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Introduction

Summary

Background: Survival and recurrence of cancer after liver transplant (LT) for
perihilar cholangiocarcinoma (CCA) following neoadjuvant chemoradiotherapy
are strongly correlated with the presence of residual CCA in the liver explant.
Aim: To determine factors predicting response to neoadjuvant therapy using the
presence of residual CCA on explant as a surrogate marker.

Methods: Characteristics of 109 patients having undergone LT for cholangiocar-
cinoma were abstracted, with attention to parameters hypothesized to influence
radiation therapy efficacy.

Results: In the multivariable model, the presence of portal vein encasement (OR
11.8; 95% CI: 2.43-57.21; P = 0.002) and MELD score (OR 1.13; 95% CI: 1.02—
1.26; P =0.017) were predictive of residual macroscopic disease (c-statistics
0.78). Oral capecitabine in addition to standard 5-fluorouracil chemotherapy
(OR 0.32, 95% CI: 0.14, 0.71; P = 0.006) was independently protective against
residual cancer, independent of MELD score.

Conclusions: Portal vein encasement was strongly predictive of residual macro-
scopic disease. Radial tumor diameter did not have greater predictive value than
longitudinal diameter, confirming the appropriateness of current protocol selec-
tion criteria. No particular tumor morphology predicted better response. Mainte-
nance oral capecitabine following 5-fluorouracil infusion was independently
protective against residual disease. Portal vein encasement as a negative prognos-
tic finding should be taken into account to optimize patient selection and man-
agement.

with unresectable disease. Beginning in 1993, a specialized
protocol involving neoadjuvant chemoradiotherapy fol-

Perihilar cholangiocarcinoma (CCA) is a highly aggressive
bile duct cancer with limited therapeutic options [1]. Only
a small proportion of patients are diagnosed early enough
to be candidates for resection. While 5-year survival rates
with resection are 20-40% [2-6], many patients present
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lowed by liver transplantation (LT) offered the possibility
of cure to a highly selected group of patients with unre-
sectable, yet early stage perihilar CCA [7-9]. This protocol
consists of 3 weeks of external beam radiation therapy
(EBRT) administered concurrently with 5-fluorouracil, a
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radiosensitizing chemotherapeutic agent. This is followed
by brachytherapy delivered locally to the biliary tract, oral
capecitabine as maintenance chemotherapy, staging laparo-
scopy to assess for metastases, and for those without metas-
tasis, subsequent LT. Studies have confirmed this protocol
to be very effective, with 65-70% recurrence-free survival
at 5 years [9-12]. However, approximately 15-20% of
patients do develop recurrent CCA post-LT, which is even-
tually fatal. Residual tumor in the liver explant has been
strongly correlated with increased risk of recurrence and
decreased survival post-LT [10,13]. It is unclear at this time
why certain patients have tumors with complete, or nearly
complete response to pre-LT chemoradiation therapy with
little to residual tumor in the explant, while others have an
incomplete response as manifested by significant burden of
residual tumor in the liver explant. In the radiation oncol-
ogy literature, factors such as tumor volume [14], tissue
hypoxia [15], anemia [16], molecular markers on immuno-
histochemistry [17], and body mass index [18] have been
shown to influence response to chemoradiotherapy.

Therefore, given that residual tumor post-radiation ther-
apy is the primary risk factor for disease recurrence follow-
ing LT, the aim of this study was to identify factors
predicting response to neoadjuvant chemoradiation ther-
apy in patients who undergo liver transplantation following
completion of the protocol, using the presence of residual
CCA in the explant as a surrogate marker for response to
therapy. We were particularly interested in whether the
tumor diameter and morphology may impact response to
radiation therapy. Our current selection criterion excludes
those with a radial diameter >3 c¢m, but includes patients
with a longitudinal extension of the tumor along the bile
duct to exceed 3 cm. Given that the behavior of CCA can
also be of superficial spreading type, which may impact the
efficacy of the chemoradiation regimen, we wondered
whether including those with a longer stricture was appro-
priate. Hence, we also wished to assess whether radial
diameter is more predictive of residual disease on explant
than longitudinal diameter in this protocol. Awareness of
predictive factors would enable more targeted treatment
among the at-risk patients and better select patients for this
protocol, thereby potentially optimizing outcomes follow-
ing LT.

