Table III. Univariate analysis of disease-~free survival.
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Table III, Continued.

Characteristics n Hazard ratio  p-value  Characteristics n Hazard ratio  p-value
Age (years) 0.2987  EFNAI 0.0113
<65 63 Ref. Low expression 69 Ref.
=65 76 1.239 High expression 70 1.701
Gender 03658  EPHAZ2 0.4044
Male 113 Ref, Low expression 69 Ref.
Female 26 0.785 High expression 70 1.185
i i 0.3692
HI? V infection 26 Ref Ref., reference; HBV, hepatitis B virus; HCV, hepatitis C virus;
resent - ot PIVKA-II, proteininduced by vitamin K absence or antagonist II;
Absent 113 0.798 well/moderately, well or moderately differentiated hepatocel-
HCV infection 02871  lular carcinoma; poorly, poorly differentiated hepatoceliular
Present 85 Ref. carcinoma,
Absent 54 1.244
Child-Pugh grade 0.5886
A 115 Ref.
B 24 0.8681
Cirrhosis 0.3820 §_
Absent 78 Ref. e
Present 61 1.194 z
o-fetoprotein (ng/ml) 0.1128 £
<100 93 Ref, @
2100 . 46 1.395 ;5<-
3]
PIVKA-II (mAU/ml) 04261 . |
<40 46 Ref. £ 44
w ®
240 93 1.193 1
Tumor size (cm) 0.5323 -5 > ' _‘1 i (') i ;
<3 65 Ref. .
>3 74 0.881 EFNAL expression in microarray
Tumor muitiplicity 0.0143 Figure 3, Correlation of EFNA{ expression according to microarray data and
Sinel 102 Ref quantitative reverse transcription PCR (qRT-PCR). qRT-PCR data were sig-
mgle : nificantly correlated with the microarray data in all 53 of the hepatocellular
Multiple 37 1.736 carcinoma samples that were tested.
Macroscopic portal 0.2075
invasion
Absent 124 Ref. patients with high EFNAI expression had significantly shorter
Present 15 1477 disease-free survival (DFS) than those with low EFNAI
Stage (TNM) 0.3271 expression based on both microarray (Fig. 4A) and gRT-PCR
i 127 Ref. (Fig. 4B) data, EPHAZ2 expression was not correlated with the
IIIA/IIIB 12 1410 prognosis for HCC after curative resection (Fig. 4C). Univariate
. . analysis for survival revealed that tumor number, microscopic
Histological grade 0.1678  yascular invasion, microscopic intrahepatic metastasis, and
Well/moderately 82 Ref. EFNAI expression were significantly associated with DFS
Poorly 57 1321 based on microarray data (Table III). Multivariate Cox regres-
Microscopic portal 0.0042  sion analysis clarified that only EFNAI expression remained an
vein invasion independent prognostic factor (Table IV).
Absent g8 Ref. Discussion
Present 51 1.801
Microscopic intrahepatic 0.0007  EFNAI expression was previously reported to be associated
metastasis with prognosis in early squamous cell cervical carcinoma (31)
Absent 104 Ref, and colorectal cancer (32), However, the prognostic impact of
Present 35 2.185 EFNAI in HCC patients remains unknown. The present study
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Figure 4. Kaplan-Meier disease-free survival curves for hepatocellular carcinoma patients according to EFNAI and EPHA2 mRNA expression. Patients in the
high EFNAI mRNA. expression group had poorer disease-free survival than those in the low expression group, as shown by both (A) microarray and (C) gRT-PCR
analysis. Differences in disease-free survival curves were estimated with the log-rank test for (A) microarray analysis (p=0.011) and (B) gRT-PCR analysis (p=0.029).

Table IV. Multivariate analysis of disease-free survival.

Characteristics n Hazard ratio 95% C1 p-value
Tumor multiplicity 0.8701
Single 102 Ref.
Multiple 37 1.053 0.565-1.965
Microscopic portal invasion 0.0574
Absent 88 Ref.
Present 51 1.505 0.987-2.295
Microscopic intrahepatic metastasis 0.0611
Absent 104 Ref.
Present 35 1.848 0.972-3.516
EFNAI expression 0.0277
Low expression 69 Ref.
High expression 70 1.605 1.054-2.451

95% CI, 95% confidence interval; ref., reference.

evaluated the correlation between EFNAI mRNA expression
levels and prognosis in patients with HCC by microarray
analysis of 139 HCC samples and gRT-PCR analysis of
53 samples. The most important finding was that patients
with high EFNAI expression had a poorer prognosis than
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those with low EFNAI expression, Furthermore, multivariate
analysis demonstrated that EFNAI expression was an inde-
pendent prognostic factor for HCC.

HCC is generally known to occur as a hypervascular
tumor, but the rapid proliferation of tumor cells continuously
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induces local hypoxia in advanced stages. Angiogenesis is
‘an essential process in carcinogenesis and progression, and
several angiogenic factors play important roles in HCC. We
previously reported that the expression of vascular endothe-
lial growth factor (VEGF) and angiopoietin-2 is associated
with microvascular density in HCC, We also found that high
nuclear expression of HIF1A is a significant predictive factor
for recurrence after curative resection in HCC patients (9).
HIF1A is one of the key transcription factors induced by
hypoxic conditions. In the absence of oxygen, it binds to
hypoxia-response elements, which activates the expression
of numerous hypoxia-response genes, such as VEGF, glucose
transporter-1, erythropoietin and EFNAI (33).

Two previous studies evaluated the association between
expression of EFNAI and clinical features in patients with
HCC. One report revealed that expression of EFNAI and AFP
was strongly associated and that they induced the expression
of genes related to the cell cycle, angiogenesis and cell-cell
interactions (34). The other report showed that EFNAI
mRNA was overexpressed in 90% of HCC cells and EPHA2
expression was significantly correlated with poor survival in
HCC patients (35). Both reports indicated that EFNA1 and
its receptor, EphA2, promote proliferation and invasiveness
in HCC, :

Qur result show that EFNAI mRNA expression was
significantly associated with EPHA2 mRNA expression,
based on microarray data. Moreover, EFNAI was a novel
independent prognostic factor for HCC. However, EPHA2
was not a significant prognostic factor, EPHA2 is a trans-
membrane receptor tyrosine kinase that is frequently
overexpressed in various cancers and is stimulated and
phosphorylated by EFNA1 (36-38). Overexpression of
EPHA2 is associated with aggressive phenotypes and
decreased differentiation (37,39). Our results also show
EPHA2 expression tends to correlate with microscopic
portal invasion. However, there was no association between
EPHA?2 and prognosis in HCC,

In the present study, we used tissue microarrays to
analyze not only tumor cells, but also many vascular
endothelial cells. EFNAI ligand and its receptor, EPHA?2,
were expressed and upregulated in both tumor cells and
tumor vessels. In line with the results of the present study,
hypoxic conditions are known to upregulate the expression
of EFNAL1 in hepatoma cells in vitro (34,35). We previously
reported that silencing of EFNAI in tumor cells inhibits the
migration, invasion and proliferation of tumor cells them-
selves and also inhibits the migration of endothelial cells in
coculture experiment (32). Thus, EFNA-mediated interac-
tions between the endothelium and surrounding cells may be
critical for vascular sprouting and the penetration of vessels
into tumor tissues.

