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A Case of Carcinoma of the Uterine Body, Right Ovary, and Duodenum in a Patient with Familial Adenomatous
Polyposis: Keiichiro Ishibashi, Yuichiro Watanabe, Noriyasu Chika, Yusuke Tajima, Okihide Suzuki, Takeaki Matsuzawa,
Kensuke Kumamoto, Minoru Fukuchi, Yoichi Kumagai, Hiroyuki Baba, Erito Mochiki, Takeo lwama and Hideyuki tshida (Dept.
of Digestive Tract and General Surgery, Saitama Medical Center, Saitama Medical University)
Summary

We report a case of 4 carcinomas of the uterine body, right ovary, and duodenum in a patient with familial adenomatous
polyposis (FAP). Her mather's family line carries FAP. She underwent proctocolectomy with ilecanal anastomosis for FAP
when she was 20 years old. She was diagnosed with carcinoma of the uterine body and right ovary, and underwent abdomi-
nal total hysterectomy, bilateral salpingo-oophorectomy, and omentectomy at 48 years of age. The pathological examination
revealed endometrioid adenocarcinoma of the uterine body (Stage IB) and endometrioid adenocarcinoma of the right ovary
(Stage 1A). Her diagnosis was Stage IV according to the Spigelman classification of duodenal polyposis, and she underwent
pancreas-preserving total duodenectomy at 50 years of age. The pathological examination was conclusive for 2 carcinomas in
the adenoma, which were 20 mm and 25 mm in diameter, respectively. She has been well without any evidence of cancer
recurrence 20 months after the pancreas-preserving total duodenectomy. Key words: Familial adenomatous polyposis, Carci-
noma of duodenum, Carcinoma of the uterine body, Carcinoma of the ovary
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Abstract

Background The risk for lymph node metastasis and the
prognostic significance of pedunculated-type T1 colorectal
carcinomas (CRCs) require further study. We aimed to
assess the validity of the 2014 Japanese Society for Cancer
of the Colon and Rectum (JSCCR) guidelines based on
long-term outcomes of pedunculated-type T1 CRCs.
Methods In this multicenter retrospective cohort study,
we examined 176 patients who underwent resection
endoscopically or surgically at 14 institutions between
January 1990 and December 2010. Patients meeting the
JSCCR curative criteria were defined as “endoscopically
curable (e-curable)” and those who did not were “non-
e-curable”. We evaluated the prognosis of 116 patients
(58 e-curable, 58 non-e-curable) who were observed
for >5 years after treatment.
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Results Overall incidence of lymph node metastasis was
5 % (4/81; 95 % confidence interval 1.4-12 %: three cases
of submucosal invasion depth >1000 pm [stalk invasion]
and lymphatic invasion, one case of head invasion and
budding grade 2/3). There was no local or metastatic
recurrence in the e-curable patients, but six of them died of
another cause (observation period, 80 months). There was
no local recurrence in the non-e-curable patients; however,
distant metastasis was observed in one patient. Death due
to the primary disease was not observed in non-e-curable
patients, but six of them died of another cause (observation
period, 72 months).

Conclusions Our data support the validity of the JSCCR
curative criteria for pedunculated-type T1 CRCs. Endo-
scopic resection cannot be considered curative for pedun-
culated-type T1 CRC with head invasion alone.
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Introduction

As a result of recent advances in endoscopic instruments
and techniques, the proportion of T1 colorectal carcinoma
(CRC) initially treated by endoscopic resection (ER) has
been increasing [1-5]. However, lymph node (LN)
metastasis occurs in approximately 10 % of T1 CRCs [4—
8]; furthermore, the rate of LN metastasis is reportedly
3.5-7.5 % in pedunculated-type T1 CRC [9-17]. Despite
the low incidence of LN metastasis, surgical resection with
regional LN dissection is considered the standard treatment
for T1 CRC [18]. According to the Japanese Society for
Cancer of the Colon and Rectum (JSCCR) guidelines, the
curative criteria for T1 CRC after ER are well/moderately
differentiated or papillary carcinoma, no vascular invasion,
submucosal (SM) invasion depth <1000 um, and budding
grade 1, because of the very low risk of LN metastasis
associated with these pathological features [19].

In Western countries, Haggitt’s classification is fre-
quently used to define the depth of invasion of peduncu-
lated-type T1 CRC [20]. Haggitt and colleagues stratified
the level of carcinoma invasion according to the following
criteria: level O, carcinoma in situ (i.e., no extension below
the muscularis mucosae); level 1, invasion through the
muscularis mucosae but limited to the head of the polyp
(i.e., above the junction between the adenoma and its
stalk); level 2, invasion at the level of the neck (i.e., the
junction between the adenoma and its stalk); level 3,
invasion of any part of the stalk; and level 4, invasion into
the submucosa of the bowel wall below the stalk. The
authors concluded that the risk of metastasis or local
recurrence is low when the level is <4.

A project conducted by JSCCR reported a rate of LN
metastasis of 0 % in pedunculated T1 CRCs with invasion
above the boundary of Haggitt’s level 2 (Haggitt’s line)
and in those that had invaded beyond Haggitt’s line to a
SM depth of <3000 pm with no lymphatic invasion [14].
In a retrospective multicenter study that enrolled 384
pedunculated-type T1 CRC patients treated by ER or sur-
gical resection, Matsuda et al. concluded that all cases with
LN metastasis or recurrence were in those with carcinoma
that had invaded beyond Haggitt’s line [15]. Several
studies have reported long-term outcomes for T1 CRCs
treated with ER [13, 21-25]; however, the JSCCR guide-
lines do not clearly outline the long-term outcomes of
patients with T1 CRC who underwent ER or surgical
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resection. Compared with non-pedunculated T1 CRCs,
pedunculated-type T1 CRCs tend to be easier to detect,
diagnose, and treat by initial ER as total excisional biopsy
[3]. However, the risk of LN metastasis and the prognostic
significance of pedunculated-type T1 CRCs have not been
studied adequately. This study aimed to assess the clinical
validity of the JSCCR guidelines based on long-term out-
comes for pedunculated-type T1 CRCs after ER or surgical
resection.

Patients and methods
Patients

We evaluated the clinicopathological characteristics of
176 patients with 176 pedunculated-type T1 CRCs [138
(78 %) men, mean age 64 (range, 29-84) years, median
follow-up period 105.5 months] resected endoscopically
or surgically at Hiroshima University Hospital and 13
affiliated hospitals between January 1990 and December
2010. Patients who met the JSCCR curative criteria were
defined as “endoscopically curable (e-curable)” and those
who did not were defined as “non-e-curable”. We also
evaluated the prognosis of the 116 patients (58 e-curable,
58 non-e-curable) who were followed up for >5 years
after treatment, with a mean follow-up duration of
124 + 77 months. Patients who were eligible for this
study had pathologically proven adenocarcinoma invading
through the muscularis mucosae into the SM layer but not
extending deeply into the muscularis propria. Patients
with previous or synchronous advanced CRC; multiple,
early, invasive CRCs; inflammatory bowel disease;
hereditary non-polyposis CRC; and familial adenomatous
polyposis were excluded from this study. Patients who
underwent surgical resection without LN dissection
(transanal endoscopic microsurgery and local resection) as
initial treatment for T1 CRC were also excluded. The
study protocol was approved by the Ethics Committee of
Hiroshima University and complied with the guidelines of
the Ministry of Health, Labour and Welfare of the Japa-
nese Government.

Indication and procedure for ER

ER methods consist of polypectomy or endoscopic mucosal
resection. Patients enrolled in this study were treated
according to the JSCCR guidelines [19], which specify that
ER should not be applied for early CRC if en bloc removal
is impossible or for clinical T1 CRC with deep invasion of
the submucosa prior to treatment.