Patients and methods

Study design and transplant protocol

This was a single-center retrospective study using data
from the LT database at Mayo Clinic, Rochester, Min-
nesota. Patients had undergone an established protocol for
LT following neoadjuvant chemoradiation for CCA
between January 1993 and December 2012. Standard selec-
tion for this protocol is based on diagnosis of unresectable
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perihilar CCA as reflected by the presence of (i) intralumi-
nal brushings positive for adenocarcinoma or an endo-
scopic  biopsy demonstrating adenocarcinoma or,
(ii) radiographic malignant-appearing stricture plus either
CA 19-9 > 100 U/ml in the absence of acute bacterial
cholangitis, polysomy on fluorescence in situ hybridization
(FISH, since 2003), or well-defined mass on cross-sectional
imaging. In order to try to compare patients with similar
initial disease burden, we included only those patients who
had an obvious mass on imaging or positive biopsy/brush-
ings [19]. We also performed a subgroup analysis in order
to assess whether patients with both a mass and positive
cytology were more susceptible to having residual disease
on explant.

Standard exclusion criteria for the protocol include
extrahepatic disease, previous malignancy (excluding skin
or cervical cancer) within 5 years prior, prior abdominal
radiotherapy, uncontrolled infection, previous attempt at
surgical resection with violation of the tumor plane, or any
medical condition precluding transplantation. Vascular
encasement and stricture/mass extension along the duct
were not contra-indications, although patients with mass
with a clear radial diameter of >3 cm were generally
excluded.

Patients received neoadjuvant therapy according to our
previously published protocol’. EBRT was administered
to a total dose of 4500 cGy in 30 fractions of 150 cGy
twice daily for 3 weeks, with Fluorouracil (5-FU) initially
administered at 500 mg/m? for the first 3 days, and later
changed to continuous infusion of 5-FU given for the
duration of EBRT. Radiation fields were designed to treat
the known extent of primary tumor, regional lymph
nodes in the hilum of the liver and celiac lymph nodes.
The resulting radiation therapy fields generally included
the right and left hepatic ducts and the common hepatic
duct. The common bile duct was included in the radiation
field if involved. Transluminal radiation boost was ini-
tially given as 2000 cGy over 24 h using low dose-rate
brachytherapy, although most recently is given as high-
dose brachytherapy of 930-1600 cGy in 1-4 fractions. In
a small minority of patients, brachytherapy was not tech-
nically feasible, and in these cases, patients received a
boost of external radiation therapy of 2000 c¢Gy. This was
followed by chemotherapy consisting of oral capecitabine
at 2000 mg/m® in two divided doses for 2 of every
3 weeks until transplantation. Operative staging with rou-
tine biopsy of hepatic artery and peri-choledochal lymph
nodes plus any suspicious lesion was performed prior to
transplantation, and only those with a negative staging
operation remained eligible for LT.

This retrospective chart review study was approved by
the Institutional Review Board at Mayo Clinic, Rochester,
Minnesota.
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Data collection

Routine demographic, clinical, laboratory, radiographic,
and pathology data at onset of chemoradiation therapy
were collected from a prospectively maintained database. A
radiologist specialized in liver malignancies re-read all
magnetic resonance images (MR) of patients with mass
lesions and described lesions according to morphology
(i.e., round-, wedge- or long cylinder-shaped mass). Addi-
tionally, radial and longitudinal diameters of the mass were
measured. The presence of portal vein encasement was
reflected by the portal vein being partially or completely
encased, or compressed by tumor. Details pertaining to
neoadjuvant timing and therapy were collected, including
doses of EBRT, chemotherapy, and brachytherapy. We
were particularly interested in those characteristics pertain-
ing to tumor biology and factors that could influence
response to radiation therapy. These included hemoglobin
at time of radiation therapy as a surrogate for tumor
hypoxia, need for blood transfusion, body mass index,
presence of cirrhosis, dose of brachytherapy administered,
and pre- and post-radiation therapy CA-19-9 values.
Pathologic features in the explant were noted, including
the presence of macroscopic or microscopic tumor foci,
portal vein and hepatic arterial encasement, lymph node
and perineural invasion.