In conclusion, the present findings strongly suggest that
EFNAI expression is a useful marker for predicting a high risk
of recurrence in HCC patients who have undergone curative
resection. Anticancer treatments that target EFNAT and EPHA2
may be particularly effective, because they could both suppress
tumor neovascularization and directly affect tumor cells. It will
be critical to the development of novel anticancer therapies to
distinguish the effects of inhibiting EFNA1/EPHA?2 activity on
tumor vasculature versus tumor cells.
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Mesenchymal phenotype after chemotherapy is
associated with chemoresistance and poor
clinical outcome in esophageal cancer
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Abstract. The relationship between the epithelial-mesen-
chymal transition (EMT) and resistance to anticancer
treatment has attracted attention in recent years. However, to
date, there is no direct clinical evidence for a link between the
mesenchymal phenotype and chemoresistance in human malig-
nancies. The expression of EMT-related markers, including
E-cadherin, Snail, vimentin, ZEBI, f-catenin and N-cadherin
was examined immunohistochemically in 185 tissue samples
from patients with esophageal cancer (including 93 patients
who received preoperative chemotherapy followed by surgery
and 92 patients who underwent surgery without preopera-
tive therapy). The relationship between the expression of the
above markers and clinical outcome including prognosis and
response to chemotherapy was also examined. The expression
of E-cadherin, a marker of epithelial cells, was significantly
lower in residual tumors than chemo-naive tumors (P=0.003).
The expression of Snail (P=0.028), ZEB! (P<0.001) and
N-cadherin (P=0.001), markers of mesenchymal cells, was
higher in residual tumors than in chemonaive tumors. The
expression of E-cadherin correlated inversely with that of
Snail (P<0.001). Reduced expression of E-cadherin and
increased expression of Snail in residual tumors from patients
who received chemotherapy correlated significantly with
poor response to chemotherapy and short survival time.
Multivariate analysis identified Snail expression as an inde-
pendent prognostic factor, along with tumor depth, in patients
who received preoperative chemotherapy for esophageal
cancer. The results suggest transition of residual esophageal
cancer cells to mesenchymal phenotype after chemotherapy
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and this contributes to resistance to chemotherapy and poor
prognosis in patients with esophageal cancer.

Introduction

Esophageal cancer is one of the most aggressive and lethal
malignancies. Surgical treatment is considered the standard
management approach for esophageal cancer. However,
despite recent advances in surgical technique, the prognosis
of patients who undergo surgery alone is poor (1-3). Thus,
multimodal treatment such as surgery foliowing neoadjuvant
chemotherapy or chemoradiotherapy is advocated. In fact,
several clinical trials have shown that such multimodal thera-
pies prolonged survival of patients with esophageal cancer
(4-7). However, the reported response rate to chemotherapy in
esophageal cancer is only [9-40% (1,2 4,8-10) and chemoresis-
tance has emerged as a serious problem. Thus, there is a need
to understand the underlying mechanism of chemoresistance
in esophageal cancer.

Epithelial-mesenchymal transition (EMT) is a biologic
process that allows a polarized epithelial cell, which normally
interacts with the basement membrane via its basal surface, to
undergo multiple biochemical changes that enable it to assume
a mesenchymal phenotype. The latter phenotype is charac-
terized by enhanced migratory capacity, invasiveness, high
resistance to apoptosis and enhanced production of components
of the extracellular matrix (ECM) (11). EMT and the reverse
process, termed mesenchymal-epithelial transition (MET),
play a central role in embryogenesis (type | EMT). EMT is
also associated with wound healing, tissue regeneration and
organ fibrosis (type 2 EMT) (12-14). Moreover, EMT occurs
in neoplastic cells that have previously undergone genetic
and epigenetic changes, specifically in genes that favor clonal
outgrowth and the development of localized tumors {type 3
EMT). Upon undergoing EMT, cancer cells acquire migratory
and invasiveness properties that allow them to migrate through
the ECM, resulting in increased metastatic potential (15,16).

Accumulating evidence suggests a direct link between
EMT and acquisition of stem cell characteristics (17). Induction
of EMT confers many of the properties of self-renewing stem
cells (17,18). These findings suggest that EMT plays an impor-
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tant role in resistance to chemotherapy, because cancer stem
cells are considered responsible for resistance to anticancer
treatment, such as chemotherapy and radiotherapy (19-21).
A possible association between EMT and chemotherapy
resistance is suggested by recent studies on various cancer
cells. However, there is virtually no direct clinical evidence
that links mesenchymal phenotype to chemoresistance in
human malignancies. Moreover, the association between EMT
and chemoresistance has not been elucidated in esophageal
cancers.

The present study was designed to determine the expres-
sion of EMT-related markers, including E-cadherin, snail,
ZEBI and vimentin, in residual tumors after chemotherapy
using samples obtained from patients who underwent preop-
erative chemotherapy for esophageal cancers. The study also
investigated the relationship between the expressions of such
EMT markers with prognosis of patients who underwent
chemotherapy.

Materials and methods

Patients and tissue samples. The 185 tissue samples
were obtained from patients who underwent radical
esophagectomy with lymph node dissection for thoracic
esophageal cancer between 1999 and 2007 at the Department
of Gastroenterological Surgery, Graduate School of Medicine,
Osaka University (Osaka, Japan). Informed consent was
obtained from each patient prior to participation in the study.
Of these patients, 93 received preoperative chemotherapy
followed by surgery while the remaining 92 patients under-
went surgery without preoperative therapy. In 65 of the 93
patients who underwent preoperative chemotherapy followed
by surgery, endoscopic biopsy samples were obtained before
treatment and used for immunohistochemical analysis. Two
courses of 4-week preoperative chemotherapy with cisplatin
at 70 mg/m?, adriamycin at 35 mg/m* by rapid intravenous
infusion on Day I and 5-FU at 700 mg/m? by continuous
intravenous infusion on Days |-7 followed by 3-weeks off
were scheduled before surgical treatment (6,22). The median
duration of the follow-up period was 46 months (range,
18-78 months). Furthermore, 107 patients (57.8%) died during
the foliow-up.

Immunohistochemistry and evaluation. Resected tumor
specimens were fixed with 10% formalin in phosphate-buff-
ered saline (PBS). The paraffin-embedded tissue blocks were
sectioned at 4-um slices. The sections were deparaffinized in
xylene and dehydrated in graded ethanol. For antigen retrieval,
they were incubated in 10 mM citrate buffer at 95°C water
bath for 40 min. The endogenous peroxidase activity in the
tissue specimens was blocked by incubating the slides in
3% hydrogen peroxide (H,0,) solution in methanol at room
temperature for 20 min. After treatment of the sections with
1% bovine serum albumin for 30 mia at room temperature to
block nonspecific reactions, all sections were incubated with a
primary antibody at working dilution in a humidified chamber
at 4°C overnight. The antibodies used in the study were anti-
E-cadherin monoclonal antibody (mAb, dilution 1:100, buffer
pH 9.0; Dako, Corp., Carpinteria, CA), anti-Snail polyclonal
antibody (pAb, dilution [:100, buffer pH 9.0; Santa Cruz
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Biotechnology, Inc., Santa Cruz, CA), anti-vimentin mAb
(dilution 1:100, buffer pH 9.0; Santa Cruz Biotechnology, Inc.),
anti-ZEB1 mAb (dilution 1:500, buffer pH 6.0; Dako, Corp.),
anti-B-catenin mAb (dilution 1:100, buffer pH 9.0; Dako,
Corp.), anti-N-cadherin pAb (dilution 1:200, buffer pH 9.0,
Millipore, Bedford, MA). After incubation with secondary
antibodies for 20 min, the reactions were visualized using
Vectastain ABC immunoperoxidase kit (Vector Laboratories,
Burlington, VT) with 3,3'-diaminobenzidine, which stained
the antigen brown, and hematoxylin counterstaining.

Two investigators (J.H. and H.M.) independently evalu-
ated the immunohistochemical sections. The deepest invaded
area, called the invasive front, was recorded. The degree of
E-cadherin and f-catenin immunostaining was graded as
reduced, negative or cytoplasmic immunoreactivity; preserved,
strong linear immunoreactivity on the cell membrane (23). The
expression levels of nuclear-Snail and cytoplasmic-vimentin,
cytoplasmic-ZEB!, membrane- or cytoplasmic-N-cadherin
were scored as negative, <10% positive tumor cells; positive,
>10% positive tumor cells (Fig. 1).