- Y Gastroenterol

Indications for additional surgical treatment
after ER

The JSCCR guidelines state that a positive deep tumor
margin is an absolute indication for additional surgery after
ER. Additional surgical treatment after ER should be
considered when at least one of the following is found: (1)
SM invasion depth >1000 pum; (2) positive vascular inva-
sion; (3) poorly differentiated adenocarcinoma, signet ring
cell carcinoma, or mucinous carcinoma; and (4) budding
grade 2/3 at the deepest part of SM invasion [19]. A bud-
ding is defined as a single cancer cell or a cluster of <5
cells along the invasion margin, and budding is graded per
microscopic field at 200x magnification (i.e., grade 1, 0-4;
grade 2, 5-9; grade 3, >10 buds) [7].

The JSCCR guidelines clearly state that additional sur-
gical treatment should be performed only after systemati-
cally evaluating the predicted curability based on various
LN metastasis risk factors and the patient’s condition (age,
physical performance, and presence of adverse event, etc.)
and after obtaining informed consent from the patients
[19].

Method for measuring depth of SM invasion

According to the JSCCR guidelines [19], the method used
for measurement of SM depth is as follows. When it is
possible to identify or estimate the location of the muscu-
laris mucosae, the depth of SM invasion is measured from
the lower border of the muscularis mucosae of the lesion,
irrespective of macroscopic type. When it is not possible to
identify or estimate the location of the muscularis mucosae,
the depth of SM invasion is measured from the surface of
the lesion. The phrase “possible to identify or to estimate”
means that there is no “deformity”, that is, no disarray,
dissection, rupture, fragmentation, etc., of the muscularis
mucosae as a result of SM invasion. If a deformed mus-
cularis mucosa is used as the measurement baseline, the
depth of SM invasion may be underestimated. Although
judging whether deformity is present is not always
straightforward, if a desmoplastic reaction is present
around the muscularis mucosae, it is assumed to be “de-
formed”. For pedunculated-type CRCs with a tangled
muscularis mucosae, the depth of SM invasion is measured
from Haggitt’s line. Invasion within the head alone is
defined as “head invasion”.

Clinicopathological features and outcomes of T1
CRC

We assessed demographic and clinical characteristics
(tumor location, tumor size, gross type, histologic type, SM
invasion depth, vertical margin, lymphatic invasion,

venous invasion, and budding grade) and long-term out-
comes of pedunculated-type T1 CRCs after endoscopic or
surgical resection. All pathological slides of the tumors
were reassessed by an experienced - gastrointestinal
pathologist (F.S.) who was blinded to the clinical out-
comes. The incidence of LN metastasis of surgically trea-
ted lesions was analyzed. Physical examination, chest
radiography, computed tomography (CT) of the abdomen
and pelvis, and blood tests including carcinoembryonic
antigen level were performed every 6 months postopera-
tively for the first 3 years and every 12 months thereafter
and a total colonoscopy was performed every year, in
principle. Recurrence was recorded as local, distant, and
overall recurrence. Recurrent lesions were identified by
colonoscopy, CT, or transabdominal ultrasound. Local
recurrence after surgical resection was defined as recur-
rence within the surgical field for T1 CRC or within the
pelvis for T1 rectal carcinoma.

Statistical analysis

Values are reported as means (with standard deviations).
Fisher’s exact test was used to compare categorical vari-
ables. Analyses were performed with JMP Statistical soft-
ware, version 9.02 (SAS Institute, Cary, NC, USA).
p values <0.05 were considered statistically significant.
There was no adjustment of nominal p values to correct for
multiple testing of outcome data arising from individual
patients, because the main focus of this research was
exploratory in nature. Disease-free survival and overall
survival rates were calculated by the Kaplan-Meier
method. '

Results

The demographics and clinical characteristics of pedun-
culated-type T1 CRC cases are shown in Table 1. The
treatment method was ER alone in 95 cases (54 %),
additional surgery after ER in 66 (38 %), and surgical
resection alone in 15 (8 %). Initial ER was performed in
161 (91 %) cases and the histological en bloc resection rate
was 96 % (154/161). The rates of post-ER bleeding and
perforation were 2 (3/161) and 0 % (0/161), respectively
(Table 2). Most tumors [173 (98 %)] were well- or mod-
erately differentiated adenocarcinomas, but three (2 %)
were poorly differentiated adenocarcinomas. Mean tumor
size was 17.5 £ 3.5 (range, 6-75) mm, with 137 (78 %)
located in the left colon, 21 (12 %) in the right colon, and
18 (10 %) in the rectum. SM invasion <1000 pm was
observed in 100 cases, with head invasion in 78 (44 %) and
stalk invasion in 19 (11 %) while invasion >1000 pm was
observed in 76 cases, with stalk invasion in 50 (28 %).
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Table 1 Clinicopathological features of pedunculated-type T1 CRC

Variables Total (n = 176)

ER alone (n = 95)

Additional surgery after ER (n = 66) Surgical resection (n = 15)

64.2 (29-84)
138 (78)/38 (22)

64.8 (32-84)
77 (81)/18 (19)

Age (years), mean (range)
Sex (M/F), n (%)
Location, n (%)

Right colon 21 (12) 16 (17)°

Left colon 137 (78) 67 (71)°

Rectum 18 (10) 12 (12)
Tumor size (mm)

Mean (range) 17.5 (6-75) 18.1 (6-75)°
Histologic type

Tub/pap 173 (98) 94 (99)

Por/sig/muc 3 1)
SM depth (um), n (%)

<1000 100 (57) 70 (74)

With head invasion 78 (44) 53 (56)

>1000 76 (43) 25 (26)"
Vertical margin positive 2() 22
Lymphatic invasion positive 38 (22) 10 (11)k
Venous invasion positive 14 (8) 4 (4H™
Budding grade 2/3 24 (14) 9 (9P

E-curable/non-e-curable, n (%) 82 (47)/94 (53) 61 (64)/34 (36)°

64.1 (43-77)
11 (73)/4 (27)

63.5 (29-82)
50 (76)/16 (24)

4 (6)° 1(7)

57 (86)¢ 13 (87)
5¢8) 1(6)

19 (6-50)f 26.9 (13-50)8
64 (97) 15 (100)
2(3) 0 (0)

26 (39)' 4 27y
22 (33) 3 (20)
40 (61) 11 (73)
0 (0) 0 (0)

24 (36) 4 (27)

9 (14) 1(7)°
14 (21)8 1(D

18 (27)/48 (73)° 3 (20)/12 (80)

Patients who met the curative criteria for T1 CRC after ER as stated in the JSCCR guidelines were defined as “e-curable”, while those who did

not meet the criteria were defined as “non-e-curable”

ER endoscopic resection, muc mucinous adenocarcinoma, pap papillary adenocarcinoma, por poorly differentiated adenocarcinoma, sig signet-

ring cell carcinoma, fub tubular adenocarcinoma, SM submucosal

avs.b,cvs.d,evs.g, fvs.g,hvs.i,hvs.j,kvs., mvs.n, mvs.o,pvs.g, rvs.s, rvs. t: p<0.05

There were 38 cases of lymphatic invasion (22 %), 14 of
venous invasion (8 %), and 24 of budding grade 2/3 (14 %)
(Table 1). Among T1 CRCs with invasion above Haggitt’s
line (n = 107), the rates of SM invasion depth >1000 pm
and venous invasion were 24 (26/107) and 5 % (5/107),
respectively, compared with 72 (50/69) and 13 % (9/69) of
T1 CRCs that had invaded beyond Haggitt’s line (n = 69)
(p < 0.05). The rate of lymphatic invasion of T1 CRCs
with histological invasion above Haggitt’s line was 17 %
(18/107), compared with 29 % (20/69) of T1 CRC that had
invaded beyond Haggitt’s line (p = 0.06). A total of 82

Table 2 Clinical outcomes of endoscopic resection for peduncu-
lated-type T1 CRC

96 % (154/161)
96 % (154/161)
1 % (2/161)
0 % (0/161)

