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Fig. 1. Histological features of Ad-SRCCs of the lung showing solid/acinar growth with an alveolar filling pattern at the lesion periphery (A, H&E, case 1). Signet-ring cells
were present at the center of a large tumor cell nest. Notice characteristic cohesive clustering of signet-ring cells and relatively monomorphic nuclei. Intracytoplasmic mucin
in signet-ring cells was highlighted dark blue by alcian blue-periodic acid-Schiff (AB-PAS) staining, shown in the inset (B, H&E, case 6; inset, AB-PAS). Clusters of signet-ring
cells in smaller nests (C, H&E, case 7). One tumor harboring the EML4-ALK fusion gene showed focal squamous differentiation (D, H&E, case 10). Fifty percent of Ad-SRCCs
diffusely co-expressed TTF-1 (E, TTF-1 immunostain, case 1) and p63 (F, p63 immunostain, case 1).

3. Results
3.1. Clinicopathological features

Ten (1.4%) cases of lung Ad-SRCC were identified out of 699
consecutive primary adenocarcinomas resected at NCC Tokyo
(2004-2005). The pertinent clinicopathological data are summa-
rized in Table 2, along with the immunohistochemical and genetic
results. The patients were five men and five women with a mean
age of 58 (range, 33-78) years. They were slightly younger than 699
primary lung adenocarcinoma patients treated during the study

period (mean age 63.4 years old, p=0.038). There were five non-
smokers, two light smokers (<20 pack-years), and three heavy
smokers (>20 pack-years). The tumors all appeared well circum-
scribed on gross examination and measured 2.7cm in diameter
on average (range, 1.0-5.0cm). Five tumors were found at stage
I, one was at stage 11, and three were at stage llII. Histologically, all
the tumors contained, by definition, at least 5% signet-ring cells.
AB-PAS staining highlighted mucin as dark blue spherules in all
cases (Fig. 1B, inset). The ratio of signet-ring cells relative to the
total tumor cells varied with an average of 13% (range, 5-30%).
In all cases, the signet-ring cells formed tight or loose cohesive
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Table 2

Clinicopathological findings, and EGFR, KRAS, and ALK status of the present 10 Ad-SRCCs of the lung.

KRAS

Nuclear grade ~ TTF-1IHC  p63I1HC  ALKRT-PCR  ALKFISH  ALKIHC  EGFR
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Fig.3. FISH study using an ALK break-apart probe showed ALK rearrangement (split-
ting of green and orange signals) in an Ad-SRCC (case 9).

fresh tissue was not available for RT-PCR analysis, was shown to
be positive for ALK rearrangement by FISH. In cases 1 and 10, more
than 50% of the counted 100 tumor cells demonstrated loss of 5
locus of split-apart ALK, showing one fused signal and one orange
signal per cell.

The results of IHC were in accordance with those of PCR. All of the
three PCR-positive tumors were strongly reactive for ALK antibody
(Fig. 4), and all of the six PCR-negative tumors were non-reactive
for this marker. Case 10, in which ALK rearrangement was detected
by FISH, also showed strong labeling for ALK antibody.

3.3. EGFR and KRAS mutation analyses

No mutation of the EGFR or KRAS gene was detected by sequenc-
ing in the nine studied cases. Case 10 was also negative for EGFR or
KRAS mutation by high-resolution mutation analysis.

4. Discussion

The clinical and histological findings in the present series were
generally in accord with prior reports. The incidence of Ad-SRCCs in
this series was 1.4%, in keeping with the rarity (0.14-1.9%) reported

e

Fig. 4. ALK protein is immunohistochemically positive in an Ad-SRCC (ALK
immunostain, case 1).

by other authors [21-23,26]. Younger age at onset and light tobacco
exposure in the present series also concurred with the findings of
other studies [21-24,32]. Unlike others [22,23,27], however, the
majority of the tumors in this series had a lower stage (I or II) at
presentation, and their prognoses were accordingly fair, but these
findings likely reflect that all of our cases were surgically resected
at the institution which treats many small-sized lung tumors.
Besides their defining cytological attribute, Ad-SRCCs showed char-
acteristic architectural profiles as described previously [21,24,27],
including solid nests, cohesive clustering of signet-ring cells, and
alveolar filling patterns at the lesional periphery [21,23,33]. The
cohesiveness of signet-ring cells is somewhat at variance with most
homonymous tumors in the stomach or breast, which often infil-
trate diffusely as isolated cells. The nuclei of the Ad-SRCCs in this
series were uniform and of low to intermediate grade without frank
anaplasia in most cases, though the nuclear features of Ad-SRCCs
have not been fully analyzed in the past [23].

Immunohistochemically, most of our Ad-SRCCs were positive
for TTF-1, as expected [23,26]. Interestingly, most tumors also
labeled for p63, and half were stained in diffuse strong manner by
this antibody. The immunoreactivity of p63 in lung adenocarcino-
mas is considered to be uncommon [34,35], and a recent report in
abstract form {36] showed that significant co-expression of TTF-1
and p63 occurred in only 5.5% of adenocarcinomas of the lung in
general. This previously unrecognized peculiar immunoprofile of
Ad-SRCC may indicate that this tumor subtype might arise from a
specific cell of origin, different from most lung adenocarcinomas.
Although diffuse strong p63 positivity is often used as a marker of
squamous cell carcinoma in diagnostic pathology, Ad-SRCC seems
a major pitfall to this practice. Careful attention to the focal signet-
ring cell element and TTF-1 staining should lead to the correct
diagnosis.

Since ALK analysis was partly complicated by the technical dif-
ficulty of FISH (see below), we required evidence of ALK alteration
on the basis of at least two different modalities for the diagnosis of
ALK-translocated cancer. Four of the 10 cases (40%) of lung Ad-SRCC
were thus regarded as positive for ALK rearrangements (cases 1, 8,
9, and 10). This result is in accord with Rodig et al. [11], who found
that 14 of 47 (30%) Ad-SRCCs showed ALK rearrangement by FISH.
ALK-rearranged tumors in this study had a significantly more pro-
portion of signet-ring cell components than ALK wild-type tumors
(mean 44% vs. 10%; p=0.0058), and this trend was also in agree-
ment with the previous report [11]. Although it was suspected that
the presence of signet-ring cell in ALK-rearranged tumors might be
a regionally/ethnically limited phenomenon [11], we showed that
itis rather a universal finding also evident in non-Western patients.

Because the EML4-ALK fusion in lung cancer is rare (3.8%) [17] in
unselected populations, and because the currently accepted meth-
ods for detecting this chimeric gene are relatively expensive and
labor-intensive, a practical concentration strategy is needed for
effectively preselecting a subgroup of patients whose tumors are
more likely to be positive for ALK translocation [2]. The present
study used histological criteria alone, i.e. those of Ad-SRCC, to
successfully extract a subset of adenocarcinomas carrying ALK
translocation in as many as 40% of the cases. Other clinical (e.g.,
younger age and minimal tobacco exposure) and histological (e.g.,
solid or acinar pattern) features known to be associated with ALK-
rearranged tumors {8,12] may also be used in combination with the
signet-ring cells in order to enhance the detection rate. Rodig et al.
[11] indeed noted that as many as 50% of their tumors showing a
combination of solid growth and the presence of >10% signet-ring
cells harbored ALK rearrangement.

The minor discordance of ALK status among the modalities used
in this study resulted primarily from FISH analysis, whereas the
results of RT-PCR and IHC were completely concordant. Interpreta-
tion of FISH results for EML4-ALK-positive lung cancer is known to
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be technically difficult [2,11]. Because both the EML4 and ALK genes
are located close to each other on the same chromosome arm, their
fusion yields a split signal separated by only a short distance. Con-
sequently, identifying a split is not as straightforward as in other
translocation-associated tumors, and the criteria for recognition of
positive split signals may vary among observers. Such variability
may well have contributed to the present FISH results, for which
opinions on two cases conflicted among different observers. One
case (case 7) was interpreted as FISH-positive, as opposed to the
results of RT-PCR and [HC. That tumor contained a small number
of cells with ALK-split signals showing a much wider distance than
would be expected for EML4-ALK fusion. The RT-PCR study of the
kinase domain of ALK in this case showed no expression of the
ALK gene, virtually ruling out any unknown functional transloca-
tion involving ALK (data not shown), and the significance of this
FISH result is unclear. Although some previous studies using FISH
assay with commercially available probes appeared to yield results
that were more concordant with RT-PCR or IHC [6,11], our data
call attention to the inherent difficulty attached to this modality,
and emphasize the need for caution when integrating FISH into
routine diagnostics for ALK-rearranged lung cancer. The develop-
ment of smaller customized probes may be helpful for more reliable
detection of this genetic change.