Clinical and histopathological evaluation of response to
chemotherapy. Two weeks after 2 cycles of neoadjuvant
chemotherapy, all patients were re-assessed to evaluate the
clinical response to chemotherapy by endoscopy, computed
tomography (CT) and positron emission tomography (PET).
The World Health Organization response criteria for measure-
able disease and the criteria of the Japanese Society for
Esophageal Diseases were used to assess clinical response
(24.25). A complete response (CR) was defined as disappear-
ance of all lesions. A CR of the primary tumor represented
disappearance of the tumor on CT scan and/or PET scan and
endoscopy. A partial response (PR) was defined as »50%
reduction in primary tumor size and lymph node metastasis, as
confirmed by CT scan. Progressive disease (PD) was defined
as >25% increase in the primary tumor or the appearance
of new lesions. Stable disease (SD) was defined as neither
sufficient decrease to qualify for PR nor sufficient increase to
qualify for PD.

Based on the percentage of viable residual tumor cells at the
primary site after neoadjuvant chemotherapy, curative effect
was classified into five categories. Briefly, the percentage of
viable residual tumor cells within the entire cancer tissue was
assessed as follows: grade 3, no viable residual tumor cells are
evident; grade 2, viable residual tumor cells account for less
than one-third of tumor tissue; grade 1b, viable residual tumor
cells account for less than one-third or more but less than two-
thirds of tumor tissue; grade la, viable residual tumor cells
account for two-thirds or more tumor tissue; and grade 0, no
recognizable histlogical chemotherapy effect (6,25).

Statistical analysis. Statistical analysis of group differences
was performed using the ¥ test, Fisher's exact test or Mann-
Whitney U test. For survival analysis, the Kaplan-Meier
method was used to assess survival distribution according to
EMT-marker expression and differences in survival were esti-
mated using the log-rank test. The Cox proportional hazards
regression mode! was used to analyze the simultaneous influ-
ence of prognostic factors. Wilcoxon signed-ranks test was
used to assess the change in E-cadherin and Snail expression
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Figure . Immunohistochemical expression of E-cadherin. Snail, vimentin, ZEBI, $-catenin and N-cadherin in human esophageal squamous cell carcinoma.
We examined the deepest invading area, known as the invasive front. (A) Membranous expression of E-cadherin. (B) Cytoplasmic and negative expression
of E-cadherin. (C) Nuclear expression of Snail. (D) Negative nuclear expression of Snail. (E) Cytoplasmic expression of vimentin. (F) Lack of expression of
vimentin. (G) Cytoplasmic expression of ZEBIL. (H) Negative expression of ZEBI. (I) Membranous expression of $-catenin. () Cytoplasmic and negative
expression of f-catenin. (K) Membranous or cytoplasmic expression of N-cadherin. (L) Lack of expression of N-cadherin, Magaification, x200.

Table 1. Characteristics of 185 patients with esophageal cancer.

Chemotherapy

Residual (n=93) Naive (n=92) P-value
Gender {(male/female) 79714 83/9 0276
Age (mean) 64.0 63.7 0.512
Tumor location (upper/middie/lower) 22/36/35 12/47133 0.236
Differentiation (G1 2/G3 4) 65728 75017 0418
Depth of invasion {(pT1-2/3-4) 32/61 41/51 0.157
Lymph node metastasis (pNO/1) 27/65 33/59 0.345
Lymphatic permeation (positive/negative) 77716 70/22 0.258
Venous permeation (positive/negative) 52/41 43/49 0.212

after chemotherapy. A P-value of <0.05 denoted the presence
of statistically significant difference between groups. All
statistical analyses were performed using the software package
JMP 8 for Windows (SAS Institute, Inc., Cary, NC).

Results

Expression of EMT makers in residual and chemo-naive
tumors. Of the 195 tumors, 93 tumors were residual tumors
after preoperative chemotherapy and 92 tumors were chemo-
naive tumors without preoperative therapy. There was no
significant difference between residual tumors and chemo-
naive tumors in differentiation, tumor depth and lymph node
metastasis (Table ).

We quantitated the expression of the epithelial marker
E-cadherin and mesenchymal markers snail, vimentin, ZEBI,
and N-cadherin in residual tumors and chemo-naive tumors
(Table I1). Fifty percent (46/92) of chemo-naive tumors stained
strongly for E-cadherin, while 71% of residual tumors stained
weakly for E-cadherin. Statistical analysis indicated signifi-
cant underexpression of E-cadherin, as a marker of epithelial
cells, in residual tumors compared with chemo-naive tumors
(P=0.003). Snail expression was significantly higher in residual
tumors than in chemo-naive tumors (P=0.028). Similarly, the
expression levels of ZEB] and N-cadherin were significantly
higher in residual tumors than in chemo-naive tumors (P<(0.001
and P=0.001, respectively). However, there were no significant
differences in the expression levels of vimentin and $-catenin
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Table I1. Expression of mesenchymal and epithelial markers in
residual tumors after chemotherapy and chemo-naive tumors.

HARA er al; EPITHELIAL-MESENCHYMAL TRANSITION IN ESOPHAGEAL CANCER

Table I1]. Relationship between expression of E-cadherin and
EMT markers in the residual group.

Chemotherapy E-cadherin
Residual Naive Total Preserved  Reduced Total
(n=93) (n=92) (n=185) P-value (n=27) (n=66) (n=93) P-value
E-cadherin Snail
Preserved 27 (29.0) 46 (50.0) 73(39.5) 0.003 Positive 10(37.0) 56848y 66(71.0). <0.001
Reduced 66 (71.0) 46 (50.0) 112 (60.1) Negative 17(63.0)  10(15.2) 27(29.0)
Snail Vimentin
Positive 66 (71.0) 51554 117 (634) 0.028 Positive 2(3.7) 9(13.6) 11 (11.8) 0379
Negative 27 (29.0) 41 (44.6) 68 (36.6) Negative 25(96.3) 57(864) 82(88.1)
Vimentin ZEBI
Positive 1118 887 19(103) 0482 Positive 8(20.6) 28(424) 36(38.7) 0.245
Negative  82(88.2) 84(91.3) 166 (89.7) Negative 19(704)  38(576) 57(61.3)
ZEBI fB-catenin
Positive 36 (38.7)  14(15.2) S0(27.0) <0.001 Preserved 12(¢444)  20(303) 32344 0.197
Negative  57(61.3) 78 (84.8) 135(73.0) Reduced 15(55.6) 46(697) 61 (65.6)
[-catenin N-cadherin
Preserved 32 (344) 27(29.3) 59 (319) 0460 Positive 17(63.0)  34(51.5) 51348 0311
Reduced 61 (65.6) 65 (70.1) 126 (68.1) Negative 10(27.0) 32(485) 42(452)
N-cadherin )
Positive S1(548) 29(31.5) 80 (432) 0.001 Data are numbers (percentages) of patients.
Negative 42 (452) 63 (68.5) 105 (66.8)
Data are numbers (percentages) of patients.
expression of EMT markers and the response to chemotherapy
in the residual tumors. With regard to the clinical response,
' _ weak E-cadherin expression correlated significantly with
@10 E-cadherin 10 Snail clinically poor response (SD/PD), but not with clinically good
E 05 ——preserved | g 1N P —— Posiive response (PR) (P=0.009, Table I'V). On the other hand, positive
g wl N T Rodwesd 1 o] Yo __N"‘_“‘i | staining for Snail expression in tumors correlated significantly
§04 1 1 04 ] with SD/PD, but not PR (P=0.009).
%0" 4 N _&n,:” o Similar to the clinical response, negative E-cadherin
£ ] P06 negs | ] P<onol =56 expression and positive staining for Snail expression correlated
@08 Ay 00 A \\ith histopathologically minor response (Grade 0/1a), but

Time after surgery (months)

Figure 2. Postoperative overall survival curves according to the immuno-
histochemical expression of E-cadherin and Snail in the residual group. Left:
reduced expression of E-cadherin correlated significantly with short survival
of patients of the residual group. Right: high expression of Snail correlated
significantly with short survival of patients of the residual group.

between the two types of tumors. Taken together, higher expres-
sion of mesenchymal markers and lower expression of epithelial
markers characterize residual tumors after chemotherapy.