En bloc resection rate
Histological en bloc resection rate
Horizontal margin positive, n (%)
Vertical margin positive, n (%)
Adverse event

Delayed bleeding

Perforation

2 % (3/161)
0 % (0/161)

) Springer

patients (47 %) met the JSCCR curative criteria. The
overall incidence of LN metastasis was 5 % [4/81; 95 %
confidence interval (CI) 1.4-12 %; three cases of SM
invasion depth >1000 pm (stalk invasion) and lymphatic
invasion, one case of head invasion and budding grade 2/3]
(Table 3). The incidence of LN metastasis of e-curable and
non-e-curable lesions was 0 % (0/21; 95 % CI 0-13 %)
and 7 % (4/60; 95 % CI 1.8-16.2 %), respectively. There
was no local or metastatic recurrence in any of the e-cur-
able patients, but six of them died of another cause: three,
another organ carcinoma; one, myocardial infarction; one,
cerebral hemorrhage; one, decrepitude; average observa-
tion period of 80 months. There was no local recurrence in
the non-e-curable patients; however, distant metastasis was
observed in one patient [2 %; well-differentiated adeno-
carcinoma, SM invasion depth >1000 um (stalk invasion),
budding grade 1, lyl, v0, HMO, VMO], with carcinoma
recurring in the liver and lung 7 and 36 months after
additional surgery, respectively (Table 3). Death due to
primary disease was not observed in non-e-curable patients
at the latest follow-up, but six of them died of another
cause (three of another organ carcinoma, two of myocardial
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Table 3 Clinicopathological features of pedunculated-type T1 CRC with lymph node metastasis

Alive/
dead

Time to recurrence

(months)

Recurrence

Vertical Residual
tumor site

margin

Budding
grade

Vascular
invasion

Submucosal

Histologic
grade

Age Location Tumor size

Sex

No. of

depth (um)

(mm)

cases

Additional surgery after ER

Alive

Liver o lung 7

=)

)

1500 Iyl vO Gl

Well

Sigmoid 20

Male 66
Surgical resection alone

Alive

=) =)
)
)

Gl

1yl vO

1500
6000

Well

Sigmoid 35

Male 48

2
3
4

Alive

=)
G

Gl

1yl vO

Well

Sigmoid 20

Male 66

Alive

1y0 vO G2

Well Head invasion

Sigmoid 20

Male 71

Well well-differentiated adenocarcinoma

infarction, and one of decrepitude; average observation
period of 72 months). As shown in Fig. 1, a very low
incidence of recurrence was observed in patients with
pedunculated-type CRC. The corresponding overall sur-
vival rates of the e-curable patients were 94.7, 100, and
100 % in the ER group, ER plus surgical resection group,
and surgical resection group, respectively, while the cor-
responding overall survival rates of the non-e-curable
patients were 90.9, 100, and 100 % (Fig. 2). None of the
patients had adverse events after ER or postoperative
adverse events requiring emergency surgery, including
perforation or bleeding, and no mortality occurred at the
time of surgical resection after ER.

Discussion

This is the first multicenter retrospective cohort study that
assessed the clinical validity of the JSCCR guidelines
based on long-term outcomes of pedunculated-type T1
CRCs after ER or surgical resection. The results of this
study support the validity of the JSCCR curative criteria
for pedunculated-type T1 CRCs after ER because e-curable
patients showed no increased risk for recurrence and had
good outcomes. Previously, histopathological factors such
as deep SM invasion, poor differentiation, angiolymphatic
invasion, presence of ‘a poorly differentiated area and
muconodules at the site of deepest invasion, and budding
grade were reported to be associated with LN metastasis in
T1 CRC [7, 14, 19, 26]. A few studies showed that SM
depth was not significantly related to LN metastasis in
patients with T1 CRC [8, 21, 24, 27, 28]. We previously
reported an incidence of LN metastasis of only 1.2 %
95 % CI, 0.25-3.48 %) in T1 CRC without three of the
four risk factors (i.e., all except SM invasion
depth <1000 um) for LN metastasis according to the
JSCCR guidelines [8]. Measurement of the depth of SM
invasion is relatively simple in cases of sessile-type T1
CRC [19]; however, it is relatively complicated in
pedunculated-type T1 CRC due to the presence of stalks,
the varying length of these stalks and tangled muscularis
mucosae. , '
Since Haggitt et al. [20] proposed a classification of the
level of invasion of CRC arising from polyps in 1985, the
classification of SM invasion has been widely used in
pathological evaluation. Although this classification is very
simple, the 129 analyzed cases consisted of both non-pe-
dunculated and pedunculated-type T1 CRCs, with only 70
cases of pedunculated-type T1 CRC [20]. Therefore, the
use of Haggitt’s classification tends to lead to over-treat-
ment of cases without LN metastasis and it does not con-
sider recently identified risk factors such as tumor budding
[7]. In a retrospective multicenter study involving 384

) Springer
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The e-curable patients
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Fig. 1 Kaplan—Meier curves of disease-free survival of patients with
pedunculated-type T1 colorectal carcinoma. Disease-free survival
(DES) rates in the e-curable patients were all 100 %, regardless of
treatment with endoscopic resection (ER) alone, ER plus additional
surgical resection, or surgical resection alone. Disease-free survival
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Fig. 2 Kaplan-Meier curves of overall survival of the non-e-curable
patients. Overall survival (OS) rates of the e-curable patients treated
with ER alone, ER plus additional surgical resection, and surgical
resection alone were 94.7, 100, and 100 %, respectively, with no
significant differences between the groups (p = 0.81). OS rates of the

pedunculated-type T1 CRC patients treated with ER or
surgical resection, Matsuda et al. [15] reported that the
incidence of LN metastasis of pedunculated-type T1 CRC
was 0 % (0/101) with invasion above Haggitt’s line and
6.2 % (8/129) with invasion beyond Haggitt’s line, and
they suggested that pedunculated-type T1 CRC with
invasion above Haggitt’s line could be managed by ER
alone. However, the follow-up period of their study was
short, and there was a lack of data on tumor budding, which
has been identified as an important risk factor for LN
metastasis.

A meta-analysis revealed that lymphatic vessel inva-
sion identified by an anti-human podoplanin antibody and
tumor budding were significantly associated with T1 CRC
LN metastasis [29]. Several studies with a small number
of analyzed cases have reported the rate of LN metastasis
of pedunculated-type T1 CRCs with invasion above
Haggitt’s line (Table 4) [10, 12, 15, 30-32]. In
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rates were 100, 97.2, and 100 % in the non-e-curable patients treated
with endoscopic resection (ER) alone, ER plus additional surgical
resection, and surgical resection alone, respectively, with no signif-
icant differences between the groups (p = 0.74)
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non-e-curable patients treated with ER alone, ER plus additional
surgical resection, and surgical resection alone were 90.9, 100, and
100 %, respectively, with no significant differences between the
groups (p = 0.10)

Collacchio’s series, the incidence of LN metastasis of T1
CRCs with invasion above Haggitt’s line was 29 % (5/
17). The five patients with LN metastasis belonged to
their case series in which two had documented carcinoma
within the lymphatics of the polyp and one had an
invasive anaplastic carcinoma [31]. Fenoglio et al.
reported two pedunculated-type T1 CRCs with LN
metastasis in which carcinomatous invasion was above
Haggitt’s line and that both cases had lymphatic invasion
[33]. Kitajima et al. [14] reported that LN metastasis was
observed in three cases with invasion above Haggitt’s line
and a prediction of the absence of LN metastasis based on
SM depth alone was considered difficult. All three cases
with invasion above Haggitt’s line and LN metastasis
were positive for lymphatic invasion. In the present study,
the overall incidence of LN metastasis was 5 % (4/81).
Our results showed that one of four cases with LN
metastasis had “head invasion”. Therefore, ER cannot be
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Table 4 Literature series about outcomes of pedunculated-type T1 CRC