The EMI14-ALK fusion gene detected in patient 9 in the present
series is a novel variant, in which EML4 exon 14 was joined with
part of exon 20 at a point 36 nucleotides distal to the beginning of
exon 20 of ALK. This transcript would be read in-frame to gener-
ate an intact chimeric protein that maintains the kinase domain of
the ALK gene, and would be expected to result in overactivation of
the signaling pathway downstream to ALK. The literature regarding
the nomenclature of the EML4-ALK variants is somewhat confusing;
sevenvariants (1,2, 3a,3b, 4, 5a, 5b, 6, and 7) were discovered by the
same group of investigators, while two different groups have inde-
pendently identified variants “4” and “5”, respectively [2]. Recently,
two more variants were added [ 14], and thus, to our knowledge, the
current variant is the 12th. There are no conclusive data to indicate
whether different variants are associated with different clinical or
histological features.

One of the tumors shown to be positive for ALK alteration by
FISH and IHC exhibited focal squamous differentiation. Although
most of the previous reports have documented the exclusive ade-
nocarcinoma histology of ALK-rearranged tumors, a small number
have been reported to show squamous differentiation [5,6,11,1G].
The current additional case further reinforces the view that the
presence of EML4-ALK fusion is not restricted to a pure adenocarci-
noma histology. Wong et al. [16] have even identified an EML4-ALK
fusion gene in a tumor that was interpreted as mucoepidermoid
carcinoma. Notably, the combination of solid growth, uniform
lower-grade nuclei, clusters of mucin-rich cells, frequent diffuse
p63 immunoreactivity, and rare unequivocal squamous differenti-
ation seen in our present series of Ad-SRCCs imparted a superficial
resemblance to mucoepidermoid carcinoma. However, a coexist-
ing typical acinar or papillary growth pattern of adenocarcinoma,
lack of endobronchial growth, and TTF-1 immunopositivity readily
ruled out that possibility. CRTC1-MAML2 or CRTC3-MAML2 translo-
cations associated with mucoepidermoid carcinomas [37] were not
identified by RT-PCR in any of the present Ad-SRCCs (cases 1-9)
(data not shown).

ALK-translocation-positive Ad-SRCCs in this series lacked muta-
tions of either EGFR or KRAS, confirming the prior observations
that ALK alteration is mutually exclusive of such genetic events
[5.8,9,12,13,16]. What is particularly interesting here is that there
was also a total absence of EGFR and KRAS mutations in the Ad-
SRCCs without ALK translocations. Considering the high frequency
(up to 71% [32]) of EGFR or KRAS mutations of lung adenocarci-
nomas in the Japanese population, our findings appear to suggest

the unique genetic background of Ad-SRCC of the lung, despite the
admittedly small number of cases studied. It is possible that a cer-
tain pathway downstream to the EML4-ALK chimeric protein plays
a critical role in creation of the signet-ring cell morphology, and
the same pathway may function even in Ad-SRCCs without ALK
fusion genes. Alternatively, Ad-SRCCs may originate from a certain
type of cell that is programmed to differentiate to a signet-ring cell
phenotype, and such cells may be somehow more prone to accumu-
late ALK alterations than EGFR or KRAS mutations. It is unlikely that
EMIL4-ALK itself determines the signet-ring cell cytology, because
not all of the ALK-translocation-positive adenocarcinomas of the
lung showed this particular cell type [11]. It is noteworthy that
certain clinical features (younger age at onset and minimal tobacco
exposure)are shared by both Ad-SRCCs and ALK-rearranged tumors
[8,12,21,22], possibly suggesting an inherent close relationship
between the two. A few previous reports have detected KRAS muta-
tions in some Ad-SRCCs [24,26], and this discrepancy may be due to
the small number of cases examined, or differences in the criteria
used to select the Ad-SRCCs.

In conclusion, this study has confirmed the previously observed
association between Ad-SRCC and ALK-rearrangement. The char-
acteristic histology, immunoprofile (TTF-1/p63 co-expression),
frequent ALK translocation, and total lack of EGFR or KRAS muta-
tions, may suggest that Ad-SRCC forms a coherent subgroup of lung
adenocarcinomas.
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Purpose: To evaluate a custom-developed software for analyzing malignant degrees of small peripheral
adenocarcinomas on volumetric CT data compared to pathological prognostic factors.

Materials and methods: Forty-six adenocarcinomas with a diameter of 2 cm or less from 46 patients were
included. The custom-developed software can calculate the volumetric rates of solid parts to whole
nodules even though solid parts show a punctate distribution, and automatically classify nodules into
the following six types according to the volumetric rates of solid parts: type 1, pure ground-glass opacity
(GGO); type 2, semiconsolidation; type 3, small solid part with a GGO halo; type 4, mixed type with an
area that consisted of GGO and solid parts which have air-bronchogram or show a punctate distribution;
type 5, large solid part with a GGO halo; and type 6, pure solid type. The boundary between solid portion
and GGO on CT was decided using two threshold selection methods for segmenting gray-scale images.
A radiologist also examined two-dimensional rates of solid parts to total opacity (2D%solid) which was
already confirmed with previous reports.

Results: There were good agreements between the classification determined by the software and radi-
ologists (weighted kappa=0.778-0.804). Multivariate logistic regression analyses showed that both
2D%solid and computer-automated classification were significantly useful in estimating lymphatic inva-
sion (p=0.0007, 0.0027), vascular invasion (p=0.003, 0.012), and pleural invasion (p=0.021, 0.025).
Conclusion: Using our custom-developed software, it is feasible to predict the pathological prognostic
factors of small peripheral adenocarcinomas.

Keywords:

Computed tomography (CT)
Volumetric CT

Small peripheral pulmonary
adenocarcinoma

Ground-glass opacity
Pathological prognostic factors
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1. Introduction prognosis [3,4]. Although there is general consensus regarding the

pathologic diagnosis of early pulmonary adenocarcinoma [5-8],

Adenocarcinoma is the most common histopathologic subtype
of lung cancer, and its incidence has been increasing [1,2]. Recent
advances in CT scanning technology have enabled the detection of
small pulmonary nodules, most of which are peripherally located
adenocarcinoma. Such early detection using CT may alter the course
of treatment of adenocarcinomas and subsequently improve the
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the clinical and radiologic diagnosis of early adenocarcinoma with
favorable prognosis remains controversial. Many reports [8,9] have
demonstrated that the size of the central collapse/fibrosis and the
percentage of the bronchioloalveolar carcinoma (BAC) component
can be used as prognostic indicators for small lung adenocar-
cinomas. The BAC component is commonly detected on CT as
ground-glass opacity (GGO); defined as a hazy increase in lung
attenuation that does not obscure the underlying vascular markings
[10]. However, there is no generally accepted method for measuring
the area of GGO.

A new radiologic classification of small pulmonary adenocarci-
noma on thoracic thin-section CT has already been proposed [11].
This classification, which is significantly associated with patholog-
ical prognostic factors, is based on the findings of thin-section CT



M. Yanagawa et al. / Lung Cancer 70 (2010) 286-294 287

scans, such as the presence of solid and GGO parts, the distribu-
tion of solid parts, and the rate of solid parts to the whole nodule.
However, because this classification can only be evaluated visu-
ally on CT, observers may differ in their assessment regarding the
presence of solid and GGO parts. The purpose of the present study
was to evaluate the ability of our custom-developed software to
automatically analyze the malignant degree of small peripheral
adenocarcinomas on quantitative volumetric CT data compared to
pathological prognostic factors.