We examined the relationship between E-cadherin expres-
sion, as an epithelial marker, and the expression of several
mesenchymal markers (N-cadherin, vimentin, Snail and
ZEBI) in the residual group. E-cadherin expression correlated
inversely with Snail expression (Table III).

Relationship between EMT markers and response to chemo-
therapy. Next, we examined the relationship between the

not with major response Grade 1b/2 (P=0.001 and P=0.027,
respectively) (Table V).

Relationship between EMT markers and survival. We also
examined relationship between the expression of EMT
markers and prognosis of patients who underwent preopera-
tive chemotherapy for esophageal cancer. Low expression of
E-cadherin correlated significantly with short survival time
(Fig. 2). In contrast, high expression of Snail correlated
significantly with short survival time (Fig. 2). Multivariate
analysis identified Snail expression as an independent prog-
nostic factor, together with tumor depth, in patients who
received preoperative chemotherapy for esophageal cancer
(Table V).

Changes in E-cadherin and Snail expression after chemo-
therapy and survival. In 65 of 93 patients with esophageal
cancer who underwent preoperative chemotherapy followed
by surgery, we used immunohistochemistry to compare biopsy
samples obtained before chemotherapy with the surgical
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Table [V. Retationship between response to chemotherapy and immunohistochemical expression of E-cadherin, Snail, vimentin,
ZEB/I, f-catenin and N-cadherin in residual tumors.

Clinical response

Pathological response

Total (n=93) PD/SD (n=47) PR (n=46) P-value  Grade 0/la (n=67) Grade Ib/2 (n=26) P-value
E-cadherin
Preserved 27 (29) 8(17) 19 (41) 0.009 13(19) 14 (54) 0.001
Reduced 66 (71) 39 (83) 27 (39) 54 (81 (2 (46)
Snail
Positive 66 (71) 39 (83) 27 (59) 0.009 52(72) 14 (54) 0.027
Negative 27 (29) 3(17) 19 (41) 15(22) 12 (46}
Vimentin
Positive 11 (12) 5(1H 6(13) 0.719 8 (12) 3(12) 0.957
Negative 82 (88) 42 (89) 40 (87) 59(88) 23 (88)
ZEBI
Positive 36 (39) 1530 21 (46) 0.173 26 (39) 10 (38) 0.976
Negative 57 (61) 32 (68) 25 (54) 41 (41) 16 (62)
B-catenin
Preserved 32 (34) 17 (36) 15 (33) 0.717 23 (34) 9 (33) 0.979
Reduced 61 (66) 30 (64) 31 (67) 44 (66) 17 (653)
N-cadherin
Positive 51(33) 28 (60) 23 (50) 0.353 40 (60) L1 (42) 0.131
Negative 42 (45) 19 (40) 23 (50) 27 (40) 15 (58)
10 E-cadherin change in their low E-cadherin expression after chemotherapy
o (reduced-reduced)], compared with 11 patients with preserved
1% == L. ] = Preserved — Reduced (n=19) . . .
0e] Reduced — Reduced (n=32)  SXPression of E-cadherin throughout chemotherapy (Fig. 2).
05 - - -~ Preserved — Preserved (n=11y  With regard to Snail expression, chemotherapy increased Snail
EN — = Reduced — Preserved (n=3)  expression in 15 of the 65 patients (negative to positive). The
Tl survival time was significantly shorter in 49 patients with posi-
Foeowomowomow e tive Snail expression [including the above 15 patients and 34
= Snail patients who showed no change in positive Snail expression
£ Lo . e .
2.1 T ) - i after chemotherapy (negative to positive)], compared with
© o] geg.a.“ve — Positive (n=13) |2 patients with Snail-negative tumors throughout chemo-
- ositive — Positive (n=34) .
el - - -+ Negative — Negative (n=12) therapy (Fig. 3).
o2 \ L — - — Positive — Negative (n=4)
so 70001 e > Discussion

[

)

3 a0 S0 &0 ¢

Time after surgery {months)

Figure 3. Postoperative overall survival curves according to the immunohisto-
chemical expression of E-cadherin and Snail before and after chemotherapy.
Top: short survival of patients (n=31) with decreased expression of E-cadherin
after chemotherapy and unchanged low expression of E-cadherin after chemo-
therapy. Bottom: short survival of patients (n=49) with increased expression
of Snail after chemotherapy and unchanged positive expression of Snail after
chemotherapy.

specimens after chemotherapy. Among these 65 patients,
chemotherapy decreased the expression of E-cadherin in 19
(preserved-reduced) (Table VI). The survival time was signif-
icantly shorter in 51 patients with low E-cadherin expression
lincluding the above 19 patients and 32 patients who showed no

Although recent evidence indicates that EMT does not only
cause increased metastasis but also contributes to chemoresis-
tance, there is no direct clinical evidence for a link between
mesenchymal phenotype and chemoresistance in human
malignancies. In this study, we examined the expression of
EMT-related markers in residual tumors after chemotherapy
using samples obtained from patients who underwent preop-
erative chemotherapy for esophageal cancer. The results
showed reduced expression of E-cadherin (a marker of
epithelial cells) and increased expression of Snail, ZEBI1 and
N-cadherin (markers of mesenchymal cells) in residual tumors
after chemotherapy, compared with chemo-naive tumors.
Moreover, the reduced expression of E-cadherin and increased
expression of snail in residual tumors were significantly asso-
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Table V. Univariate and multivariate analyses of prognostic factors.

Univariate Multivariate

HR 95% CI P-value HR 95% CI P-value
Gender (male/female) 0.84 0.46-1.71 0.619
Age (65/>65) 1.22 0.74-2.02 0422
Tumor location (upper, middle/lower) 0.73 043-1.21 0.225
Differentiation (G1,2/G3 4) 0.97 0.55-1.74 0.920
Depth of invasion (pT1-2/pT3-4) 249 1.35-5.05 0.003 2.13 1.12-4.37 0.018
Lymph node metastasis (pNO/1) 3.12 2.32-4.21 <0.001 2.12 1.21-4.24 0.009
Lymphatic invasion (positive/negative) 2.09 0.81-3.99 0.181
Venous invasion (positive/negative) 1.21 0.74-2.02 0.437
E-cadherin (preserved/reduced) 0.56 0.30-0.98 0.043 1.21 0.63-2.21 0.551
Snail (positive/negative) 3.31 1.78-6.71 <0.001 3.83 1.96-8.11 <0.0001
Vimentin (positive/negative) 0.86 0.38-1.70 0.679
ZEBI! (positive/negative) 0.88 0.51-145 0.617
B-catenin (preserved/reduced) 141 0.85-2.33 0.179
N-cadherin (positive/negative) 0.93 0.56-1.53 0.760
Clinical response (PD-SD/PR) 229 1.38-3.87 0.001 1.68 0.99-2.92 0.052

HR, hazard ratio; 95% CI, 95% confidence interval; PD, progressive disease; SD, stable disease; PR, partial respouse.