Author Published  No. of No. of surgical ~ Rate of Rate of LN Rate of LN metastasis Recurrence
year patients resection residual tumor  metastasis rate

Deepest portion of carcinoma

invasion

Within Beyond

Haggitt’s line® Haggitt’s line®
Wolff/ 1975 33 11 27 % (3/11) 0 % (0/11) - - -

Shinya

Shantney 1976 28 23 - 4 % (1/23) 0 % (0/14) 1 % (1/9) 0 % (0/28)
Nivatvongs 1978 16 3 0 % (0/3) 33 % (1/3) 0 % (0/2) 100 % (1/1) 0 % (0/16)
Colacchio 1981 39 24 0 % (0/24) 25 % (6/24) 29 % (5/17) 14 % (1/7) -
Kodaira 1981 41 41 - 4.9 % (2/41) - - -
Cooper 1983 49 29 - 14 % (4/29) 0 % (0/26) 17 % (4/23) 2 % (1/49)
Pines 1990 43 19 0 % (0/19) 0 % (0/19) 0 % (0/11) 0 % (0/8) 0 % (0/43)
Kikuchi 1995 23 3 - 0 % (0/3) — - —
Kitajima 2004 141 141 - 7.1 % (10/141) — - -
Matsuda 2011 384 230 0 % (0/230) 3.5 % (8/230) 0 % (0/101) 6.2 % (8/129) 0.3 % (1/340)
Kobayashi 2012 20 20 - 5 % (1/20) - — 5 % (1/20)
Our series 2015 176 81 0 % (0/81) 4.9 % (4/81) 24 % (1/41) 7.5 % (3/40) 0.8 % (1/116)

LN lymph node
# Haggitt’s line: The line of Haggitt’s level 2

considered curative for pedunculated-type T1 CRC with
head invasion alone, as defined in the JSCCR guidelines.

The JSCCR criteria were established based on an anal-
ysis of histologic data of T1 CRC in surgically resected
specimens [14], and there have been few reports on
surveillance data after ER for T1 CRC [13, 21-23, 34].
Recurrence in patients with T1 CRC after surgical curative
resection has also been reported [6, 16]. As yet, the char-
acteristics and types of recurrence remain unclear. In this
study, a very low incidence of recurrence was observed in
patients with pedunculated-type CRC. It is possible that no
significance was seen in disease-free survival rates because
additional surgery restrained the local or LN recurrence of
carcinomas in non-e-curable patients. However, distant
metastasis was observed in one patient with carcinoma
recurring in the liver and lung 7 and 36 months after
additional surgery with LN dissection.

The overall survival rates was low only in the ER,
although overall survival rates showed no significance in
the non-e-curable patients treated with ER alone, ER plus
additional surgical resection, and surgical resection alone,
respectively. This finding is attributable to the fact that
patients treated with ER alone included non-e-curable
patients who could not undergo surgery because of anes-
thesia concerns and/or advanced age.

Our study revealed that 161 (91 %) pedunculated-type
T1 CRC cases received ER as the initial treatment; histo-
logical en bloc resection rate was 96 % (154/161); the rate

of adverse events was extremely low; and there were no
local recurrence cases. These results suggested peduncu-
lated-type T1 CRCs could be managed by polypectomy/
EMR alone when en bloc resection is possible.

Endoscopic submucosal dissection (ESD) is regarded as
a reliable method for en bloc resection regardless of tumor
size and a possible standard technique for total excisional
biopsy for clinical T1 CRC after an accurate preoperative
diagnosis and precise histopathological diagnosis are
reached [3]. ESD is an effective procedure for removal of
large pedunculated-type CRC when it is difficult to cor-
rectly position the snare over the stalk for en bloc resection
[35]. The JSCCR guidelines clearly state that additional
treatment should be performed only after systematically
evaluating the predicted curability based on various LN
metastasis risk factors and the patient’s background (e.g.,
age, concomitant disease, operative method, patient’s
wishes, life expectancy, and performance status) and after
obtaining informed consent from the patient [19]. The
findings of the present study demonstrated that we should
follow the JSCCR guidelines after treatment for peduncu-
lated-type T1 CRC.

This study has some limitations. First, this study was a
multicenter retrospective cohort study based on clinical
records. Second, this study might be affected by selection
bias because it was not randomized. Third, we reevaluated
the pathological diagnosis and features including tumor
budding; however, we did not reevaluate lymphovascular

@ Springer
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invasion using immunohistochemical staining for all cases.
Routine use of immunohistochemistry should be consid-
ered in future retrospective studies. Fourth, the statistical
power was not sufficient to discern small differences in the
group analysis of more comprehensive pathologic factors.
Large-scale multicenter prospective investigations are
needed to evaluate the long-term outcomes of T1 CRC in
the near future.

In conclusion, our data support the validity of the
JSCCR curative criteria (well/moderately differentiated or

papillary carcinoma, no vascular invasion, SM invasion

depth <1000 pm, and budding grade 1) for pedunculated-
type T1 CRCs after ER. ER cannot be considered curative
for pedunculated-type T1 CRC with head invasion alone.
Additional surgery after ER should be considered only
after taking into account the patient’s condition and the
concrete risk of LN metastasis in each case.
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ABSTRACT

This work introduces texture analysis methods that are based on computing the local fractal dimension (LFD;
or also called the local density function) and applies them for colonic polyp classification. The methods are
tested on 8 HD-endoscopic image databases, where each database is acquired using different imaging modal-
ities (Pentax’s i-Scan technology combined with or without staining the mucosa) and on a zoom-endoscopic
image database using narrow band imaging. In this paper, we present three novel extensions to a LFD based
approach. These extensions additionally extract shape and/or gradient information of the image to enhance
the discriminativity of the original approach. To compare the results of the LFD based approaches with the
results of other approaches, five state of the art approaches for colonic polyp classification are applied to the
employed databases. Experiments show that LFD based approaches are well suited for colonic polyp clas-
sification, especially the three proposed extensions. The three proposed extensions are the best performing
methods or at least among the best performing methods for each of the employed databases.

The methods are additionally tested by means of a public texture image database, the UIUCtex database. With
this database, the viewpoint invariance of the methods is assessed, an important features for the employed
endoscopic image databases. Results imply that most of the LFD based methods are more viewpoint invariant
than the other methods. However, the shape, size and orientation adapted LFD approaches (which are espe-
cially designed to enhance the viewpoint invariance) are in general not more viewpoint invariant than the
other LFD based approaches.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Uhl et al. (2011) and Héfner et al. (2014¢) showed that methods
based on fractal analysis are able to combine viewpoint invariance

In this paper, texture analysis methods are applied for the auto-
mated classification of colonic polyps in endoscopic images under
unknown viewpoint and illumination conditions. Endoscopic images
occur with different scales, orientations or perspectives, depending
on the distance and perspective of the camera to the object. Fig. 1
shows some examples for the field of view depending on the endo-
scopic viewpoint to the mucosal wall.

The varying viewpoint condition combined with the large intra-
class and small inter-class variations of polyps make it very difficult
to distinguish between different types of polyps. The viewpoint in-
variance of the employed methods is an important feature to at least
reduce the problem with the varying viewpoint conditions.

* Corresponding author.
E-mail addresses: uhl@cosy.sbg.ac.at (A. Uhl), gwimmer@cosy.sbg.ac.at
(G. Wimmer).

http://dx.doi.org/10.1016/j.media.2015.08.007
1361-8415/© 2015 Elsevier B.V. All rights reserved.

with high discriminativity and are quite suitable for endoscopic im-
age classification.