2. Materials and methods
2.1. Patients and diagnoses

The present study was approved by the institutional review
board. Informed consent was waived for retrospective review of
patient records and images. The study population consisted of con-
secutive patients who had undergone surgery at one hospital from
January 2001 through July 2005 for primary pulmonary adenocar-
cinomas with a diameter of 2 cm or less. CT scans were performed
in all patients before surgery. In all patients, the pulmonary nod-
ules with a diameter of 2cm or less in the longest diameter had
areas with GGO and/or solid parts on CT, and were completely sur-
rounded by the lung or visceral pleura at surgery. Patients who
had previous adenocarcinomas in the lungs or other organs and
who had undergone chemotherapy before surgery were excluded
from the study. Moreover, patients were also excluded if their thin-
section CT data was not available. Forty-six patients (22 men, 24
women; age range, 43-78 years; mean age, 61 years) were included
in the present study.

The histopathologic diagnosis of all nodules was non-mucinous
adenocarcinoma. On the basis of the histologic growth pattern,
the adenocarcinomas were classified into the following three sub-
types: localized BAC (n=16), adenocarcinoma with BAC component
(n=29), and adenocarcinoma without BAC component (n=1). The
16 cases of BAC included 3 cases associated with atypical adeno-
matous hyperplasia.

2.2. Acquisition of thin-section CT images

Chest CT scans were conducted using a 4-detector row Light-
Speed QXi Scanner (General Electric Medical Systems, Milwaukee,
W1, USA), an 8-detector row LightSpeed Ultra Scanner (GE Health-
care Technologies, Milwaukee, WI, USA), or a 4-detector row
Aquilion V-detector Scanner (Toshiba Medical Systems, Tokyo,
Japan). The parameters used for the scans depended on the indi-
cation: collimation was 0.5 or 1.25 mm, pitch was 0.625-1.5, the
rotation time was 0.5-0.8 s per rotation, exposure parameters were
120kV and 200 mA, and the field of view was 200 mm. All image
data were reconstructed with a high spatial frequency algorithm at
a0.5-or 1.25-mm interval. All CT scans were displayed on a monitor
at lung window settings (level, ~700 Hounsfield units [HU]; width,
1200 HU).

Table 1
Radiologic classifications of small pulmonary adenocarcinomas on CT images.

2.3. Development of software

2.3.1. Definition of GGO, semiconsolidation, and solid component

Radiologic classifications of small pulmonary adenocarcinomas
were classified into six subgroups (types 1-6) according to malig-
nant degree of the tumor, and were in agreement with a previous
report [11] (Table 1). Generally, opacity of peripheral adenocarci-
nomas on CT can be visually broken down into three parts, such
as GGO, semiconsolidation, and solid part. GGO was defined as an
area exhibiting a slight, homogeneous increase in density, which
did not obscure underlying vascular markings. Semiconsolidation
was defined as an area exhibiting an intermediate homogeneous
increase in density, which did not obscure underlying vascular
markings. The solid part was defined as an area of increased
opacification that completely obscured underlying vascular mark-
ings. Prior to the present study, we determined threshold CT
values between GGO and semiconsolidation and between semi-
consolidation and solid parts in an additional six cases with
adenocarcinomas, other than those in the present study, in order to
automatically segment the three parts using our custom-developed
software. By consensus, two radiologists assessed whether the
tumor was GGO, semiconsolidation, or solid part from CT images
of these additional six adenocarcinomas.

Two automatic threshold selection methods for segmenting
gray-level images were used in the present study, 1: Method-
1, Otsu’s method [12], and 2: Method-2, Kittler's method [13].
Method-1 is a nonparametric and unsupervised method of auto-
matic threshold selection for picture segmentation [ 12]. This simple
method enables the division of gray images into two separate
images through the selection of a threshold from gray-level his-
tograms. Utilizing only the zeroth- and the first-order cumulative
moments of the gray-level histogram, extending this method to
multithreshold problems is straightforward. Method-2 is based on
“minimum error thresh-holding” [13]. A computationally efficient
solution to the problem of minimum error thresholding is derived
under the assumption that both object and pixel gray-level val-
ues are normally distributed. The thresholds between GGO and
semiconsolidation were —547 HU using Method-1 and —534 HU
using Method-2; those between semiconsolidation and solid part
were —291HU using Method-1 and —188 HU using Method-2
(Figs. 1 and 2).

2.3.2. Decision of cut-off value of rate of solid part to total tumor
(% solid) for the three-dimensional classification of tumors

According to radiologic classifications used in the present study
(Table 1), the two-dimensional % solid (2D%solid) of type 3 or 4
was less than 50%, and 2D%solid of type 5 was 50% or more on
transverse CT images [11]. In expanding the classifications on two-
dimensional images to those on three-dimensional images, the cut-
off value of three-dimensional % solid (3D%solid) between types 3
and 5 was 35.4% [=(0.5)32 x 100%].

In contrast, nodules from a previous experiment conducted
using ten adenocarcinomas, different from those used in the
present study, were classified based on visual assessment, as only

Classification Radiologic Findings

Semiconsolidation (an area of an intermediate homogeneous increase in density, which did not obscure underlying vascular markings)
Small solid part with a GGO halo (an area that consisted of a solid part and a surrounding GGO halo; the area of solid part should be less than

Mixed type (an area that consisted of GGO and solid parts that have air-bronchogram or that show a punctate distribution; the area of solid

Type 1 Pure GGO
Type 2
Type 3
50% on transverse CT image)
Type 4
part should be less than 50% on transverse CT image)
Type 5 Large solid part with a GGO halo (the area of solid part should be 50% or more on transverse CT image)
Type 6 Pure solid type (a nodule visually appeared to consist of only solid components)
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Fig. 1. (1) Threshold selection methods for segmenting gray-level images (Method-1, Otsu’s method): the threshold between GGO and semiconsolidation. The gray-level
histogram was generated using cases of type 1 (GGO) and 2 (semiconsolidation). The threshold (red line) between GGO and semiconsolidation was —547 HU using Method-1.
(2) Threshold selection methods for segmenting gray-level images (Method-1, Otsu’s method): the threshold between semiconsolidation and solid. The gray-level histogram
was generated using cases of type 2 (semiconsolidation) and 6 (solid). The threshold (blue line) between semiconsolidation and solid was —291 HU using Method-1.

Table 2
Modified radiologic classifications on 3D-CT images.

Classification

Radiologic findings by Method-1 or Method-2

Type 1
Type 2
Types 3-6
Type 3
Type 4

Tumor with a CT value less than x HU.

Tumor with a CT value from x HU to y HU.

Tumor including a solid part with a CT value more than y HU.
The volume rate of solid part should be less than 35.4%.

The volume rate of solid part should be less than 35.4%.

Solid parts have air-bronchogram or show a punctate distribution.

Type 5
Type 6

The volume rate of solid part should be from 35.4 to 71.5%.
The volume rate of solid part should be greater than 71.5%.

Method-1 (Otsu’s method): x=— 547, y=-291.
Method-2 (Kittler's method): x=— 534, y=-188.

solid part (type 6). This experiment revealed that 2D%solid on
transverse CT images calculated using Method-1 or Method-2 was
equivalent to about 80%. Therefore, the cut-off value of 3D%solid
between types 5 and 6 was 71.5% [=(0.8)32 x 100%]. The mod-
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Fig. 2. Threshold selection methods for segmenting gray-level images (Method-2,
Kittler's method): the thresholds among GGO, semiconsolidation and solid. Method-
2 is based on “minimum error thresh-holding”, which can decide more than two
thresholds. The gray-level histogram was generated using cases of type 1 (GGO), 2
(semiconsolidation) and 6 (solid). The threshold (red line) between GGO and semi-
consolidation was —534 HU and that (blue line) between semiconsolidation and
solid was —188 HU using Method-2.

ified radiologic classifications on 3D images are summarized in
Table 2.