Patient population

We specifically included only those patients who had either
a hilar mass on imaging or ERCP brushings diagnostic of
adenocarcinoma. A perihilar tumor was considered a mass
if a well-circumscribed solid lesion extending into the liver
parenchyma was seen on cross-sectional imaging.

In order to use residual CCA on explant as a valid study
endpoint representative of response to radiation therapy,
we attempted to select patients with similar disease burden
upon initiation of radiation therapy. Therefore, those
patients selected for LT solely on the basis of a malignant-
appearing stricture on cholangiogram, with FISH polysomy
and/or CA-19-9 level >100 U/ml were excluded.

Outcome definition and statistical analysis

Response to chemoradiation therapy was determined on
the basis of residual CCA on the liver explant. The report
by a pathologist specialized in liver malignancies was the
source of this information. The presence of residual tumor
was categorized as no residual tumor, microscopic foci, or
macroscopic residual disease. Given that only 15 patients
had microscopic disease on explant, and that these patients
had survival similar to those with no residual disease, we
combined these two groups as a single group and
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compared them to patients with macroscopic disease on
explant.

Recurrence of CCA was diagnosed on the basis of imag-
ing or pathologic evidence of CCA following LT. Patients
enrolled in the protocol undergo routine screening for
recurrence post-LT with CA 19-9 levels and CT at
4 months and 1, 2, and 3 years post-LT. Recurrence-free
survival was determined based on the time from the date of
LT to recurrence, death, or date of last follow-up visit.
Continuous variables were summarized by means (and
standard deviations) or as medians (and interquartile
range, or IQR) when appropriate. Categorical variables
were summarized by N (% of total).

ANOVA or the chi-square test was used to determine fac-
tors at the time of radiation therapy that were predictive of
the presence of macroscopic, microscopic CCA, and no
residual tumor. Logistic regression analysis was used to
assess the independent effect of various parameters of inter-
est on the presence of residual disease, by assessing the
group with macroscopic residual disease on explant versus
patients with microscopic disease or no residual tumor on
the explant. Multivariable model was developed using a
stepwise selection process. A P-value of <0.05 was consid-
ered statistically significant. Recurrence-free survival was
calculated using the Kaplan—Meier method for each of the
three groups.

Results

Patient population

A total of 109 patients meeting the criteria of hilar mass or
ERCP brushing cytology diagnostic of adenocarcinoma
were included in the study. These patients had undergone
the standard chemoradiation protocol for cholangiocarci-
noma in anticipation of liver transplantation between Jan-
uary 1993 and December 2012. Fifteen patients were
excluded, given that they had been selected for liver trans-
plantation on the basis of the other criteria for the cholan-
giocarcinoma protocol (elevated CA-19-9, FISH polysomy,
and malignant-appearing stricture). Demographic and clin-
ical characteristics at the time of starting chemoradiation
therapy are listed in Table 1.

Residual Cholangiocarcinoma on explant

The Kaplan—Meier survival curve (Fig. la) demonstrates
that the groups with no residual disease and microscopic
foci had comparable survival curves following LT. Those
with no residual disease on explant had an excellent 5-year
recurrence-free survival rate of 77% (95% CI of 66-91%),
those with microscopic foci had 62% (38-100%) 5-year
survival, while those with macroscopic disease had 5-year
survival of 39% (26-59%) (Fig. 1b).
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Table 1. Demographic and clinical characteristics of patients with perihilar cholangiocarcinoma who underwent liver transplantation, categorized