The term “fractal” was first used by the mathematician Benoit
Mandelbrot as an indication of objects whose complex geometry can-
not be characterized by an integral dimension. Fractal geometry is
able to describe the irregular or fragmented shape of natural features
as well as other complex objects that traditional Euclidean geome-
try fails to analyze. The fractal dimension is the key quantity to de-
scribe the fractal geometry and the heterogeneity of irregular shapes.
Roughly spoken, the fractal dimension is a ratio that compares how
the detail of a shape changes with the scale at which it is measured.

However, the fractal dimension is only one number, which is not
enough to describe an object.

As an extension to the classical fractal analysis, multifractal analy-
sis provides more powerful descriptions. Applied to image process-
ing, first define a point characterization on an image according to
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Fig. 1. The field of view (FOV) depending on the endoscopic viewpoint to the mucosal
wall.

some criteria (e.g., the intensity values of the pixels), then the fractal
dimensions are computed for every point set from this categorization
(e.g., categorize the image pixels by their intensity and obtain binary
images by setting a pixel to 0 if its intensity value is in the considered
set and to 1 otherwise). The collection of the fractal dimensions of the
binary images is called a multi fractal spectrum (MFS) vector.

Another extension to the classical analysis to provide a more pow-
erful description is to compute local fractal features, These features
are already the normin fractal based image segmentation (Chaudhuri
and Sarkar, 1995; Xia et al., 2006).

In Xu et al. (2009), local fractal based features (we denote them
as local fractal dimensions, LFD’s) are computed densely followed by
applying multifractal analysis to these features (categorize the LFD’s
by their values, thereby obtain binary images followed by comput-
ing the fractal dimension of the binary images). Another approach
(Varma and Garg, 2007) using the LFD is pre-filtering the image with
the MRS filter bank obtaining eight filtered images on which the LFD’s
are computed. Subsequently, the bag of visual words (BoW) approach
is used to build histograms of the LFD’s. It has been shown that the
LFD is invariant to bi-Lipschitz transformations, such as local affine
or perspective transformations and certain smooth, non-linear trans-
formations (Xu et al,, 2009). The LFD is also invariant to local affine
illumination changes as showed in Xu et al. (2009).

Roughly speaking, the LFD at an arbitrary location of an image is
computed by summing up intensity values in disk shaped areas with
fixed radii surrounding the considered (pixel) location followed by
analyzing the increase of the sums for increasing radii. Actually, the
scale and perspective of the object or texture in the image at the con-
sidered location is not taken into account, the radii are always the
same and the areas are always disk shaped. In Hafner et al. (2014c), a
more viewpoint adaptive approach is presented. This LFD based ap-
proach uses ellipsoidal areas instead of disk shaped areas. The sizes,
shapes and orientations of the ellipsoidal areas are adapted to the
local texture structure by analyzing the shape, size and orientation
of connected components (blobs). Instead of a dense computation of
the LFD’s like in Xu et al. (2009) and Varma and Garg (2007), the size,
shape and orientation adapted LFD’s in Héfner et al. (2014c) are com-
puted only for interest points, more precisely only for those points
that are the centers of the area of a blob.

A review about methods using fractal and multifractal analysis is
presented in Lopes and Betrouni (2009),

In this work we compare methods based on the LFD, compare
their classification results on different image databases, analyze the
reasons for those results and examine the affine invariance of the

methods. We will test the LFD approaches on nine different endo-

scopic image databases, which consist of highly detailed endoscopic

images with nine different imaging modalities. Additionally we ap-

ply the LFD based approaches on a public texture database with huge

viewpoint variations, the UIUCtex database (Lazebnik et al. , 2005).
The contributions of this manuscript are as follows:

e We apply seven LFD based methods for the automated classifi-
cation of colonic polyps using nine different endoscopic image
databases. Eight databases are gathered using an HD-endoscope
with eight different imaging modalities (Pentax’s i-Scan in combi-
nation with staining the mucosa) and one database is gathered us-
ing a zoom-endoscope with narrow band imaging (NBI) as imag-
ing modality. To the best of our knowledge, this is the highest
number of endoscopic polyp databases that has been used in pub-
lications so far. The results of the LFD based methods are com-
pared and the differences between the methods and their impacts
to the results are analyzed.

Five (non LFD based) state-of-the-art approaches for colonic polyp
classification are applied to the classification of our databases to
compare their results with the results of the LFD based methods.
We present three novel extensions of an LFD approach. For each
database, the results of these extensions are among the best re-
sults of all the employed methods.

We assess the viewpoint invariance of the methods by means of
a public texture database, the UIUCtex database (Lazebnik et al,,
2005). Results imply, that most of the LFD based methods are
more viewpoint invariant than the other methods. The size, shape
and orientation adapted LFD methods are generally not more
viewpoint invariant than the other LFD based methods.

Already in Hifner et al. (2014c), an LFD-based method was
proposed for the classification of colonic polyps. However, this
publication used only one endoscopic image database (one of our
8 HD-endoscopic image databases) and compared the result of the
proposed method with only one other LFD based approach and three
non LFD based approaches. Furthermore, neither the differences
between the two LFD based approaches were analyzed nor the
viewpoint invariance of the approaches was tested.

This paper is organized as follows. In Section 2 we briefly intro-
duce the concept of the computer-assisted diagnosis of polyps by the
automated classification of mucosa texture patches and review the
corresponding state-of-the-art. In Section 3, we describe the feature
extraction approaches and compare the approaches that are based on
computing the LFD, The experimental setup, the used databases and
the results are presented in Section 4. Section 5 presents the discus-
sion and Section 6 concludes our work, The acronyms used in this
work are listed in the Appendix.

2. Colonic polyp classification

Colonic polyps have a rather high prevalence and are known to ei-
ther develop into cancer or to be precursors of colon cancer. Hence,
an early assessment of the malignant potential of such polyps is im-
portant as this can lower the mortality rate drastically. As a conse-
quence, a regular colon examination is recommended, especially for
people at an age of 50 years and older. The current gold standard for
the examination of the colon is colonoscopy, performed by using a
colonoscope. Modern endoscopy devices are able to take pictures or
videos from inside the colon, allowing to obtain images (or videos)
for a computer-assisted analysis with the goal of detecting and diag-
nosing abnormalities.

Colonic polyps are a frequent finding and are usually divided into
hyperplastic, adenomatous and malignant. In order to determine a di-
agnosis based on the visual appearance of colonic polyps, the pit pat-
tern classification scheme was proposed by Kudo et al. (1994). A pit
pattern refers to the shape of a pit, the opening of a colorectal crypt.
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This classification scheme allows to differentiate between normal
mucosa and hyperplastic lesions, adenomas (a pre-malignant condi-
tion), and malignant cancer based on the visual pattern of the mu-
cosal surface. The removal of hyperplastic polyps is unnecessary and
the removal of malignant polyps maybe hazardous. Thus, this clas-
sification scheme is useful to decide which lesions need not, which
should, and which most likely cannot be removed endoscopically. For
these reasons, assessing the malignant potential of lesions at the time
of colonoscopy is important, as this would allow to perform targeted
biopsy.

The various pit pattern types are presented in Fig. 3e and f, The pit
pattern classification scheme differentiates between six types. Types
I (normal mucosa) and II (hyperplastic polyps) are characteristics of
non-neoplastic lesions, type III-S, llI-L and IV are typical for adeno-
matous polyps and type V is strongly suggestive to malignant cancer.

To enable an easier detection and diagnosis of the extent of a
lesion, there are two common image enhancement technologies:

1. Conventional chromoendoscopy (CC) came into clinical use 40
years ago. By staining the mucosa using (indigocarmine) dye
spray, it is easier to find and classify polyps.

2. Digital chromoendoscopy is a technique to facilitate “chromoen-
doscopy without dyes” (Kiesslich, 2009). The strategies followed
by major manufacturers differ in this area:

« In narrow band imaging (NBI, Olympus), narrow bandpass fil-
ters are placed in front of a conventional white-light source
to enhance the detail of certain aspects of the surface of the
mucosa.