2.3.3. Outline of custom-developed software

Our software was developed using Microsoft Visual C++ 6.0
(Microsoft Corporation, Redmond, WA, USA) on a commercially
available personal computer. It was a plug-in for the software used
to segment the nodules on volumetric CT data, and used the fol-
lowing algorithm. First, by manually highlighting the boundary
between the tumor and normal lung parenchyma on every CT slice,
each volume of GGO, semiconsolidation, and solid part included
in the highlighted area is automatically segmented. Next, the
3D%solid of the tumor is also automatically calculated. Finally, the
tumors are automatically classified into the subgroups (types 1-6)
(Fig. 3). Computer-automated classification according to malig-
nant degree of the tumor on 3D-CT images is summarized in
Fig. 4.

24. Image analysis

Three independent chest radiologists (with 8, 20 and 21 years
of experience, respectively) visually classified tumors into the six
subgroups (types 1-6) according to a previous report [11]. Final
visual classification of the subgroup was decided by consensus.

The chest radiologist with 8 years of experience also manu-
ally examined 2D%solid on the maximum cross-section of the CT
images directly on the monitor using a caliper, because the utility
of a prognostic prediction using 2D%solid on CT images was already
confirmed with previous reports [14].
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Fig. 3. A case of type 4 tumor in a 68-year-old woman. Axial CT image (a) shows a tumor with an area that consisted of GGO and solid parts. The green areas ((b) axial CT
image, (c) coronal CT image, and (d) sagittal CT image) show an extracted tumor. Overall view of our software is shown by (e). Green frame is a magnified view of red frame.
Our software indicates a tumor volume of 9.13 ml: 3D%solid using Method-1 is 30.493% and using Method-2 (Kittler's method) is 15.696%. Our software classified this tumor
as type 4 (mixed type with an area that consisted of GGO and solid parts that have air-bronchogram or that show a punctate distribution).
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Computer-automated classification according to malignant
degree of the tumor on volumetric CT

Manually surrounding the boundary between the tumor and
normal Jung parenchyma with a cursor on every CT slice.

w‘v Using threshold selection methods: Method-1 or Method-2

GGO, semiconsolidation, and solid part
which are included in the tumor.

Automatic segmentation of each volume of

] Type 6
-

o

3D%selid
=715

l Automatic caleulation of 3D%solid of the tumor I - 3D%solid =35.4

13D%solid =9 l 0 <3D%solid <35.4
\ & 4

Solitary

GGO Semiconsolidation solid part

Type3
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Solid parts which have sir-bronchogra
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<71.5
m
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Type 4

Fig. 4. Flow chart of computer-automated classification according to malignant degree of the tumor on volumetric CT.

This radiologist obtained the following information from the
thin-slice CT images: the maximum dimension of tumor using a
pulmonary window level setting (level, 600 HU; width, 1600 HU),
the largest dimension of the perpendicular axis using a pulmonary
window level setting, the maximum dimension of tumor using a
mediastinal window level setting (level, 40 HU; width, 400 HU), and
the largest dimension of the perpendicular axis using a mediastinal
window level setting.

Highlighting of the boundary between the tumor and normal
lung parenchyma using our software was conducted by two inde-
pendent chest radiologists (4 and 8 years of experience). After
discussion, the data from one experienced chest radiologist (the
same radiologist who measured 2D%solid on CT) were used for
analysis.

We evaluated three matters (vascular, lymphatic and pleural
invasion) as pathological prognostic factors and examined the cor-
relation of these three prognostic factors with the four explanatory
variables: the visual classification of the subgroup; the classi-
fication using Method-1; the classification using Method-2 and
manually measured 2D%solid.

2.5. Statistical analysis

Statistical analysis was performed using commercially available
software (MedCalc Version 8.0.0.1, Frank Schoonjans, Mariakerke,
Belgium). Inter-observer agreements of highlighted boundaries
between tumors and normal lung parenchyma were assessed
by Bland and Altman’s method [15]. Agreements between visual
and computer-automated classification were evaluated using the
weighted « statistic and classified as poor («x=0.00-0.20), fair
(k=0.21-0.40), moderate (x=0.41-0.60), good («x=0.61-0.80), or
excellent (k=0.81-1.00). Univariate and multivariate analyses
were performed by logistic regression analysis. Forward and
backward stepwise procedures were used to determine the com-
bination of factors that were essential in predicting prognosis.
A p value<0.05 was considered to indicate significant differ-
ence.

3. Results
3.1. Inter-observer agreements

Inter-observer agreement between the two observers that
manually highlighted the boundary between the tumor and nor-
mal lung parenchyma (mean bias + 1.96 standard deviations) was
—2.2+9.5mm (Fig. 5).

3.2. Agreements between visual classification and
computer-automated classification

The visual classification by radiologists was as follows: type 1
(11/46 cases, 24%), type 2 (2/46, 4%), type 3 (4/46, 9%), type 4 (9/46,
20%), type 5 (13/46, 28%) and type 6 (7/46, 15%). The agreement
between visual and computer-automated classification are shown
in Table 3. Overall concordance between visual classification and
classification using Method-1 was 32 (70%) of 46 tumors (weighted
kappa=0.799). Overall concordance between visual classification
and the classification using Method-2 was 29 (63%) of 46 tumors
(weighted kappa=0.758).

Inter-observer agreement between two radiologists
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Fig. 5. Bland-Altman plot of inter-observer agreement between two radiologists.
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Table 3

The agreement between visual and computer-automated classification (Method-1 or Method-2).

Visual classification Total
Type 1 Type 2 Type 3 Type 4 Type 5 Type 6
Method-1 (Otsu’s method)
Type 1 9 1 0 0 0 0 10
Type 2 1 [ 0 0 0 0 1
Type 3 0 1 2 2 1 0 6
Type 4 1 0 1 5 0 0 7
Type 5 0 0 1 2 11 2 16
Type 6 0 o] 0 0 1 5 6
Total ) 11 2 4 9 13 7 46
Weighted kappa value 0.799
Method-2 (Kittler's method)

Type 1 10 2 1 0 0 0 13
Type 2 (4] 0 0 1 0 0 1
Type 3 1 0 0 3 2 [ 6
Type 4 0 0 3 5 1 0 9
Type 5 0 0 0 ] 10 3 13
Type 6 0 o] 0 0 0 4 4
Total 11 2 4 9 13 7 46
Weighted kappa value 0.758

3.3. Manually measured 2D%solid on the maximum cross-section
of CT

Manually measured 2D%solid (meanzstandard deviation)
according to the visual classification is shown in Table 4. In the
case of solid parts that have air-bronchogram or that show a punc-
tate distribution (type 4), the radiologist made all possible efforts
to measure the 2D%solid of tumors.

3.4. Pathologic characteristic according to classification of tumors

Pathologic characteristics in small pulmonary adenocarcino-
mas according to visual and computer-automated classification are
summarized in Table 5. In both localized BAC (n=16) and adenocar-
cinoma without BAC component (n=1), there were no differences
in distribution of pathologic characteristics among visual clas-
sification, classification using Method-1, and classification using
Method-2. In adenocarcinoma with BAC component (n=29), there
were differences in distribution of pathologic characteristics among
these three types of classifications. Univariate and multivariate
logistic regression analyses are summarized in Tables 6.1 and G.2.
Univariate logistic regression analyses showed that classification
using Method-1 and manually measured 2D%solid were both sig-
nificantly useful in estimating all three pathological prognostic
factors: lymphatic invasion (p=0.01, 0.0007), vascular invasion
(p=0.017,0.003)and pleuratinvasion (p =0.03, 0.046). Multivariate
logistic regression analyses also demonstrated that classification
using Method-1 and manually measured 2D%solid were both signif-
icantly useful in estimating lymphatic invasion (p =0.0027, 0.0007),

Table 4
Manually measured two-dimensional % solid (2D%solid)
according to visual classification.