Table VI. Changes in E-cadherin and Snail expression after
chemotherapy.

Pre-CT biopsy Residual n  P-value
E-cadherin Preserved Reduced 19 <0.001
Reduced Reduced 32
Preserved Preserved 11
Reduced Preserved 3
Snail Negative Positive 15 0.019
Positive Positive 34
Negative Negative 12
Positive Negative 4

ciated with poor response to chemotherapy and short survival
time in patients who underwent preoperative chemotherapy.
These results suggest that residual esophageal tumors after
chemotherapy display mesenchymal features, resulting in
chemoresistance and poor prognosis.

Reduced expression of E-cadherin, which is a central adhe-
sion molecule located at cell-cell adhesion junctions, is one of
the characteristics findings during progression of EMT (26).
Previous studies demonstrated that the loss of E-cadherin is
associated with tumor progression, tumor metastasis and poor
clinical outcome in various human carcinomas (27-31). The
association of E-cadherin expression and drug sensitivity has
been examined in several types of human cancer. In colorectal
cancer, E-cadherin was downregulated in oxaliplatin-resistant
colorectal cancer (CRC) cells (28). In gemcitabine-resistance
pancreatic cancer cells, E-cadherin expression was decreased
and nuclear localization of total B-catenin was increased (30).

While the above studies showed downregulation of E-cadherin
in drug-resistant tumor cell lines, there is little or no evidence
for the clinical importance of E-cadherin expression in drug-
resistant human cancers. Using samples from patients who
underwent preoperative chemotherapy for esophageal cancers,
we demonstrated in this study the importance of E-cadherin
underexpression in chemoresistance in human esophageal
cancer.

Snail is recognized as a suppressor of E-cadherin expres-
sion. Snail represses the transcription of E-cadherin by binding
to the E-box elements in the proximal E-cadherin promoter,
thereby triggering a complete EMT and resulting in enhanced
tumor invasiveness (30). Accumulating evidence suggests
the contribution of Snail expression to therapeutic resistance
in various cancers (28-30,33). Paclitaxel-resistant ovarian
cancer cells showed upregulation of Snail expression, with
marked enhancement of metastatic activity, compared with
control cells (30). In head and neck cancer, Snail contributes
to cisplatin resistance by upregulating excision repair cross
complementation group 1 (ERCCI), which plays a key role
in nucleotide excision repair and in platinum-induced DNA
adducts (33). In the present study, upregulation of Snail was
observed in residual tumors after chemotherapy for esophageal
cancers and such high expression was significantly associated
with poor response to chemotherapy. These results provide
direct evidence for the important role of Snail expression in
chemoresistance in human esophageal cancer.

[n the present study, we examined the relationship between
E-cadherin expression, as an epithelial marker, and the expres-
sion of several mesenchymal markers (N-cadherin, vimentin,
Snail and ZEBI1). In recent years, a switch from E-cadherin to
N-cadherin has been often used to monitor the progress of EMT
during embryonic development and cancer progression (34). In
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our study, although N-cadherin expression was increased in
residual tumors, compared with chemo-naive tumors, we could
not find significant inverse relationship between E-cadherin
and N-cadherin expression. Snail and ZEBI are well known
transcription repressors of E-cadherin (29,30,32,35), and our
results showed inverse correlation between E-cadherin and
Snail expression, although we could not find a significant
correlation between E-cadherin and ZEBI expression.

Recent studies have indicated that cancer cells undergoing
EMT develop resistance to anticancer drugs. However, it has
been difficult to establish the role of EMT in chemoresistance
in human clinical samples. In the present study, we investigated
whether EMT confers resistance to chemotherapy by comparing
the expression of EMT-related markers in residual tumors after
chemotherapy with that in chemo-naive tumors. A few studies
have previously shown the presence of EMT in residual tumors
after conventional anti-cancer therapy. One such study demon-
strated recently mesenchymal features of tumor cells that had
survived conventional treatment, such as chemotherapy and
endocrine therapy, in human breast cancer (36). The results
of the present study demonstrating mesenchymal features of
tumor cells after chemotherapy in esophageal cancer provide
further support to the above previous studies.

One important problem in the present study is whether
tumor cells with initial mesenchymal phenotype survive
the chemotherapy or whether residual tumor cells acquire
mesenchymal features during chemotherapy. In this study,
we compared the expression of EMT-related markers such as
E-cadherin and Snail before and after chemotherapy in the
same case, and found in certain cases mesenchymal features in
residual tumors after chemotherapy compared with epithelial
features before treatment. This finding suggests that residual
tumor cells seem to acquire mesenchymal features during
chemotherapy. However, the value of immunohistochemistry
in accurate assessment of gene expression in biopsy samples
is limited, because biopsy samples do not allow accurate esti-
mation of such events in the invasive front of tumors. Recent
studies have pointed to link between EMT phenotype and
development of cancer stem cells; cancer cells undergoing
EMT exhibit characteristic markers of cancer stem cells and
properties of cancer stem cells (17). However, other studies
have suggested that cancer stem cells from solid tumors are
not actually static entities but rather tumor cells that tran-
siently acquire stemness properties depending on the tumor
context (37), although the traditional concept of cancer stem
cells is a unidirectional hierarchical model. These findings
suggest that residual esophageal cancer cells may transiently
acquire mesenchymal features to survive during chemo-
therapy. In support of this notion, one recent study showed that
cancer cell populations employ a dynamic strategy in which
individual cells transiently assume a reversibly drug-tolerant
state to protect the remaining population from eradication by
exposure to lethal anti-cancer drugs (38). Further studies are
required to ascertain whether esophageal cancer cells tran-
siently acquire mesenchymal features and stemness properties
during chemotherapy in human esophageal cancers.

In conclusion, the present study demonstrated decreased
expression of E-cadherin and increased expression of Snail,
ZEBI and N-cadherin in residual tumors after chemotherapy
in human esophageal cancers, compared with chemo-naive
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tumors. Moreover, in patients who underwent preoperative
chemotherapy, the reduced expression of E-cadherin and
increased expression of Snail in residual tumors correlated
significantly with poor response to chemotherapy and poor
prognosis. These findings suggest that residual tumors after
chemotherapy for esophageal cancer switch to mesenchymal
phenotype, resulting in chemoresistance and poor clinical
outcome.
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Abstract

Purposes The purpose of this study was to evaluate the
feasibility and safety of esophageal functional magnetic
resonance imaging (fMRI) for the diagnosis of achalasia.
Methods Eleven patients with suspected achalasia and
three normal subjects underwent fMRI while swallowing
clear liquid with original sequences; “T2-weighed single-
shot fast spin-echo” and “Fast Imaging Employing Steady-
state Acquisition”. The fMRI-based diagnosis was com-
pared with that based on manometry. The luminal fluctu-
ation index (LFI) and Dd/Ds ratio were used for the
objective evaluation of the esophageal peristalsis and
relaxation of the lower esophageal sphincter (LES).
Results Functional MRI showed a dilated tortuous
esophagus with no tumor, poor clearance, simultaneous
waves, aperistalsis, and impaired LES relaxation in all but
one case, allowing the diagnosis of achalasia with accuracy
similar to that of manometry. The LFI (median 0.08, range
0.03-0.25) and Dd/Ds ratio (1.40, 1.0-2.3) of the patient
group were significantly lower than those of the normal
subjects [1.50, 2.32-4.05, and 2.59 (2.32—4.05)]. No severe
adverse events directly related to fMRI were noted.
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Conclusions Using our protocol, fMRI was considered to be
safe and feasible for the diagnosis of achalasia. Given the
widespread use of MRI, esophageal fMRI, which does not
require exposure to radiation, could be a potentially useful
diagnostic tool for patients with esophageal motility disorders.