based on residual tumor on explant

Macroscopic Microscopic No residual
Parameters disease (N = 45) foci (N = 15) tumor (N = 49) Total (N = 109) P-value
Female 4(31.1%) 4(26.7%) 9(18.4%) 27 (24.8%) 0.35
Age 524(10 1) 51.7 (12.4) 508(10 7) 51.6(10.6) 0.72
Body mass index 26.4 (4.5) 23.9(4.1) 25.5 (3. 25.6 (4.3) 0.16
Hemoglobin 12.5(1.4) 13.0(1.6) 12 8 (1. ) 12.7(1.7) 0.49
CA 19-9 level prior to Radiation 112 (19, 489) 42 (21, 233) 9(12.9,101.5) 68 (16, 233.5) 0.05
Therapy (IU/ml)*
CA 19-9 after radiation therapy 97 (24, 286) 78 (45, 163) 40 (16, 92) 64 (24, 163) 0.03
(IU/ml)*
Cirrhosis 13 (28.9%) 6 (40.0%) 4 (28.6%) 33(30.3%) 0.68
Primary sclerosing cholangitis 2 (48.9%) 10 (66.7%) 7 (75.5%) 69 (63.3%) 0.03
Cholecystectomy 15 (33.3%) 5(33.3%) 4(28.6%) 34 (31.2%) 0.88
History of weight loss at presentation 30 (66.7%) 7 (46.7%) 9(59.2%) 66 (60.6%) 0.38
Fluorescence in situ hybridization (FISH)
Missing 12 5 14 31 0.14
Polysomy 1(33.3%) 7 (70.0%) 20 (57.1%) 38 (48.7%)
Trisomy 8(24.2%) 2(20.0%) 7 (20.0%) 17 (21.8%)
Creatinine 0.9(0.2) 0.9(0.1) 0.9(0.2) 0.9(0.2) 0.32
Total bilirubin 2.3(1.3,7.8) 2.9(1.0, 8.0) 1.2(1.0,2.8) 1.9(1.0,7.0) 0.06
INR 1.1(0.2) 1.3(1.2) 1.0(0.2) 1.1(0.5) 0.08
MELD score 12 (5.0) 12(7.5) 10 (4.5) 1 1(5.3) 0.32
Portal vein encasement 15 (33.3%) 4(26.7%) 2 (4.1%) 1(19.3%) 0.001
Hepatic artery 20 (54.1%) 6 (60.0%) 13(29.5%) 9(42.9%) 0.04
Months between timing of External 6.5 (4.1) 6.4(2.9) 7.4(5.2) 9(4.5) 0.64
beam radiation therapy to transplant
Brachytherapy 43 (95.6%) 14 (93.3%) 47 (95.9%) 104 (95.4%) 0.84
Longitudinal extent of tumor (along ducts); cm
Not applicablet 13 4 22 39 0.05
0-1 0(0.0%) 0(0.0%) 1(3.7%) 1(1.4%)
1-2 7 (21.9%) 3(27.3%) 11 (40.7%) 21(30.0%)
2-3 16 (50.0%) 2(18.2%) 11(40.7%) 29 (41.4%)
>3 9(28.1%) 6 (54.5%) 4(14.8%) 19 (27.1%)
Radial extent of tumor; cm
Not applicableft 13 4 22 39 0.02
0-1 3(9.4%) 1(9.1%) 4(14.8%) 8(11.4%)
1-2 17 (53.1%) 7 (63.6%) 20 (74.1%) 44 (62.9%)
2-3 10(31.3%) 2(18.2%) 3(11.1%) 15(21.4%)
>3 2 (6.3%) 1(9.1%) 0(0.0%) 3(4.3%)
Chemotherapy
5-Fluorouracil (FU) 18 (36.7%) 5(33.3%) 27 (60.0%) 50 (45.9%) 0.05
5-FU with Oral Capecitabine 31(63.3%) 10 (66.7%) 18 (40.0%) 59 (54.1%)
Living donor liver transplant 1(24.4%) 3(20.0%) 20 (40.8%) 34 (31.2%) 0.16
Explant characteristics
Lymphatic invasion 4(8.9%) 0(0.0%) 0(0.0%) 4 (3.7%) 0.08
Vascular invasion 5(11.1%) 0(0.0%) 0(0.0%) 5(4.6%) 0.03
Vascular encasement 2 (4.4%) 0(0.0%) 0(0.0%) 2 (1.8%) 0.43
Perineural invasion 20 (44.4%) 5(33.3%) 0(0.0%) 25(22.9%)
Tumor grade
0 2 (4.4%) 3(20.0%) 47 (95.9%) 52 (47.7%) <0.0001
1 2 (4.4%) 0(0.0%) 0(0.0%) 2 (1.8%)
2 14 (31.1%) 5(33.3%) 0(0.0%) 9(17.4%)
3 24 (53.3%) 6 (40.0%) 2(4.1%) 2(29.4%)
4 3(6.7%) 1(6.7%) 0(0.0%) 4(3.7%)