Visual classification 2D%solid (mean £ SD)

Type 1 (n=11) 00

Type 2 (n=2) 0£0

Type 3 (n=4) 0.182 £ 0.149
Type 4 (n=9) 0.055 + 0.072
Type 5(n=13) 0.444 + 0.191
Type6(n=7) 0.948 + 0.135
Total (n=46) 0.297 + 0354

vascular invasion (p=0.012, 0.003) and pleural invasion (p =0.025,
0.021).

4. Discussion

The present study demonstrates that our custom-developed
software is useful for predicting lymphatic invasion, vascular
invasion and pleural invasion in small peripheral adenocarcino-
mas. Even though pulmonary nodules show various CT patterns
(GGO, semiconsolidation, part-solid, and pure solid) and have solid
parts with a punctate distribution, predicting the pathological
prognostic factors of them on CT images is feasible using our
custom-developed software.

The prognosis of pulmonary adenocarcinoma with a larger
area of GGO on thin-section CT images is much better than that
of pulmonary adenocarcinoma of solid type on CT regardless of
its maximal tumor dimension [4,16-21]. The extent of GGO is
one of the most important prognostic factors. In fact, there were
differences in distribution of pathologic characteristics among
visual classification, classification using Method-1, and classifica-
tion using Method-2 in adenocarcinomas with BAC component
which is commonly detected on CT as GGO (Table 5). Many
reports have demonstrated that manually measured 2D%solid on
thin-section CT images was useful for predicting the prognostic out-
come of small pulmonary adenocarcinomas [4,14,17~-19,22-26]).
However, the reproducibility of manual measurements is poor in
evaluating small nodules [27,28]. Furthermore, malignant nodules
do not always grow symmetrically, and tumors are often a hetero-
geneous mixture of GGO and solid parts. GGO can only be evaluated
visually on CT images because there is no quantitative definition of
GGO. Therefore, it is difficult to accurately measure the area of GGO
and solid parts that have air-bronchogram or that show a punctate
distribution, and considerable disagreement among radiologists on
the diagnosis can arise.

Recent advances in diagnostic modalities have enabled the
detection of increasingly smaller pulmonary adenocarcinomas
with or without GGO in elderly patients. A suitable surgical
approach that achieves the most benefit for these patients must
be considered, and limited surgical resection has the benefit of
preserving the postoperative quality of life without impairment of
respiratory function [29]. Some reports (30,3 1] have suggested that



Table 5

Pathologic characteristics in small pulmonary adenocarcinomas according to visual and computer-automated classification.

Histopathologic diagnosis

Visual classification

Numbers of invasive
tumors

Classification using
Method-1 (Otsu)

Numbers of invasive
tumors

Classification using
Method-2 (Kittler)

Numbers of invasive
fumors

L Vi Pl Lt Vi Pl LI \%! P
Localized BAC Type 1 (n=9) 0 1 0 Type 1(n=8) 0 1 0 Type 1 (n=11) o] 1 0
n=16
Type2(n=2) 0 0 0 Type2(n=1) 0 0 0 Type2(n=1) 0 0 0
Type3(n=1) 0 0 o] Type 3 (n=3) 0 0 0 Type 3 (n=2) 0 0 0
Type 4 (n=3) 0 0 0 Type 4(n=3) 0 0 0 Type4 (n=1) 0 0 0
Type5(n=1) 0 0 0 Type 5(n=1) 0 0 0 Type5(n=1) 0 0 0
Type 6 (n=0) 0 0 0 Type 6 (n=0) 0 0 0 Type 6 (n=0) 0 0 0
Adenocarcinoma with BAC Type 1 (n=2) 0 0 0 Type 1 (n=2) 0 0 0 Type 1(n=2) 0 0 (4}
component
n=29 .
Type 2 (n=0) o 0 0 Type 2 (n=0) ] 0 0 Type 2 (n=0) 0 0 0
Type 3 (n=3) 1 1 1 Type 3 (n=3) 1 0 0 Type 3 (n=4) 2 2 0
Type 4 (n=6) 3 2 0 Type 4 (n=4) 1 1 0 Type 4 (n=8) 3 2 1
Type5(n=11) 6 4 1 Type 5 (n=14) 9 6 1 Type 5 (n=11) 8 5 2
Type 6(n=7) 7 5 2 Type 6 (n=6) 6 5 3 Type 6(n=4) 4 3 1
Adenocarcinoma without BAC Type 1(n=0) 0 0 0 Type 1 (n=0) 0 0 0 Type 1(n=0) 0 0 0
component
n=1"
Type 2 (n=0) 0 0 0 Type 2 (n=0) 0 0 0 Type 2 (n=0) 0 0 0
Type 3 (n1=0) 0 0 0 Type 3 (n=0) 0 0 0 Type 3 (n=0) 0 0 0
Type 4 (n=0) 0 1} 0 Type 4 (n=0) 0 0 0 Type 4(n=0) 0 0 0
Type5(n=1) 1 0 0 Type 5(n=1) 1 Q 0 Type 5(n=1) 1 0 0
Type 6 (n=0) o] 0 0 Type 6 (n=0) 0 0 0 Type 6 (n=0) [¢] 0 0
Total Type 1 (n=11) [4] 1 0 Type 1(n=10) 0 1 0 Type 1(n=13) 4] 1 0
n=46
Type 2 (n=2) 0 0 0 Type2(n=1) 0 0 0 Type 2 (n=1) 0 0 0
Type 3 (n=4) 1 1 1 Type 3 (n=6) 1 0 0 Type 3 (n=6) 2 2 0
Type 4 (n=9) 3 2 0 Type 4(n=7) 1 1 0 Type4(n=9) 3 2 1
Type 5(n=13) 7 4 1 Type 5 (n=16) 10 6 1 Type 5 (n=13) 9 5 2
Type6(n=7) 7 5 2 Type 6 {n=6) 6 -5 3 Type 6 (n=4) 4 3 1

LI, lymphatic invasion; V1, vascular invasion; Pi, pleural invasion.

76¢C

¥62-982 (010Z) 02 423up) Suny / ‘|p 12 DMDSOUDL "W



M. Yanagawa et al. / Lung Cancer 70 (2010) 286-294 293
Table 6.1
Univariate logistic regression analyses (forward and backward stepwise procedure).
Variable Odds ratio 95% Confidence Interval p Value
Lymphatic invasion ‘ ‘
Visual classification 3.99 1.6565-9.6293 0.002°
Classification using the Method-1 (Otsu’s method) 12.36 1.7745-86.0956 0.01
Classification using the Method-2 (Kittler's method) 3.7 1.6176-8.4713 0.002
Manually measured two-dimensional % solid (2D%so,lid) 269.91 10.5143-6929.15 0.0007
Vascular invasion
Visual classification o 1.83 1.0963-3.0457 0.02"
Classification using the Method-1 (Otsu’s method) 231 1.1593-4.5964 0.017"
Classification using the Method-2 (Kittler's method) 1.73 1.0491-2.8598 0.03
Manually measured two-dimensional % solid (2D%solid) 236 2.9398-189.5308 0.003’
Pleural invasion | E :
Visual classification 1.91 0.7553-4.8530 i 0.17
Classification using the Method-1(Otsu’s method) 13.58 1.2144-151.9337 0,03
Classification using the Method-2 (Kittler's method) 2.52 0.7982-7.9872 0.11
Manually measured two-dimensional % solid (2D%solid) 9.5 1.0377-86.9719 0.046
" Significant difference.
Table 6.2
Multivariate logistic regression analyses (forward and backward stepwise procedure).
Variable 0Odds ratio 95% Confidence Interval P Value
Lymphatic invasion
Classification using the Method-1 (Otsu s method) 24 -1.8249-17.7953 0.0027°
Manually measured two-dimensional % solid (2D%solid) 269.9 10.5143-17.7953 0.0007"
Vascular invasion ‘ :
Classification using the Method-1 (Otsu’s method) 24 1.2176-4.8913 0.012"
Manually measured two-dimensional % solid (2D%solid) 23.6 2.9398-189.5308 0.003"
Pleural invasion
Classification using the Method-1 (Otsu s method) 16.3 1.3991-189.9486 0.025
Manually measured two-dimensional % solid (2D%solid) 54.6 1.08392-1621.0114 0.021°

" Significant difference.

segmental resection for small-sized lung cancer may be acceptable
for patients with a tumor 2.0 cm or less in diameter (without nodal
involvement), and that a peripherally located lung cancer with no
lymph node metastasis might be the optimal indication for a more
limited anatomic resection. Consequently, in current clinical set-
tings, where limited surgical resection is desirable, the preoperative
diagnosis of the invasiveness of a lung cancer becomes increas-
ingly crucial for deciding the operative procedure. Therefore, in our
study, in order to obtain an objective and quantitative assessment
tool, we developed software that cannot only calculate 3D%solid of
tumors including GGO area, but also automatically classify nodules
according to the volumetric rates of the solid parts.