The i-Scan (Pentax) image processing technology (Kodashima

and Fujishiro, 2010) is a digital contrast method which consists

of combinations of surface enhancement, contrast enhance-
ment and tone enhancement,

The FICE system (Fujinon) decomposes images by wavelength

and then directly reconstructs images with enhanced mucosal

surface contrast.

Both systems (i-Scan and FICE) apply post-processing to the

reflected light and thus are called “computed virtual chro-

moendoscopy (CVC)”".

Previous works for the computer assisted staging of colon polyps,
which are using endoscopes producing highly detailed images in
combination with different imaging modalities, can be divided in
three categories: high definition (HD) endoscope combined with or
without staining the mucosa and the i-Scan technology (Héfner et al,,
2014c¢), high-magnification chromoendoscopy (Hafner et al., 2009)
and high-magnification endoscopy combined with NBI (Gross et al.,
2012; Tamaki et al., 2013). In this work we use highly detailed images
acquired by an HD endoscope without magnification in combination
with CC and CVC (the i-Scan technology) and images acquired by a
high-magnification endoscope combined with NBI,

Further examples of approaches for colonic polyp classification
classification are lakovidis et al. (2005), Karkanis et al. (2003),
Maroulis et al. (2003), and lakovidis et al. (2006).

In addition to classical endoscopy, endomicroscopy and wire-
less capsule endoscopy are used for the examination of the gastro-
intestinal tract. Endomicroscopy (Jabbour et al., 2012) is a technique
to obtain histology-like images and is also known as ‘optical biopsy'.
For example André et al. (2011, 2012) show state of the art ap-
proaches based on semantics and visual concepts for the automated
diagnosis of colonic polyps using endomicroscopy. .

Wireless capsule endoscopy (lakovidis and Koulaouzidis, 2015;
Yuce and Dissanayake, 2012) is mainly used to examine parts of the
gastrointestinal tract that cannot be seen with other types of endo-
scopes. The capsule has the size and shape of a pill and contains a
tiny camera. After a patient swallows the capsule, it takes images of
the inside of the gastro-intestinal tract. An example for the automated

(e) ccC
Fig. 2. Images of a polyp using digital (i-Scan) and/or conventional chromoendoscopy
(CO).

detection and classification of colonic polyps using capsule en-
doscopy can be seen in Romain et al. (2013).

2.1. HD endoscopy in combination with the i-Scan image
processing technology

In this work, the HD endoscopic images are gathered using three
different i-Scan modes:

s i-Scan 1 includes surface enhancement and contrast enhance-
ment. Surface enhancement mode augments pit pattern (see
Fig. 3) and surface details, providing assistance to the detection
of dysplastic areas. This mode enhances light-to-dark contrast by
obtaining luminance intensity data for each pixel and adjusting it
to accentuate mucosal surfaces.

i-Scan 2 includes surface enhancement, contrast enhancement
and tone enhancement. Expands on i-Scan 1 by adjusting the
surface and contrast enhancement settings and adding tone en-
hancement attributes to the image. It assists by intensifying
boundaries, margins, surface architecture and difficult-to-discern
polyps.

i-Scan 3 also includes surface enhancement, contrast enhance-
ment and tone enhancement, Similar to i-Scan 2, with increased
illumination and emphasis on the visualization of vascular fea-
tures. This mode accentuates pattern and vascular architecture.

In Fig. 2 we see an image showing an adenomatous polyp without
image enhancement technology (a), example images using CVC (b)-
(d), an image using CC (e) and images combining CC and CVC by using
the i-Scan technology to visually enhance the already stained mucosa
(B)~(h).

In our work we use a two-class classification scheme for our eight
image databases gathered by HD endoscopy in combination with CC
and the i-Scan technology. Lesions of pit pattern type I and Il can be
grouped into non-neoplastic lesions (healthy mucosa) and types Ill-
V can be grouped into neoplastic lesions (abnormal mucosa). This al-
lows a grouping of lesions into two classes, which is quite relevant
in clinical practice as indicated in a study by Kato et al. (2006). In
Fig. 3 we see the various pit pattern types divided into two classes
(denoted as class “Healthy” and class “Abnormal”) along with exem-
plar images of these two classes obtained by an HD endoscope using
CC and i-Scan mode 2.

One of the aims of this work is to compare classification results
with respect to using CVC (i-Scan) or CC (staining). We will also ex-
amine the effects of combinations of CVC and CC on the classification
results,
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Fig. 3. Example images of the two classes (top row) and the pit pattern types of these
two classes (bottom row).

Fig. 4. Example of NBI images of types A (top row), B (middle row) and C3 (bottom
TOW).

2.2. High-magnification endoscopy in combination with NBI

NBI(Gono et al., 2003) is a videoendoscopic system using RGB ro-
tary filters placed in front of a white light source to narrow the band-
width of the spectral transmittance. NBI enhances the visibility of
microvessels and their fine structure on the colorectal surface. Also
the pits are indirectly observable, since the microvessels between the
pits are enhanced in black, while the pits are left in white. In this pa-
per we use the classification scheme of the medical research group of
the Hiroshima University Hospital (Kanao et al., 2008). This classifi-
cation scheme divides the microvessel structure in an NBI image into
types A, B and C. In type A microvessels are either not or only slightly
observed (opaque with very low contrast). In type B, fine microves-
sels are visible around clearly observed pits. Type C is divided into
three subtypes C1, C2, and C3. In type C3, which exhibits the most
irregular texture, pits are almost invisible because of the irregular-
ity of tumors, and microvessels are irregular and thick, or heteroge-
neously distorted. In Fig. 4 we see examples from the classes A, B and
C3 (without CC).

It has been shown that this classification scheme has a strong cor-
relation with histological diagnosis (Kanao et al., 2008). 80% of type
A corresponds to hyperplasias and 20% to tubular adenomas. 79.7%

il
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Fig. 5. As the length of the measuring stick is decreasing, the total length of the coast-
line measured is increasing.

of type B corresponds to tubular adenomas and 20.3% to carcinomas
with intramucosal invasion to scanty submucosal invasion. 100% of
type C3 correspond to carcinomas with massive submucosal inva-
sion. Intramucosal invasion to scanty submucosal invasion (Pit Pat-
tern type V;) demands further examinations and carcinomas with
massive submucosal invasion (Pit Pattern type Vy) requires surgery.
Therefore it is important to detect type C3 among other types, instead
of differentiating just between the two classes of neoplastic and non-
neoplastic lesions. Like in Kanao et al. (2008) and Tamaki et al. (2013),
types C1 and C2 are excluded from the experiments of this paper.

3. Local fractal dimension based feature extraction approaches
3.1. The fractal dimension

As already mentioned in the Introduction, the fractal dimension
is the key quantity to describe the fractal geometry and the hetero-
geneity of irregular shapes. Fundamental to the fractal dimension is
the concept of “measurements at scale o”. For each o, we measure
an object in a way that ignores irregularity of size less than o, and
we analyze how these measurements behave as o goes to 0. A well-
known example to illustrate this concept is the length of a coastline
measured with differently long measuring sticks (see Fig. 5).

For most natural phenomena, the estimated quantity (e.g., the
length of a coast) is proportional to (1/o )P for some D. For most nat-
ural objects, D is almost the same for small scales o, Its limit D for
o - 0is defined as the fractal dimension. In case of an irregular point
set E defined on R?, the fractal dimension of E is defined as

dim(E) = lim log (N(0, E))

0o —logo (1)

where N(o, E) is the smallest number of sets of diameter less than
sigma that cover E. The set consists of closed disks of radius o or
squares of side ¢, In practice, the fractal dimension is usually com-
puted using the box counting method (dividing the space with a mesh
of quadratic boxes of size ¢ x o, and counting the boxes occupied by
the point set).