Keywords Esophagography -
Esophagogastroduodenoscopy - Manometry - Achalasia -
Magnetic resonance imaging

Introduction

Achalasia is an idiopathic primary esophageal motility dis-
order characterized by esophageal aperistalsis and impaired
swallow-induced relaxation of the lower esophageal
sphincter (LES). It is a rare disease that affects both genders
with a prevalence rate of <1/100,000 per year [1-4]. In
addition to the typical symptom of dysphagia for both liquids
and solids, patients often present with back pain, chest pain,
and/or regurgitation. Although these symptoms provide a
hint to the diagnosis of achalasia, it is not unusual for it to
take a long time to diagnose this condition due to the lack of
specific symptoms or abnormal findings on physical exam-
inations [3, 6]. There have been reports of patients with
achalasia and prolonged postprandial reflux who have been
treated with an acid secretory inhibitor for long periods under
the misdiagnosis of gastroesophageal reflux disease (GERD)
[7]. Care must be taken to avoid a misdiagnosis of various
diseases mimicking achalasia, including cases with esoph-
ageal cancer, known as “pseudoachalasia”.

The investigative work-up for dysphagia includes
esophagography, esophagogastroduodenoscopy (EGD),
and chest/abdominal computed tomography (CT). These
modalities are often repeated before sending patients to a
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physiological laboratory for esophageal manometry,
resulting in a long morbidity period prior to active treat-
ment. A single diagnostic procedure that can evaluate the
esophageal morphology and function in one setting may
provide an earlier diagnosis, thus benefiting patients by
avoiding a prolonged inflammation period. Reducing the
pretreatment period may lead to more successful surgery
with fewer complications, lower healthcare expenses, and
thus, a better overall improvement of the outcome.
Functional magnetic resonance imaging (fMRI) has been
widely applied for the diagnosis of a variety of diseases fol-
lowing advances in the development of fast imaging tech-
niques and improved resolution. Although fMRI is currently
used in the clinical setting for the evaluation of cardiac and/or
macrovascular diseases [8], several reports have advocated
using MRI for the functional testing of the esophagus [9-11].
However, the imaging methods described in the literature have
varied widely and are all used different types of contrast media.
Presently, fMRI is not established as a diagnostic modality for
esophageal motility disorders. In addition, there are no
objective criteria for the diagnosis of achalasia with fMRI.
We hypothesized that optimization of the imaging
sequences would enhance the use of esophageal fMRI
without contrast medium, as an investigative modality for
achalasia. To test this hypothesis, we evaluated the feasi-
bility, safety, and potential effectiveness of esophageal
fMRI with optimized imaging sequences. Based on the
findings of the study, we propose new numerical indices for
the objective evaluation of esophageal motility using fMRI.

Materials and methods
Patients

From April 2010 to October 2011, 11 consecutive patients
(four males, seven females, median age 40, range
27-77 years) were referred to our hospital with esophageal
obstructive symptoms, e.g., progressive dysphagia, reflux
of undigested food and retrosternal chest pain. All patients
underwent an initial workup using esophagography, EGD
and chest/abdominal CT. In addition, these patients
underwent esophageal fMRI according to the imaging
protocols described below. A definite diagnosis was made
by esophageal manometry. Patients with a confirmed
diagnosis of achalasia underwent a laparoscopic Heller-Dor
operation. The remaining patients received appropriate
treatment depending on the final diagnosis.

Imaging protocols

All patients fasted overnight to empty the esophagus and
reduce the risk of aspiration. Two imaging protocols were

used on a 3.0 T MRI unit (Signa, General Electric, Mil-
waukee, WI):

SSESE to fixed-slice angles

Axial T2-weighed single-shot fast spin-echo (SSFSE) MR
imaging (TR 1000 ms, TE 80 ms, Bandwidth 62.5, Fre-
quency 288, Phase 160, FOV 35.0 cm, Slice thickness
8 mm, Spacing 1 mm, Asset sense factor 2) was performed
from the level of the sternal notch to the upper abdomen, to
determine the optimum slice angles for the esophageal
body where the longest sagittal slice was required, and the
LES, where esophageal motility could be evaluated in a
reproducible fashion. In patients with a severely tortuous
esophagus, more than two slice angles at one location and
oblique images at the esophageal body were necessary to
provide an adequate evaluation of the motility.

FIESTA for fMRI

First, one series of dynamic acquisitions for 40 s, consist-
ing of SSFSE sequences at the esophageal body, was
obtained during 30-s water swallowing, followed by rest
for 10 s at the confirmed slice angle. Esophageal fMRI was
then performed using a Fast Imaging Employing Steady-
state Acquisition (FIESTA) sequence, under the following
settings: TR 3.5 ms, TE 1.5 ms, Flip angle 40°, Bandwidth
125, Frequency 256, Phase 256, FOV 35.0 cm, Slice
thickness 8 mm, and Asset sense factor 1.5. Additional
images were obtained using the same protocol at the level
of the LES.

Image interpretation

The morphological evaluation included the presence and
extent of esophageal dilation (maximal diameter), tortuous
changes, and the presence or absence of tumorous lesions.
The esophageal motility was expressed by the following
parameters: esophageal peristalsis, swallow-induced LES
relaxation, presence of simultaneous waves and the
esophageal clearance. The obtained images were inter-
preted by one independent radiologist who was blinded to
the results of the other imaging studies and physiological
tests.

Morphology

1. Esophageal dilation the maximal diameter of the
esophagus was measured on the axial SSFSE images,
and esophageal dilation was defined as an esophageal
diameter >3.5 cm.

2. Tortuous esophagus the center of the esophagus was
plotted at each level with axial SSFSE images.
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Esophageal meandering was defined on the basis of
shifted plots over the esophageal radius.

3. Tumorous lesions neoplasms responsible for dysphagia
or esophageal dilatation, including esophageal and
extra-esophageal lesions.

Motility

1. Simultaneous waves defined when both the anterior
and posterior walls of the esophagus seemed to twitch
several times at the pleural sites on FIESTA images of
the esophageal body.

2. Esophageal clearance FIESTA images of the esoph-
ageal body were obtained with a clear liquid swallow.
When the entire liquid volume entered the stomach,
the esophageal clearance was labeled as “good”
clearance; otherwise, it was defined as “poor”
clearance.

3. Peristalsis both SSFSE and FIESTA images of the
esophageal body were obtained under continuous
liquid swallow. When the esophagus showed contrac-
tions and relaxations in response to swallowing, and
the intra-esophageal liquid moved into the stomach at
the same time, peristalsis was regarded as “positive”;
otherwise it was considered to be “negative”.

4. Impaired LES relaxation this was diagnosed by the
absence of timely/complete distension of the esopha-
geal lumen above the esophagogastric junction fol-
lowing swallowing.

Numerical indices

Three healthy male subjects (median age 34, range
33-35 years) underwent fMRI using the above protocols.
The following two indices were applied for a more
objective and precise evaluation of the esophageal peri-
stalsis and LES relaxation.

LFI for peristalsis

The diameter of the esophageal body was continuously
measured for 20 s using SSFSE at the level of two-verte-
bra-length region from cranium to the diaphragm. The
minimal diameter was first determined by reviewing 20 of
the obtained sequences. Each diameter at every second was
then divided by the minimal diameter and was expressed as
the “diameter ratio.” The maximal diameter ratio (Rmax)
and standard deviation value of all 20 ratios (SDratio) were
calculated. The luminal fluctuation index (LFI) was defined
by the following formula: LFI = Rmax x SDratio. The
larger the degree and the higher the frequency of contrac-
tion and relaxation motility of the esophagus were, the
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higher the LFI score was. The presence/absence of
esophageal peristalsis was determined by comparing the
LFI between patients and normal subjects.