Automatic segmentation using the custom-developed software
may enable high reproducibility during image assessment regard-
less of experience. In fact, commercially available software that can
segment pulmonary nodules with GGO is already available. A previ-
ous study demonstrated that volumetric analysis is a reproducible
and promising quantitative method using this commercially avail-
able software but that the correlation between the histological
classification and the 3D%solid of tumors was no better when
obtained using the software than when using manual measure-
ments {32]. Although the automatic segmentation ability of our
software can be improved, this software using Method-1 was as
useful for predicting lymphatic invasion, vascular invasion and
pleural invasion as the prognostic prediction using 2D%solid; in
agreement with previous reports.

One of the important purposes of our study is to determine, as
objectively as possible, the indication for limited surgical resection
for lung adenocarcinomas by using our custom-developed soft-
ware. Using visual classification, Suzuki et al. [11] demonstrated
that types 1-4 were thought to be “minimally invasive” adenocar-
cinoma and that types 5 and 6 were considered to exhibit a “solid”

course with higher possibility of lymph node metastases than types
1-4.1f a tumor were classified as being types 1-4, the patient would
be a candidate for limited surgical resection; whereas a type 5 or 6
tumor warrants major lung resection with systematic lymph node
dissection necessarily. In classification using Method-1, useful for
the prognostic prediction in the present study, types 5 and 6 tended
to be more invasive than types 1-4 (Table 5): lymphatic invasion
(types 1-4 vs. types 5 and 6), 2/24 (8%) vs. 16/22 (72%); vascular
invasion, 2/24 (8%) vs. 11/22 (50%); and pleural invasion, 0/24 (0%)
vs. 4/22 (18%).

However, six classifications proposed in our study are thought
to remain important in order for the surgeon to plan for the man-
agement of peripheral lung cancer. In general, the progress of most
small nodules that have been difficult to diagnose using CT has
occurred over several years; with surgery only being indicated
when tumors showed an increase in size on CT images. For instance,
type 1 tumors (pure GGO) and type 2 tumors (semiconsolidation)
show no solid parts on CT images. Most of the type 1 tumors are BAC,
and are often indolent tumors. In contrast, type 2 tumors tend to be
adenocarcinoma with pathologically invasive foci and grow in size.
Concerning the surgical indications for tumors without solid parts,
surgeons usually just monitor type 1 tumors without surgical inter-
ventions if the radiologic maximal tumor dimension is unchanged,
and do not monitor type 2 tumors [11]. Thus, the clinical strategy
depends on the six classifications, and the preoperative use of our
custom-developed software will assist in determining a suitable
operative method: limited surgical resection for tumors classified
as types 1-4 and major lung resection for tumors classified as type
5o0r6.

There were several limitations in the present study. First, the
number of patients was small for both the clinical evaluation
and examination of the threshold of CT value between GGO and
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semiconsolidation and between semiconsolidation and solid part.
Subsequent analysis using a greater number of lung tumors is
required. Second, in the image analysis, two independent readers
were the minimum for this study with the current design. It might
have been better for more independent readers to analyze image.
Third, solid parts including vessels were calculated in our study,
and may have introduced some bias into our results. In order to
remove unnecessary vessels, this software will need to be upgraded
by using “line filtering” [33], which enhances curvilinear structures,
such as vessels and bronchi, in 3D medical images. Forth, although
our software enabled automatic classification according to the
malignant degree of small peripheral adenocarcinomas by auto-
matically measuring 3D%solid of tumors, the initial highlighting
of the boundary between the tumor and normal lung parenchyma
was performed manually. The software is currently being upgraded
to automate this procedure, which, in turn, may generate more
objective results. Finally, our results should have been compared
to the volumetric distribution of tumors in pathologic specimens,
but postoperative collapse of the lung would have made accurate
comparisons difficult.

In conclusion, predicting the pathological prognostic factors of
small peripheral adenocarcinomas on three-dimensional CT images
is feasible using our custom-developed software for evaluating
their degree of malignancy. The application of this software will
assist in deciding the future treatment strategies for small-sized
adenocarcinoma of the lung following improvements in the filter-
ing and automated segmentation feature.
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Armrest Using Robotics Technology
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n microneurosurgical procedures, continuous

precise procedures are required to provide

high-quality surgical results. Stabilizing the
surgeon’s arm with an armrest during surgery is
expected to improve the precision of microsur-
gical procedures.' A freely movable armrest
(FMA) was developed to support the surgeon’s
hand during surgery;
widely used because it requires continuous
manual user interaction."? We have developed
a new intelligent armrest using robotics tech-
nology. This system was designed so that the arm
holder follows the surgeon’s arm and fixes in the
adequate  position automatically. Here, we
describe this system in detail and present pre-
clinical and clinical results.

however, it has not been

ABSRE\!IAT!ON: FMA, freeiy movable armrest

METHODS

Concept of the Arm-Holding Device

We produced a prototype model to fulfill our
requirements, which we called EXPERT (Figure 1).
EXPERT consists of an arm holder, a holder support,
The arm holder is made from che
thermoplastic polymer Ortholen, which is widely
used in prosthetic limbs. [t has a curved shape and
holds the surgeon’s forearm. Three small electric
magnets are set in the arm holder. A 6-axis force sensor
is set between the arm holder and the holder support.
The holder support has 5 degrees of freedom. No
electric motors are used in the holder support. Each
joint has springs and/or counterweights, electric
brakes, and encoders. The base has 3 wheels to stand
and move the EXPERT system. The system is
attached to the operator’s chair (Micro Chair, Mizuho
[kakogyo Co, Lid, Tokyo, Japan) at the base; it is
independent of the heighe adjusement of the chair bue
follows the forward/backward movement of the chair.

and a base.
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chair. The holder support moves independently of the operative chair.

FIGURE 1. Left, p/,votogm/)/v of the arm holder made af Ortholen w/t/J 3 clecrromagnets installed, Center, photograph of EXPERT, The arm
. holder is indicated by the yel[ow circle; the holder support, by the green circle; and the b.:m' by the red circle. Right, EXPERT 5 fixed to the operative

EXPERT has 3 working modes: the transfer, arm-holding, and arm-free
modes, which are converted automarically by analyzing the signals from
6-axis force sensor and the encoders in each joint. There is no need to press
any buttons or switches to change modes. The surgeon wears a ferromag-
netic wristband that connects to the electric magnets in the arm holder
beneath sterile clothing. In the transfer mode, the clectric brakes are
released and electromagnets are active, so that the arm holder follows the
surgeon’s arm from below. The movement is achieved by the magnetic
force between che surgeon’s arm and the arm holder. The power required
to move the arm holder is < 50 N. Most of the power is transferred o
the upper side by springs, and the system reduces the surgeon’s arm
weighe in the transfer mode. The force to move horizontally is < 50 N.
[n the arm-holding mode, the arm holder maincains the posicon by
locking the eleceric brakes and supports the surgeon’s arm weight. When
the surgeon moves his/her arm away from the arm holder, eg, to change
surgical instruments or to move the operating microscope, it is in the
arm-free mode. The arm holder maintains its position by locking
the electric brakes. When there is no arm on the arm holder and the unit
is in transfer mode, the arm holder moves away from the patient.