The fractal dimension D of any object in 2D space is between 0 and
2. The fractal dimensions of a point, a smooth curve or a completely
filled rectangle is the same as their topological dimension (0, 1 and 2).
Irregular sets have a fractal dimension between 0 and 2 (see Fig. 6).
For example a curve with fractal dimension very near to 1 behaves
similar to an ordinary line, but a curve with fractal dimension close
to 2 winds convolutedly through space very nearly like a surface.
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(a) (b)

Fig. 6. Fractal dimension D in 2D space. (a) Smooth spiral curve with D =1, (b) the
Koch snowflake with D ~ 1.26, (¢) the Sierpinski-Triangle with D ~ 1.58 and (d) the
checkerboard with D = 2.

(a) (b) (@

Fig. 7. LFD’s at the center point using ((B(x,1)) = ¥|,_xj<r /(): (3) LFD = 1.64, (b)
LFD = 2, and (c) LFD = 2.37.

3.2. The local fractal dimension

. Let 4 be a finite Borel regular measure on R2.

For x € R?, denote B(x, r) as the closed disk with center x and ra-
dius r > 0. w(B(x, 1)) is considered as an exponential function of r, i.e.
w(B(x, 1)) = crP® where D(x) is the density function and c is some
constant. As an example, u(B(x, r)) could be the sum of all pixel in-
tensities that lie within a closed disk of radius r centered at an image
point x, i.e. w(B(x. 1)) = 3jymsjj<r [O)-

The LFD (Xu et al., 2009) (or also called the local density function)
of x is defined as ‘

log 14 (B(x, 1)) ' 2)

LFD(x) = y_{% logr

The LFD measures the “non-uniformness” of the intensity distribu-
tion in the region neighboring the considered point. In Fig. 7 we show
examples of values of the LFD for different intensity distributions.
If the intensities decrease from the center outward, then the center
point has an LFD < 2. For uniform intensities, the LFD = 2. Finally,
if the surrounding intensities increase from the center outward, the
LFD of the center point is > 2.

In that way, the pit pattern structure of the mucosa provide high
responses in terms of the LFD. Pits produce high LFD values and the
peaks of the pit pattern structure produce low LFD values. So the LFD
response is highlighting the pit pattern structure of the mucosa. In
Fig. 8 (a) and (b) we see an image of class abnormal and its LFD's and
in (c) and (d) we see an image of healthy mucosa and its LFD’s (both
images are gathered using an HD endoscope combined with i-Scan
mode 2).

As already mentioned before, the LFD is invariant under the bi-
Lipschitz map, which includes view-point changes and non-rigid de-
formations of texture surface as well as local affine illumination
changes (Xu et al., 2009). A bi-Lipschitz function g must be invertible
and satisfy the constraint ¢; |[[x — y|| < ||1g(x) — g)|| = c2l|x — y]| for
¢z > €1 > 0. The core of the proof in Xu et al. (2009) shows that for an
bi-Lipschitz transform g applied to an image I(x) with I (x) = I(g(x)),
the LFD of I(x) and I(g(x)) are identical:

log (Fu(B(. 1)) _ log (u(Bg®).N)) _ log(Gu(Bk, 1))
logr - logr - logr ’

H
£ - LS

(a) Abnormal

(c) Healthy

(d) LFD

Fig. 8. Example images of class abnormal and healthy and their LFD's using

HBE.T) = Ly 10)-

Since

log (B, N) _ . 2loge .
T rs0 logr o0

log L (B(x, 1))
logr

lim
r—0 logr

forie{1,2}and since kl’f—;fi is zero forr — 0 (logr — —oo), the fractal
dimensions D(x) and D(g(x)) are identical.

However, the proof shows that the LFD is invariant in a continuous
scenario, but not in case of a discrete scenario (e.g. an image), since
r — 0 is not possible for an image with limited resolution. So the LFD
is not proven to be viewpoint invariant in case of any image process-
ing tasks. Of course, total viewpoint invariance in image processing
tasks is impossible since images appear totally different for huge dif-
ferences in scale. Despite their missing actually viewpoint invariance,
the viewpoint invariance of the two approaches using the LFD (Varma
and Garg, 2007; Xu et al., 2009) seems to be sufficient to achieve high
classification rates on the UIUCtex database (Lazebnik et al. , 2005),
a texture database consisting of texture images which are acquired
under quite different viewpoint conditions.

In practical computation, the LFD at each pixel location x of an im-
age is computed by linear fitting the slope of the line in a scaling plot
of log ((B(x, r)) against logr for r = {1,..., 8}. In Fig. 9, we visually
show the computation of the LFD for the pixel location x of an image
Tusing (B, 1)) = fpxn) Ix)dx = Zl]y—xnsrl(y)‘

3.3. Feature extraction methods based on the LFD
3.3.1. The MFS-LFD approach
In the approach of Xu et al. (2009), three different definitions of

W(B(x, 1)) are used, which capture different aspects of the structure of
textures:

@) = [ .
B ) = [ oy 2 U Uo7 @
%) =1

waeen = [ (@) + 1y (@) dx, (5)

(o) dx 3)
r)
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----- fitted line with siope LFD(x}=2.47

log u(B(x,r))
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Fig. 9. In the image to the left we see the schematic representation of a pixel location x
(orange dot) and the corresponding disks B(x, r) (yellow). The plot to the right visually
shows the computation of the LFD by linear fitting the slope of the line of log u(B(x,
7)) against logr. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 10. The filters of the MRS filter bank.

where (o) is the Gaussian blurred image I using variance o2, Iw(o)is
the second derivative in x-direction, “+” is the 2D convolution opera-
torand {fy, k= 1,2, 3,4} are four directional operators (derivatives)
along the vertical, horizontal, diagonal, and anti-diagonal directions.
Let Ey be the set of all image points x with LFD’s in the interval o

Ey ={xeR?: LFD(x) € «}.

Usually this set is irregular and has a fractional dimension flo) =
dim(Ey ). The feature vector of an image / consists of the concatena-
tion of the fractal dimensions flor) for the three different measures
up(Blx, ) ke {1, 2,3}

That means the range of values of the LFD’s is splitted into N
equally sized intervals o, i e {1,...,N} (N = 26 in Xu et al, 2009).
So for each of the three measures w,(B(x, 1)), we generate 26 binary
images I}, where L) (x, y) = 1 if LED(x, y) € o; and L7(x,y) = 0 oth-
erwise. The final feature vector consists of the fractal dimensions of
the 26 binary images per measure u(B(x, r)). So the feature vector
of an image consists of 3 x 26 = 78 features per image, We furtherly
denote this approach as the multi fractal spectrum LED (MFS-LFD)
approach.

3.3.2. The MR8-LFD approach

In the approach presented in Varma and Garg (2007), the images
are convoluted with the MR8 filter bank (Geusebroek et al., 2003;
Varma and Zissermann, 2005), a rotationally invariant, nonlinear fil-
ter bank with 38 filters but only eight filter responses. It contains
edge and bar filters, each at six orientations and three scales, as
well as a rotationally symmetric Laplacian and Gaussian filter (see
Fig. 10). Rotation invariance is achieved by taking only the maxi-
mum response over all orientations for each scale of the edge and bar
filters.

The LFD's are computed for each of the eight filter responses
fiD, ie{1,..., 8} using the measure

W(B(x, 1)) = /B UL

(a) Image (b) Peak blobs (¢) Pit blobs

Fig. T1. The extracted peak and pit blobs of the image. )

So for each pixel of an image there is an eight-dimensional LFD vec-
tor. Finally, the BoW approach is applied to the LFD vectors. The visual
words are learned by k-means clustering the LFD vectors using 100
cluster centers per image class. The feature vector of an image con-
sists of the resulting histograms of the Bow approach. We furtherly
denote this approach as the MRS-LFD approach,

For both, the MFS-LFD and the MR8-LFD approach, disks B(x, r)
with r={1,..., 8} are used to sum the intensity values I(y) (where
I(y) is the Gaussian blurred image I(o), the gradient image or the
Laplacian of the image in case of the MFS-LFD approach and one of
the eight MR8 filter responses in case of the MRS-LFD approach) sur-
rounding the considered pixel x with ||x — y|| < r. We can interpret
these disks as circle shaped binary filters, with which the image (re-
spectively its filter responses or its derivatives) is filtered.