Dd/Ds for LES relaxation

The changes in the esophageal diameter were measured at
the level of the LES using both SSFSE and FIESTA
sequences. The “Dd” and “Ds” were defined as the
maximal and minimal diameters during the liquid swallow,
respectively.

Safety of fMRI

Any adverse events related to fMRI and the time required
to complete the fMRI study were recorded. All adverse
events were evaluated based on the Common Terminology
Criteria for Adverse Events (CTCAE) version 4.

Statistical analysis

Data were expressed as the median (range) values. The
Wilcoxon paired signed rank test was used to compare the
LFI and Dd/Ds between patients and healthy volunteers.
The analysis was carried out with the JMP version 8.0
software program (SAS Institute Inc., Cary, NC), and a
two-sided p value <0.05 was considered to be significant.

Results

Table ! shows the demographics of the 11 patients with
suspected achalasia and the initial work-up findings based
on esophagography, EGD and chest/abdominal CT. The
time from onset to final diagnosis ranged from two to
24 years (median seven years). Seven patients had received
treatment for dysphagia before enrollment in the present
study with pneumatic balloon dilatation and/or the
administration of a calcium channel blocker. The initial
work-up showed a dilated-tortuous esophagus in 10 of the
11 patients. No tumorous lesion was detected in any of the
patients. Simultaneous waves were detected in three
patients by esophagography only. The assessment of the
esophageal clearance by esophagography was different
from that by EGD. Since all patients had excess residue in
the esophagus observed on EGD, they were considered to
have poor clearance. Peristalsis and impaired LES relaxa-
tion could not be assessed by the initial work-up.

The established diagnosis using manometry was acha-
lasia in 10 patients and a hypertensive LES in one patient.
A Laparoscopic Heller-Dor operation was performed in all
10 achalasia patients without any intraoperative compli-
cations. The median length of the operation was 191
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Table 1 Patients’

. S Parameters
demographics and the initial o

Number of patients

work-up findings using

“

l be. EGD and Gender, male/female 47
esophagography, EGD an o )
chest/abdominal CT (n = 11) Age, years 40.0 27-77)
Body mass index, kg/m2 18.9 (16.5-22.1)
Duration of symptoms, 7.0 (2-24)
years
Prior treatment
Yes/no 7/4
Balloon dilatation 4
Calcium channel blocker 3
Esophagography EGD Chest/abdominal CT
Maximal diameter, cm 4.5 (1.8-6.2) 4.3 (1.8-5.9)
Dilation Yes/no 10/1 10/1 10/1
Tortuous changes Yes/no 10/1 10/1 10/1
Dﬂta are tg? numgef of patients,  Tumorous lesion Yes/no 0/11 0/11 011
ertDe median and range Simultaneous waves Yes/no 3/8
esophagogastroduodenoscopy Esophageal clearance Good/poor 5/6 0/11
(150-292) minutes, with minimal blood loss. All patients  Morphology

showed rapid postoperative recovery, with complete reso-
lution of their preoperative clinical symptoms. The other
remaining patient with a hypertensive LES received med-
ical treatment with amlodipine besilate (10 mg/day), which
resulted in partial relief of the dysphagia.

Feasibility of fMRI
Table 2 compares the results of the evaluation of each

parameter and the diagnosis obtained with fMRI and
manometry.

Table 2 Comparison between functional MRI and manometry

Functional Manometry
MRI
Maximal diameter, cm 4.5 (1.9-5.4)
Dilation Yes/no 9/2
Tortuous changes Yes/no 10/1
Tumorous lesion Yes/no 0/11
Simultaneous waves Yes/no 9/2 10/1
Esophageal clearance Good/poor  1/10
Peristalsis Yes/no 0/11 1/10
LES relaxation Yes/no 077 1/10
Diagnosis
Achalasia 10 10
Other disease ? 12

LES lower esophageal sphincter

? This case corresponded to the patient (Case 5) who was finally
diagnosed to have a hypertensive LES

1. Esophageal dilation the maximal diameter of the esoph-
agus ranged from 1.9 to 5.4 cm (median 4.5 cm). Nine
patients were considered to have esophageal dilation,
whereas the maximal diameter was 1.9 cmand 2.9 cm in
the other two cases (Case 5 and Case 8, respectively).

2. Tortuous esophagus this morphology was observed in
all but one patient (Case 5).

3. Tumorous lesions no tumor was detected in any of the
patients.

Motility

1. Simultaneous waves: Figure 1 shows the typical find-
ings of simultaneous waves. They were detected in all
but two patients (Case 5 and Case 11).

2. Esophageal clearance: Poor esophageal clearance was

noted in 10 patients. The swallowed liquid remained in

the esophagus in all but one patient (Case 5).

Peristalsis: All patients exhibited aperistalsis.

4. Impaired relaxation of the LES: although this could
not be assessed in four patients due to severe tortuosity
and adverse events such as nausea and vomiting during
the MRI scans, impaired relaxation of the LES was
evident in the remaining seven patients.

el

Based on the fMRI findings described above, all but one
patient (Case 5) were diagnosed with achalasia. Since Case
5 had normal esophageal morphology and normal clearance,
achalasia was ruled out. The manometric findings confirmed
that all 10 patients diagnosed with achalasia by fMRI had
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the condition. Case 5 was diagnosed with a hypertensive
LES based on manometric findings of rhythmic waves, LES
relaxation, and a high LES resting pressure.

Fig. 1 Simultaneous pressure waves were often observed with the
FIESTA sequence

LFI and Dd/Ds ratio

In the healthy volunteer group, fMRI visualized the
movement of the swallowed liquid and contraction-relax-
ation motility which induced esophageal emptying (Fig. 2).
In these subjects, no residual water was detected in the
esophagus during fMRI.

Changes in the diameter ratio and LFI

Figure 3 shows the changes in the “diameter ratio” and
LFI value in healthy volunteers and patients. The plotted
data clearly show that there were marked changes in the
esophageal diameter at rest in healthy volunteers com-
pared with the patients with achalasia. The median LFI
of the healthy group was 1.50 (range 1.13-1.73), which
was significantly higher than that of the patients (median
0.08, range 0.03-0.25, p < 0.05). Thus, the diameter
ratio allowed the diagnosis of aperistalsis in all 11
patients.

Dd/Ds ratio
This ratio was measured on the sagittal fMRI of the normal

subjects. In one normal subject, the ratio was also mea-
sured on the axial images. In the three normal subjects in

Fig. 2 Functional MRI allowed the visualization of the movement of the swallowed liquid and esophageal contraction-relaxation motility,

which induced esophageal emptying in the normal subjects group
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Fig. 3 The changes in the esophageal diameter ratio and LFI score.
Left normal subjects, showing esophageal peristalsis, right patients
with achalasia showed no obvious change in the diameter, The LFI
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Fig. 4 Box-and-whisker plots of the Dd/Ds ratios in normal healthy
subjects (H) and patients with achalasia (A). In these plots, the lines
within the boxes represent median values; the upper and lower lines
of the boxes represent the 25th and 75th percentiles, respectively, and
the upper and lower bars outside the boxes represent the 90th and
10th percentiles, respectively. (p < 0.05, by Wilcoxon paired signed
rank test)

whom this variable was measured, the median Dd/Ds ratio
was 2.59 (range 2.32-4.05). In the patient group, the
images of the sagittal slices were not available from four
patients due to the tortuous esophagus. Thus, the Dd/Ds
ratio was calculated based on the axial images in seven
patients. Since the esophageal lumen remained closed
throughout water swallowing in one patient (Case 8) and
the estimated diameter was 0.0 cm, the Dd/Ds ratio of this
patient was considered to be 1.00. The median Dd/Ds ratio
of the seven patients (1.40, range 1.00-2.30) was signifi-
cantly lower than that of the control subjects (p < 0.05,
Fig. 4). These measurements indicated the lack of LES
relaxation in all seven patients.
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score of healthy volunteers was significantly higher than that of the
patients (Wilcoxon paired signed rank test, p < 0.05)

Safety of fMRI

No severe side effects (corresponding to more than grade 3
in the CTCAE criteria) were observed in any of the subjects.
While no adverse events were recorded in the healthy sub-
jects, several grade 1 events were reported by patients with
achalasia, including chest pain, nausea, and vomiting. The
time taken to complete the fMRI study was about 30 min.