*Median (IQR provided).

‘+Cholangiocarcinoma diagnosed on the basis of ERCP brushings typical of adenocarcinoma.
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Figure 1 (a) Kaplan—Meier estimate for mortality within each of the
outcome groups based on the presence of residual cholangiocarcinoma
on liver explant. (b) Kaplan-Meier estimate for recurrence-free survival
within each of the outcome groups based on the presence of residual
cholangiocarcinoma on liver explant.

Factors predicting response to radiation therapy

Univariate analysis was performed to evaluate the correla-
tion of various demographic and clinical characteristics
with the presence of residual CCA on explant (Table 2).

Complete portal vein encasement (present in all 21 cases,
with no compression, on imaging prior to chemoradiother-
apy), log CA-19-9 pretreatment, and lack of maintenance
oral capecitabine strongly correlated with the presence of
macroscopic CCA in the explant. Age, BMI, cirrhosis or
stage of fibrosis, anemia, differences in brachytherapy dose,
and need for transfusion had no predictive value.

© 2015 Steunstichting ESOT 28 (2015) 1383-1391
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The radial extent of the tumor as seen on imaging at
diagnosis was slightly more predictive of residual disease
than the longitudinal extent of the tumor, but not signif-
icantly so. We also evaluated whether any particular
tumor morphology, such as round-, wedge-, or long
cylinder-shaped mass as categorized by an expert radiol-
ogist, was more predictive of response. There was no
particular tumor morphology that predicted response
(data not shown). Doses of chemoradiation, change of
chemotherapy protocol from bolus to continuous 5-FU
(data not shown), as well as the time elapsed between
administration of chemoradiation therapy and liver
transplantation, did not affect the presence of residual
disease.

We also performed a subgroup analysis of patients with
the presence of both mass and positive cytology, in order to
assess whether they represented a group with greater resis-
tance to chemoradiation therapy. We found that increased
body mass index >30 (OR 1.21; 95% CI 1.02-1.43;
P =0.03) and CA-19-9 levels (OR 4.02; 95% CI 1.05—
15.42; P = 0.04) predicted residual macroscopic disease in
this subgroup. A subgroup analysis was also performed for
the 75 patients with perihilar CCA mass only, with no pre-
operative histological/cytological diagnosis. Of these, 34
(45%) had macroscopic residual disease on the explant and
41 (54%) had no residual tumor.

In the multivariable logistic model, we adjusted for age
and gender as this is standard practice in clinical studies
(Table 3). We found that the presence of portal vein
encasement (OR 11.8; 95% CI: 2.43-57.21; P = 0.002)
and increased MELD score at presentation (OR 1.13;
95% CI: 1.02-1.26; P = 0.017) were predictive of the pre-
sence of residual macroscopic disease on explant (c-
statistics 0.78). PV encasement significantly increased a
patient risk of recurrence or death (HR (95%CI): 1.9
(0.93-3.94) P-value = 0.08). We also categorized the
patients into low and high CA-19-9 (<100 IU/ml vs.
>100 IU/ml) categories and discovered that there was no
interaction of CA 19-9 with portal vein encasement (P-
value > 0.05). Taking maintenance oral capecitabine in
addition to standard 5-fluorouracil chemotherapy infu-
sion was protective against the presence of residual can-
cer on explant (OR 0.32, 95% CI: 0.14-0.71; P = 0.006)
with c-statistic 0.68.