3.3.3. The blob-adapted LFD approach

In Hdfner et al. (2014c), we proposed a feature extraction method
that is derived from the LFD. However, instead of disk shaped filters
with preassigned radii (B(x, 1)), we used ellipsoidal binary filters and
anisotropic, ellipsoidal Gaussian filters fitted to the shape, size and
orientation of the local texture structure. The shapes, orientations
and sizes of the filters are adapted to the shapes, orientations and
sizes of connected components (blobs).

These blobs are generated by a segmentation algorithm (Hafner
et al., 2014c), that applies local region growing to the maxima and
minima of the image in a similar way as the watershed segmenta-
tion by immersion (Roerdink and Meijster, 2000: Vincent and Soille,
1991).

The blobs represent the local texture structures of an image, We
differentiate between blobs evolved from local minima (pit blobs)
and blobs evolved from local maxima (peak blobs) of an image (see
Fig. 11). Roughly said, beginning with a local minima (maxima), the
algorithm adds those neighboring pixels to the considered minima
(maxima), which have the smallest (highest) intensity value of all
neighboring pixels. In this way we generate a blob and this blob is
growing as long as the darkest (brightest) neighboring pixel of the
blob is brighter (darker) or equally bright (dark) as the brightest
(darkest) pixel of the blob. If the darkest (brightest) neighboring pixel
is darker (brighter) as the brightest (darkest) pixel of the blob, the re-
gion growing algorithm stops resulting in a pit (peak) blob b evolved
from the local minima (maxima).

The idea behind this segmentation approach is that different
classes of polyps have different typical pit pattern types (see Fig. 3).
By filling up the pits and peaks of a mucosal image, the resultant
blobs represent the shapes of local structures of the image including
the different types of pit pattern. In that way the shape of the blobs
contain information that enables an distinction between healthy and
abnormal mucosa (see Héfner et al,, 2014a).

For further feature extraction (computing the LFD derived fea-
ture), only the blobs with N > 8 pixels are used. In this way it is en-
sured that only these blobs are used which represent a distinct pit
or peak and exclude those blobs which evolve of minima or maxima
that are caused by noise. For each resulting blob, the inertia matrix
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Fig. 12. A patch containing a blob b in his center and the corresponding binary elliptic
filter masks E}/ and elliptic Gaussian filter masks G{'.

is computed and from these matrices we determine the eigenvectors
and eigenvalues.

The orientation and shape of an elliptic filter is derived from the
eigenvectors and eigenvalues of the inertia matrix of a blob. That
means for each blob b, a specific filter is generated and its shape and
orientation is adapted to the considered blob. The size of the elliptic
filters is adapted to the number of pixels of the corresponding blob
(the higher the number of pixels, the bigger the size of the filter).

Like in the two previous approaches, eight differently sized binary
filters are used (disks B(x, r) with r = {1,..., 8} in case of the previ-
ous approaches). The size of the eight elliptic binary filters is con-
trolled by eight threshold parameters t; x /N/m, ie {1,...8}(t;, i e
{1, ...8} is fixed and strictly monotonic increasing and N is the num-
ber of pixels of the considered blob). Additionally to the eight bi-
nary filters Ef, eight Gaussian filters are used, whose shape and ori-
entation is equally determined as for the binary filters. Instead of
the threshold parameters t;, eight standard deviations o; x /N/7, i €
{1, ...8} are used as size-perimeters for the Gaussian filters Ggf (see
Hifner et al,, 2014c), where o3, i € {1, ... 8} is fixed and strictly mono-
tonic increasing.

The parameters t; and o; are chosen so that the filters uniformly
gain in size with increasing i.

In Fig. 12 we see an image patch containing a blob b and the cor-
responding binary and Gaussian filters.

For a given Blob b with center position (%,7) in the image I and
the corresponding filters GZ" (Eg" analogous) with filter size f x f, p is
defined as follows:
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The LFD derived features are computed separately for binary and
Gaussian filters and only for interest points, which are defined as the

centers of the blobs. The two LFD derived features for a blob b are
defined as:

log w(E;)
logi

where ¢; and t; are strictly monotonic increasing. Equally to the origi-
nal LFD, the practical computation of the LFDg (LFD ) is done by linear

log u(Gy")

logi ~ (6)

LFDg(b) = lim LFDG(b) = lim

fitting the slope of the line in a scaling plot of log ,u(Efj) (log /L(GZ‘))
against logiwithie {1,...,8}.

Since the two features LFDg and LFD¢ in this approach are de-
rived from the LFD as defined in the two previous approaches (MFS-
LFD and MR8-LFD), we will further denote them as blob-adapted LFD
(BA-LFD).

The BA-LFD measures the “non-uniformity” of the intensity distri-
bution in the region and neighboring region of a blob. Starting with
the center region of a pit or peak, it analyzes the changes in the in-
tensity distribution with expanding region. In that way it analyzes the
changing intensity distribution from the inside to the outside of a pit
or peakinan image. Since size, shape and orientation of the filters are
adapted to the blob representing the pit or peak, the BA-LFD should
be even more invariant to varying viewpoint conditions as the LFD
using disks with fixed radii (Xu et al., 2009).

The BA-LFD approach was especially designed to classify polyps
using the CC-i-Scan databases. It finds the pits and peaks of the pit
pattern structure and then filters the area in and surrounding the de-
tected pits with filters that are shape, size (= scale) and orientation
adapted to the pits and peaks.

The final feature vector of an image consists of the concatenation
of the histograms of the LFDg’s separately computed for the pit and
peak blobs of an image and the histograms of the LFD’s separately
computed of the pit and peak blobs of an image. Each of the four his-
tograms consists of 15 bins. All parameter values (e.g., the number of
bins per histogram, ¢; and ¢;) are taken from the original approach
(Hafner et al., 2014c).

Distances between two feature vectors are measured using the x2
statistic, which has been frequently used to compare probability dis-
tributions (histograms) and is defined by

X*xy) = Z(“y, : 7)

Also the three extensions of the BA-LFD approach (see Section 3.5)
use the x? statistic as distance metric. The histograms of the BA-LFD
approach (and its three extensions) are not normalized. In case of the
experiments using the NBI database, the values of the histograms of
an image are divided by the number of pixels of the considered image,
to balance the different sizes of the NBI images. This approach will be
further denoted as the BA-LFD approach.

3.4. Closing the gap between LFD and BA-LFD

As already mentioned before, there are major differences between
the LFD and the BA-LFD. Contrary to the LFD, the filters of the BA-LFD
are

» scale-adapted by fitting the size of the filters to the number of
pixels per blob,

» shape and orientation-adapted by fitting the shape and orienta-
tion of the filters to the shape and orientation of the blobs,

« only applied on interest points, which are defined as the centers
of peak and pit blobs that are detected by an segmentation algo-
rithm,

o partly Gaussian filters and partly binary filters (instead of only bi-
nary filters).

To analyze the weak and strong points of the BA-LFD compared
to the LFD and to analyze which of the adaptions make sense and
which not, we will create methods that are intermediate steps be-
tween the LFD and the BA-LFD. That means we leave out one or sev-
eral of the four adaption steps that turn the LFD into the BA-LFD. For
a better comparability of the results, for each intermediate step the
histograms of the LFD’s (or BA-LFD’s) are used as features. It should
be noted that the computation of LFD's (BA-LFD’s) only on interest
points means that we separately compute histograms of the LFD's