Laboratory Experiment

Simulated microneurosurgery, involving sucuring a chin piece of rub-
ber, was used ro examine the use of EXPERT. One quarter of a 10-mm
circle was incised in thin picces of rubber 4 cm in diameter. This circle was
placed in a bowl ac a depth of 60 mm. The conical working space was
formed by plastics in the center of the bowl, which was 55 mm in diameter
at the surface and a 10~ to 20-mm ellipse at greater depths. Five sutures
with 10-0 nylon were put in the incised rubber ac even intervals using an
operating microscope with conventional surgical instruments (Figure 2).
EXPERT was ser on the right side of the operator’s chair. Six experi-
enced neurosurgeons were registered as test candidates. Three of the
6 evaluating neurosurgeons (T.G., K.H., T.Y.) are included as authors;
the others are colleagues in our department. They practiced the task and
use of EXPERT adequately beforchand. The task was carried out once
with and once without EXPERT. In cach task, performance time to
complete suturing was recorded, and each test candidate was asked (o
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give 3 subjective cvaluations regarding hand tremor, fatigue, and
impression of maneuverability. Subjective evaluations were scored on
a visual analog scale in which 1 is the minimum fatigue and the worst to
perform and 100 is the maximum fatigue and the best to perform.

Statistical Analysis

The data were analyzed by paired £ test. P < .05 was taken to indicate
statistical significance.

RESULTS

All tasks were performed successfully without mechanical error
of the EXPERT system. The performance time and subjective
evaluation score are summarized in Figure 3. Four of 6 test
andidates showed shorter performance time with EXPERT. The
performance time was not different with and without the
<XPERT for the remaining 2 test candidates. All 6 test candidates
reported lower scores of fatigue when using EXPERT. The
manecuverability score was higher with EXPERT. Recorded video
showed thar hand tremor of each test candidate was reduced and
manipulation was more stable with EXPERT

Clinical Use

Since March 2010, EXPERT has been clinically applied in
13 surgeries at Shinshu University Hospital. Before surgery,
clinical application of EXPERT had been approved by the ethics
committee of Shinshu University School of Medicine, and
informed consent was obtained from all pacients and their families.
After the usual preparation of craniotomy and dura opening,
EXPERT, covered with a stetile sheet, was introduced into the
operative field. A surgeon performed the operation with routine
microncurosurgical procedures supported by the EXPERT system
(Figure 4). The surgeons did not always use EXPERT because
rapid procedures without stringent accuracy requirements could

www.neurosurgery-online.com
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right hand under an operating microscope.

FIGURE 2. Left, /)/;otagrdp/] of task fi eld in /(zbor/zmry vxperzmerlt GO-mm depth fmm cwj‘ﬂtc', :mfrue hole 55 mm in dmmeter, zznd elliptical
decper hole measuring 10 to 20 mm. Center, suture task. Five sutures were wnade with 10-0 nylon in a quarter-circle cut 10 mm in diameter on the
thin piece of rubber Right, photograph of a laboratry experiment. An experienced nenrosiageon pe}ﬁ»’me’d the task wsing EX[’LRTW .mp])arf the

be performed easily without the system. There were no

complications related to the use of EXPERT.

DISCUSSION

To provide high-quality surgical results, continuous precise
motions are required in microneurosurgery. Precise movements
can be achieved by maneuvering the surgical inscruments with
adequate stabilization of the surgeon’s arm at the appropriate
position. This has been achieved in conventional microncur-
osurgery by resting the surgeon’s arm, hand, or finger on the
patient’s body or craniotomy edge and on the armrest of the
surgical chair and a part of the head fixation frame.”"" The rigid,
fixed-type armrest can be introduced easily but cannor com-
pletely cover the work space because many factors limic the
surgeon’s hand position. The brain surface cannot be touched or
compressed by the surgeon’s hand or arm. Tt is necessary to
change the positions of brain spatula and self-retaining brain
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FIGURE 3. Graph of the result. Fine lines indicate results for each test candidate
without the EXPERT and with the EXPERT. *P < .05.
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retractors frequently during surgery. The direction and angle of
surgical instruments restricted by surrounding structures also
limic the surgeon’s hand position.

An armrest with positions that can be changed as required is
called an FMA and is considered effective. Ohta and Kuroiwa®
developed the FMA (Smartarm, Mizuho Ikakogyo Co, Ltid,
Tokyo, Japan) and reported its usefulness in neurosurgery. There
is no doubt that the use of an FMA reduces operator fatigue and
improves surgical maneuverability. We had also reported that the
use of an FMA gave the operator a more relaxed posture and
reduced both muscle stress and hand tremor compared with the
use of a conventional armrest system.' Use of the FMA will
reduce tremor when fine microsurgical movement is performed
and thus will provide a good surgical result. Even if the surgeon
can perform fine microsurgical movement without assistance of
the FMA, more precise procedures can be performed with the
FMA.

Despite its advantages for precise procedures, FMA-assisted
surgery has not been widely adopted because its use is tme-
consuming and adjustment can be difficult. When the surgeon
wishes to adjust the position of the FMA, eg, the Smartarm, it is
necessary to put down the surgical instrument, push the button to
change from locking to moving mode, adjust the position at which
the arm is held, release the button to return from locking mode to
moving mode, and retrieve the surgical inscrument. These actions
are time-consuming and troublesome. The optimal position of the
surgeon’s arm changes frequently, so real adjustment of the
armrest to the optimal position may be impossible. The surgeon
can identify the optimal position of the armrest while holding the
surgical instrument in his/her hand and watching the operative
view. When the position of armrest is incorrect, the adjustment
action must be repeated. Therefore, the surgeon may continue

VOLUME 72 | NUMBER $1 | JANUARY 2013 SUPPLEMENT | A41
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FIGURE 4. DPhotographs of the épcn’zting room. The sz)rgz‘an sits on the Micro
Chair with the right hand supported by EXPERT. '

the procedure even if the position of the arm holder is not
adequate.

EXPERT is classified as a type of FMA. However, EXPERT
differs from an FMA in that it automatically follows the surgeon’s
arm. The surgeon can change the position of the armrest while
using the microscope and can continue the microsurgical
procedure while holding the surgical inscrument. There is no
need to push any buttons to convert between the lock and free
modes. We believe that most disadvantages associated with the
use of previous FMAs can be reduced by these functions of
the EXPERT system.

Cost-effectiveness is also an important factor in widespread
adoption. EXPERT is a surgeon support system and does not
touch the patient. EXPERT is in the same equipment category as
operating bed and operating chair and thus has no nced for
a clinical trial before commercial production. The potential
commercial cost of EXPERT should be reasonably low.

Further improvement of EXPERT is necessary. The usefulness
of EXPERT has been confirmed with only the right hand;
however, using EXPERT with both hands may yield better results
in micronecurosurgery. The space occupied by EXPERT is also
a problem because many surgical tools such as the operative
microscope, navigation systems, drilling system, and coagulation
system must be set near the surgeon. The base of EXPERT is large
and heavy to prevent the system from falling or toppling over.
Reducing the size of the EXPERT system while maintaining its
functionality is a necessary future development. There is a tight
fecling during cransposition of the surgeon’s arm because the
supporting parc must move automatically with the surgeon’s
hand motion.

The success of da Vinci surgical systems incited a dream to apply
master-slave configured surgical robots in all surgical fields. Thus,

A42 | VOLUME 72 | NUMBER S1 | JANUARY 2013 SUPPLEMENT

the NeuRobot was developed for microneurosurgery.''™'? From
the experience with NeuRobot, we determined the difficulty of
using surgical robots for microneurosurgery. Microneurosurgery
is a fine art that only the human hand can produce. EXPERT
provides support for a surgeon’s art by allowing smooth and
steady movement.

CONCLUSION

The intelligent armrest EXPERT held the surgeon’s arm
comfortably and followed the surgeon’s arm automatically.
EXPERT  represents a useful tool for microneurosurgery.
However, several modifications are required for commercial
development of this system.
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Object. The objective of the present study was to perform a prospective evaluation of the potential efficacy and safety
of intraoperative photodynamic therapy (PDT) using talaporfin sodium and irradiation using a 664-nm semiconductor laser
in patients with primary malignant parenchymal brain tumors.

