbs (Miltenyi Biotec, San Diego, CA, USA) and
were then cultured (5 x 102 cells/well) in the presence
of WT1535..043 peptide and the CD8™ cells from the
PBMC:s at the time of initial vaccination as stimulator
cells. After 20 hours of incubation, the spots were
counted by an automated ELISPOT reader (AID
EliSpot Reader Classic ELR 07, Autoimmun Diag-
nostika GmbH, Strassberg, Germany).

Case report
Transplantations and lymphocyte infusions

A 12-year-old girl was diagnosed with B-precursor
acute lymphoblastic leukemia. She underwent allo-
geneic bone marrow transplantation from her mother
(HLA 8/8 allele-match) in first complete remission
(CR) (first HSCT, Figure 1). The engraftment was
successful, but she had a hematological relapse 11
months after this first HSCT. A combination of
chemotherapy and two sessions of donor lymphocyte
infusion (DLI) did not induce long-term remission.
Consequently, she was transplanted with peripheral
blood stem cells from the same donor (second
HSCT, Figure 1) and successfully achieved a third
CR. However, a third hematological relapse occurred
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Figure 1. Clinical course of the patient. Allogeneic DC vaccination initiated 13 months after the third HSCT. BMT, bone marrow
transplantation; CBT, cord blood transplantation; Flu 150, fludarabine 150 mg/m?; CY 120, cyclophosphamide 120 mg/kg; TBI 8, total
body irradiation 8 Gy; CA 10, cytarabine 10 g/m?; IDA, idarubicin 36 mg/m? BU 16, busulfan (intravenously) 16 mg/kg.

14 months after the second HSCT. Therefore, she
received bone marrow transplantation from her HLA
6/8—matched (A and DR alleles mismatched) sister
in the third relapse (third HSCT, Figure 1). She
successfully achieved neutrophil engraftment on day
16 and a fourth CR on 55. On day 50, she had grade
2 acute GVHD, but her condition was promptly
improved by increasing the dose of tacrolimus. All
immunosuppressants were discontinued by day 75.
Additionally, she received two sessions of prophy-
lactic DLIs (0.1 or 1 x 10° CD3" cells/kg) from her
third HSCT donor on days 105 and 245.

Allogeneic DC vaccination

At 15 years of age, the patient was referred to our
center for enrollment in a clinical study on allogeneic
DC vaccination. She and her 12-year-old sister (third
HSCT donor) had identical HLLA-A*24:02 alleles. At
the time of the third relapse, WT'1 messenger RNA
(mRNA) was overexpressed in the bone marrow (BM)
(1.6 x 10* copies/sig RNA) and peripheral blood (PB)
(1.5 x 10 copies/ug RNA), which included 1% and
42.6% blasts, respectively (Supplementary Figure 1).
Therefore, they met the eligibility criteria for the
clinical trial (UMIN: 000002105). Written informed
consent was obtained from the patient, the third
HSCT donor and their parents.

PBMCs were obtained from the donor by means
of leukapheresis. Leukapheresis elicited no adverse
effect, except for grade 1 nausea in the donor.
Mature DCs were produced at the cell processing
center of the Shinshu University Hospital under
Good Manufacturing Practice conditions. Finally, 15

doses of DC vaccines (1 x 107 cells/dose) were
generated from the single leukapheresis.

Allogeneic DC vaccination was started 13 months
after the third HSCT (Figure 1). The patient main-
tained a fourth CR with no evidence of GVHD without
receiving any immunosuppressive therapy at the time
of inital vaccination. First, the patient received seven
intradermal injections of DC vaccines pulsed with
WT1,35-245 peptide, each dose given every 2 weeks.
Because this initial immunization did not cause severe
adverse effects, except for a grade 2 injection site re-
action, the patient received seven additional vaccina-
tions, given every 4 weeks. These booster vaccinations
were well tolerated, aside from itching and grade 2
local erythema and vesicles at the injection sites. After
the 14th vaccination, the patient maintained complete
hematological remission with complete donor chime-
rism. Therefore, vaccination was discontinued at the
request of the patient and her parents. No vaccination-
related GVHD, pancytopenia or other systematic
adverse effects developed during the 14 sessions of
vaccination. Additionally, no immunosuppressive
therapy was given during the vaccination.