Discussion

The main symptoms of achalasia are dysphasia, chest pain,
and backache (so called “achalasia pain”). Although such
symptoms are suggestive of achalasia, the diagnosis is
often not established for two to three years from the
appearance of symptoms [5]. EGD is often the first test
used to evaluate dysphagia of esophageal origin and can
show esophageal dilation, retention of food or fluid, and a
closed LES with a puckered appearance after air insuffla-
tion. However, patients with early-stage achalasia are
unlikely to show any of the above symptoms, and resis-
tance at the esophagogastric junction may be misinter-
preted as peptic stricture, especially when the preliminary
diagnosis is GERD {12]. Eckardt et al. [6] stated that the
early diagnosis of achalasia could be enhanced if all
patients with dysphagia and normal endoscopic findings
had their X-rays re-viewed by a second observer and if
manometry was performed in cases with equivocal or
negative results. On the other hand, additional tests are
rarely recommended for patients with normal findings at
the first examination.
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The use of fMRI to improve the temporal and spatial
resolution has recently been proposed for the digestive
system, especially for the abdominal cavity. Ajaj et al. [13]
reported that gastric peristalsis could be assessed by fMRI
using the “gastric motility index”. They compared this
index in normal subjects and patients with gastric paresis.
More recently, several groups used fMRI to evaluate
esophageal peristalsis, LES relaxation and clearance [10].
However, several problems currently hinder the use of
fMRI for the assessment of esophageal motility, mainly
due to the unique anatomy and physiology of the esopha-
gus. These include its very thin wall, frequent presence of
collapsed walls, low-wave amplitudes and higher peristal-
tic velocity compared with the stomach [13, 14]. To resolve
these problems, special contrast media, such as gadolin-
ium-based agents or a ferric ammonium citrate-based
solution, were used in previous studies [9-11]. Unfortu-
nately, these types of media cannot be used in patients with
dysphagia due to the risk of aspiration.

The present study is the first to describe the potential
usefulness of esophageal fMRI with a clear liquid swallow
for the diagnosis of achalasia, using several parameters
specific to achalasia, and reporting novel indices for
diagnosing achalasia. Since any diagnostic modality must
be safe and convenient, it is preferable to adopt clear liquid
and easy-to-use image sequences. These two points
encouraged us to utilize two types of fMRI sequences,
SSESE and FIESTA, which employ T2-weighted images,
and which are frequently used in the thoracic field. Since
SSFSE has two merits (i.e., small artifacts and good tem-
poral resolution), this sequence is suitable for imaging
esophageal wall movements. Furthermore, the FIESTA
sequence, which is commonly used in the field of cardiac
and macrovascular diseases, shows a higher intensity level
of clear liquid in the esophagus. Accordingly, it allows for
clearer images of the swallowed water and changes in the
esophageal wall elicited by the passage of water to be
observed. Thus, the FIESTA images resemble barium
esophagography and are appropriate for examining the
esophageal lumen morphology and esophageal clearance.

In this study, several parameters specific to achalasia
and numerical indices for an objective evaluation were
adopted. They allowed for a comparison of the diagnostic
ability of different parameters. Table 2 shows the results of
the evaluation of each parameter and its usefulness for the
diagnosis, with a comparison to the results of manometry.
The morphological assessment by fMRI was comparable to
that of the initial work-up when using the following
parameters: dilation, tortuosity, and the presence or
absence of an esophageal tumor. The motility was exam-
ined using four parameters. The sensitivity in the diagnosis
using simultaneous waves was superior to that of esopha-
gography and was similar to that of manometry, probably
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due to the longer observation time and retention of a larger
amount of the contrast medium in the esophagus. With
regard to the evaluation of esophageal clearance, fMRI
obtained with the subject in the supine position more
clearly demonstrated poor esophageal clearance in patients
with achalasia, compared with esophagography in the
standing position. This probably explains the larger number
of patients diagnosed with poor clearance by fMRI (10
cases) compared with esophagography (six cases). The
results of the assessment of peristalsis and impaired
relaxation of the LES by fMRI were similar to those by
manometry, with the exception of one patient (Case 5), and
the reason(s) for the discrepancy in this case remains
unknown. In addition to its diagnostic ability, fMRI is both
safe and free of serious side effects. Although more than
half of the patients with achalasia reported nausea and one
patient suffered vomiting, none developed aspiration
pneumonia.

Although a few previous reports assessed the esophageal
peristalsis and LES relaxation by fMRI [9-11, 15], these
evaluations were subjective and qualitative. In the present
study, however, we used two novel objective indices; the
LFI and Dd/Ds ratio. The use of cutoff values for the LFI
and Dd/Ds ratio allowed us to diagnose aperistalsis and
impaired LES relaxation in patients with achalasia.
Therefore, the use of the “diameter ratio” and the above
indices allows for the objective and semi-quantitative
assessment of esophageal motility.

Table 3 provides the results of the comparative analysis
of the diagnostic ability of each modality. The conventional
modalities, such as esophagography, EGD and chest/
abdominal CT, are mainly used for morphological assess-
ment, not the functional analysis. Although esophagogra-
phy is beneficial for evaluating the esophageal clearance
using the “timed-barium esophagography” technique [16],
it did not provide an adequate assessment of the esophageal
peristalsis and LES relaxation. Patients with dysphagia are
initially examined by these modalities, which can rule out
the presence of tumorous lesions. However, negative find-
ings with typical morphological features are not uncommon
in early-stage achalasia. In addition, repeated esophagog-
raphy/CTs are associated with a higher risk of radiation
exposure. In contrast, fMRI can provide simultaneous
morphological and functional evaluation without any risk of
radiation. fMRI is thus considered to be potentially useful in
the assessment of patients with dysphagia.

Further studies are needed to refine our sequences and
imaging protocols to allow for the differentiation of acha-
lasia from other esophageal functional diseases, such as
hypertensive LES, diffuse esophageal spasm, nutcracker
esophagus, and nonspecific esophageal motility disorders.
At present, the differential diagnosis of esophageal func-
tional motility disorders requires manometric recording. It
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Table 3 Diagnostic ability of various modalities according to the morphological and motility parameters
Morphology Motility
Modalit
Y Tortuous Tumorous Simultaneous Esophageal impaired LES
Dilation Peristalsis
Change lesion waves clearance relaxation
Esophagography

EGD

chest/abdominal CT

fMRI

Gray crossbars express the spectrum of diagnostic capacity for each parameter

LES Lower esophageal sphincter, f/MRI functional magnetic resonance imaging

should be kept in mind that confirmation of achalasia is
currently not possible using fMRI alone.

From the standpoint of the medical expense, MRI is
currently two to three times more expensive than esopha-
gography, EGD, and manometry when the costs are cal-
culated based on the national health insurance price listing
in Japan. However, its cost will be gradually decreased
with its widespread use in daily clinical practice. When its
cost and temporal/spatial resolution become comparable to
those of the current CT studies, MRI can represent an
attractive screening modality that can be used for the
assessment of esophageal motility disorders.

In conclusion, our protocol successfully demonstrated
fMRI to be a feasible and safe method for the diagnosis of
achalasia. The results of this study suggest that fMRI may
be a useful screening tool for esophageal motility disorders.
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