Methods. In 27 patients with suspected newly diagnosed or recurrent primary malignant parenchymal brain tumors, a
single intravenous injection of talaporfin sodium (40 mg/m?) was administered 1 day before resection of the neoplasm. The
next day after completion of the tumor removal, the residual lesion and/or resection cavity were irradiated using a 664-nm
semiconductor laser with a radiation power density of 150 mW/cm? and a radiation energy density of 27 J/cm?. The proce-
dure was performed 22-27 hours after drug administration. The study cohort included 22 patients with a histopathologically
confirmed diagnosis of primary malignant parenchymal brain tumor. Thirteen of these neoplasms (59.1%) were newly diag-
nosed glioblastomas multiforme (GBM).

Results. Among all 22 patients included in the study cohort, the 12-month overall survival (OS), 6-month progression-
free survival (PFS), and 6-month local PFS rates after surgery and PDT were 95.5%, 91%, and 91%, respectively. Among
patients with newly diagnosed GBMs, all these parameters were 100%. Side effects on the skin, which could be attributable
to the administration of talaporfin sodium, were noted in 7.4% of patients and included rash (2 cases), blister (1 case), and
erythema (1 case). Skin photosensitivity test results were relatively mild and fully disappeared within 15 days after admin-
istration of photosensitizer in all patients.

Conclusions. Intraoperative PDT using talaporfin sodium and a semiconductor laser may be considered as a potentially
effective and sufficiently safe option for adjuvant management of primary malignant parenchymal brain tumors. The inclu-
sion of intraoperative PDT in a combined treatment strategy may have a positive impact on OS and local tumor control, par-
ticularly in patients with newly diagnosed GBMs. Clinical trial registration no.. JMA-ITA00026 (https://dbcentre3 jmacct.
med.or.jp/jmactr/App/IMACTRS06/JMACTRS06.aspx?seqno=862).

(http:/ithejns.org/doilabs/10.3171/2013.7 JNS13415)
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ALIGNANT brain tumors are characterized by in-
vasive growth into adjacent normal neuronal
tissue. Therefore, it is crucial that their man-

Abbreviations used in this paper: GBM = glioblastoma multi-
forme; OS = overall survival; PDT = photodynamic therapy; PFS
= progression-free survival; PS = performance status; 5-ALA =
S-aminolevulinic acid.
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agement is directed not only to maximal possible re-
section (while ensuring preservation of the functionally
important anatomical structures), but on suppressing the
growth of the residual infiltrative tumor cells. Despite ag-
gressive surgical removal followed by postoperative ra-
diotherapy and chemotherapy, between 50% and 85% of
WHO Grade IV gliomas recur locally.*!® This emphasiz-
es the need for additional options to improve their growth
control.

Photodynamic therapy (PDT) is a treatment method
that involves administration of a photosensitizer that ac-
cumulates in tumor tissue and newly formed neoplastic
vessels. During subsequent irradiation with a laser beam
of a specific wavelength, the photosensitizer undergoes a
photochemical reaction that produces singlet oxygen pos-
sessing strong oxidation properties that cause alteration
of the cells. Because singlet oxygen has a short lifetime
(0.04-4 usec), the PDT-induced cell death is realized
only locally in the areas irradiated by the laser beam.?”®15

Talaporfin sodium (mono-L-aspartyl chlorine €6, or
NPe6) is a relatively novel photosensitizer for PDT. Its
administration in combination with a semiconductor la-
ser has been approved in Japan for clinical use in cases of
early stage lung cancer. Nonclinical pharmacological stud-
ies directed to its possible application for management of
malignant brain tumors were initiated starting in 2001.1-14
Experiments with glioblastoma cell lines demonstrated
that such therapy induces mitochondrial apoptotic cell loss
accompanied by tumor necrosis.'>'* Our recent single-cen-
ter pilot clinical study on the use of talaporfin sodium and
a semiconductor laser in patients with malignant gliomas
demonstrated promising results with regard to tumor re-
sponse rates and treatment safety.! Therefore, the present
open-label, prospective, multicenter clinical trial was initi-
ated for evaluation of the potential efficacy and safety of
such therapy. This study was the first investigator-initiated
clinical trial in Japan that planned to assess the use of tala-
porfin sodium and a semiconductor laser for intraoperative
PDT as part of a combined management of primary malig-
nant parenchymal brain tumors.

Methods

Patients with suspected primary malignant paren-
chymal brain tumors, either newly diagnosed or recur-
rent, which according to preoperative neuroimaging
corresponded to a WHO histopathological grade of III
or IV,'t were enrolled in this study. The recruitment of
patients and analysis of treatment efficacy were mainly
focused on newly diagnosed glioblastoma multiforme
(GBM). The main inclusion criteria included agreement
of the patient to provide written informed consent to par-
ticipate in the study; age between 20 and 69 years at the
time of informed consent; performance status (PS) score
of 0, 1, 2, or 3 according to Eastern Cooperative Oncol-
ogy Group PS scale (a PS score of 3 was accepted only
when the score was attributable to neurological symp-
toms caused by the tumor); supratentorial location of the
tumor not including neoplasms originating from the optic
pathways and pituitary gland; absence of subarachnoid
dissemination; and eligibility for aggressive resection of
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the lesion. The main exclusion criterion was a history of
photosensitivity or porphyria.

Study Design

This prospective clinical trial was developed and
carried out in 2 neurosurgical centers with well-estab-
lished neurooncology programs, namely Tokyo Women’s
Medical University and Tokyo Medical University. An
open-label, investigator-initiated clinical study was con-
ducted in accordance with the Declaration of Helsinki.
The research protocol was approved by the Pharmaceu-
ticals and Medical Devices Agency of Japan as well as
by the ethics committees and institutional review boards
of both participating universities. A special review board
was formed for central radiology assessment, evaluation
of data related to treatment efficacy and safety, and han-
dling of the enrolled cases and overall data management.
Additionally, a pathology board was created for central
review of the permanent formalin-fixed tissue specimens
to determine the histopathological tumor type and grade.
The 3-year study period was scheduled from March 21,
2009, to February 28,2012. The clinical trial information
for this study can be found at https://dbcentre3.jmacct.
med.or.jp/jmactr/App/IMACTRS06/IMACTRS06.
aspx7seqno=862.

Patients who were considered eligible for enrollment
into study received a single intravenous injection of tala-
porfin sodium (Laserphyrin, Meiji Seika Pharma Co., Ltd.)
in a dose of 40 mg/m? on an inpatient basis 1 day prior to
undergoing the elective craniotomy. The next day, surgery
was done, the neoplasm was resected, and irradiation of the
resection cavity with a 664-nm semiconductor laser beam
(Panasonic Healthcare Co., Ltd.), with a diameter of 1.5
cm, radiation power density of 150 mW/cm?, and radiation
energy density of 27 J/cm?, was performed. Particular em-
phasis was put on irradiation of the areas at risk for recur-
rence, such as the genu of the corpus callosum.? If tumor
resection was incomplete and the residual lesion was mac-
roscopically identified, additional irradiation by the laser
was applied at 1 to 3 sites with avoidance of overlap of
the irradiation areas. In all cases laser irradiation was done
22-27 hours after administration of talaporfin sodium.

Postoperative Treatment and Follow-Up

Postoperatively all patients with newly diagnosed
gliomas underwent fractionated radiotherapy (total dose
60 Gy) with concomitant and adjuvant chemotherapy us-
ing ACNU (in cases of WHO Grade III tumors) or te-
mozolomide'® (in cases of GBM). Patients with recurrent
neoplasms were treated according to the preference of
their doctors, taking into consideration the details of the
primary management.

Adverse effects of treatment were graded according
to the Common Terminology Criteria for Adverse Events
version 3.0.° Follow-up examinations were performed
every 2-3 months and included physical and neurologi-
cal assessments with evaluation of PS score, blood and
urine tests, and contrast-enhanced MRI. Tumor progres-
sion was defined as a 25% or greater increase in the vol-
ume of the contrast-enhanced lesion or the appearance of
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