WT1 mRNA expression in peripheral blood and
recipient-specific chimerism in bone marrow were
sequentially measured for detecting minimal residual
disease  during  vaccination  (Supplementary
Figure 1). Both minimal residual disease markers
disappeared before commencing the vaccination and
were maintained below detectable levels during the
vaccination.

Unfortunately, a fourth relapse occurred 44
months after the third HSCT, which was 14 months
after the final vaccinaton. At the time of the fourth
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Figure 2. Impact of allogeneic DC vaccination on (vac.) (A) WT1-specific tetramer CD8" T-cell frequencies and (B) INF-y production.
(A) Tetramer staining of CD8" T cells. WT1,35_043 tetramer™ CD8" T cells were detected after allogeneic DC vaccination. Shown are the
frequencies of CD8" and tetramer™ cells in the CD3* population. Numbers indicate the percentages of tetramer-positive cells within the
CD8™ population. (B) ELISPOT assays of the CD8" T cells isolated from the patient’s PBMCs. WT1-specific IFN-v secretion by CD8* T
cells increased after vaccination. Histogram bars represent mean values from duplicate wells at each time point. White and black bars
indicate IFN-y secretion by CD8" T cells stimulated with human immunodeficiency virus (HIV) peptide and WT1 peptide, respectively.

relapse, WT1 mRNA was similarly overexpressed in
BM (1.1 x 10* copies/tlg RNA) and PB (1.3 x 10°
copies/|tig RNA), similar to that in the third relapse,
which included 80.8% and 33.0% leukemic blasts,
respectively (Supplementary Figure 1). The patient
did not achieve hematological remission after chemo-
therapy and a single dose of DLI. Eight months after
the fourth relapse, she received an HLA 7/8—matched
transplant from unrelated cord blood (fourth HSCT,
Figure 1). However, she died of invasive pulmonary
aspergillosis 38 days after this transplant.

We closed the clinical trial only with this case
because of difficulty in recruiting eligible patients.

Induction of WT'1-specific immune response

CD8™* tetramer™ T cells were detected in the patient
after the seven sessions of initial immunization, and
they increased in number after the seven sessions of
booster immunization (Figure 2A).

Furthermore, WT1-specific INF-y—producing
CD8* T cells were also detected after the initial im-
munization and were definitely increased by the
booster vaccinations (Figure 2B). Interestingly, the
numbers of WT1-specific INF-y—producing CD8* T
cells reached maximum values at the fourth relapse.

To determine the reasons why these functional
WT1-specific T cells failed to prevent a relapse, we
isolated the relapsed leukemia cells from the PBMCs
by use of microbead-conjugated CD34 mAbs (Mil-
tenyi Biotec) and performed HLA typing by use of
the short-tandem repeat—polymerase chain reaction

method. HLA typing was also performed on the
CD3" cells isolated from the PBMCs obtained
during complete remission. HLA genotyping of the
CD34" leukemia cells from both third and fourth
relapses showed a homozygous HIA-A*24:02/-
allele, consistent with the CD3™ cells.

Discussion

This study describes the treatment of the youngest
donor and recipient for allogeneic DC vaccination.
We successfully generated 15 doses of DC vaccine
(1 x 107 cells/dose) safely from a 12-year-old, healthy
donor, with a single leukapheresis session. The 14
doses of allogeneic DC vaccination pulsed with
WT1,35-243 peptide were all safe and well tolerated by
the 15-year-old patient, without adverse effects except
for a grade 2 local reaction. A literature review iden-
tified six patients with hematological malignancies
who received donor-derived allogeneic DC vaccines
after HSCT, including this present case (Table I). Itis
noteworthy that none of them had GVHD or systemic
adverse events after allogeneic DC vaccination pulsed
with tumor lysate [7] or WT1 peptide [8]. Together,
previous and current reports suggest that leukemia
antigen—specific allogeneic DC vaccination should be
safe and well-tolerated by post-transplant relapsed
patients, even in pediatric patients who received allo-
grafts from their sibling donors.

WT1-specific immune responses were markedly
detected after vaccination by both WT1-tetramer
analysis and ELISPOT assay in our patient. WT1
antigen has been considered a promising target for