Median MELD score was not significantly different
between patients able to tolerate oral capecitabine versus
those in whom it was not able to be administered (Fig. 2a),
and the area under the curve for this model was very good
at 0.78 (Fig. 2b). Serum bilirubin was tested, but was found
not to contribute to the model as effectively as the MELD
score in its entirety. This indicated that MELD score was
not a confounder as to whether or not patients had received
oral capecitabine.
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Table 2. Predictors of Macroscopic residual disease on univariate analysis, where explants with microscopic foci were grouped together with those

having no residual disease

Lower 95% Upper 95%
Odds ratio confidence limit confidence limit
Parameters estimate for odds ratio for odds ratio C-statistic P>y’
Gender 1.77 0.74 4.26 0.55 0.20
Age at time of radiation therapy 1.01 0.98 1.05 0.53 0.49
Body mass index 1.07 0.98 1.18 0.58 0.13
Hemoglobin at time of radiation 0.88 0.70 1.1 0.56 0.27
therapy
CA 19-9 level prior to radiation 1.26 1.02 1.56 0.63 0.03
therapy (IU/ml)*
CA 19-9 after radiation therapy (IU/ml)* 1.23 0.97 1.55 0.61 0.08
Stage of Fibrosis
1 0.21 0.02 1.88 0.61 0.25
2 0.71 0.10 5.04 0.26
3 0.26 0.04 1.58 0.17
4 0.34 0.05 2.15 0.58
Cirrhosis 0.89 0.39 2.06 0.51 0.79
Primary sclerosing cholangitis 0.35 0.16 0.78 0.62 0.01
Cholecystectomy 1.18 0.52 2.69 0.52 0.69
History of hepatobiliary surgery 1.25 0.39 4.01 0.51 0.70
Weight loss 1.56 0.70 3.44 0.55 0.27
Fluorescence in situ hybridization 0.33 0.13 0.85 0.63 0.02
(FISH) polysomy
Creatinine 1.39 0.16 12.24 0.51 0.77
Bilirubin 1.05 0.99 1.12 0.61 0.14
Bilirubin levels (reference 1 < bilirubin <2 mg/dl)
Bilirubin >2 mg/d| 0.79 0.30 2.06 0.61 0.44
Bilirubin <1 mg/dl 0.33 0.1 0.99 0.03
INR 1.04 0.47 2.28 0.61 0.92
MELD score 1.06 0.99 1.14 0.63 0.12
MELD score >20 1.88 0.47 7.41 0.52 0.37
Platelet count 1.00 1.00 1.002 0.53 0.43
Portal vein encasement 5.90 1.96 17.79 0.62 0.002
Hepatic artery encasement 2.1 0.94 4.59 0.59 0.07
External beam radiation therapy 1.00 1.00 1.00 0.50 0.77
Brachytherapy dose 1.00 1.00 1.00 0.50 0.92
Number of months between 0.96 0.88 1.05 0.56 0.42
radiation therapy and liver
transplant
Capecitabine 0.37 0.17 0.82 0.62 0.01
Presence of hilar mass 2.57 1.16 5.68 0.62 0.02
Longitudinal extent of mass 1.21 0.97 1.53 0.61 0.10
Radial extent of mass z 1.00 2.18 0.60 0.051

Discussion

While initial results in treating perihilar cholangiocarci-
noma with LT alone were associated with very poor out-
comes due to a high recurrence rate and subsequently high
mortality rate, the combination of neoadjuvant chemora-
diotherapy followed by LT for patients with unresectable
perihilar CCA has been quite effective, with 5-year disease-
free survival rates of 65-70% [10]. The availability of LT
for selected patients with unresectable perihilar CCA has
resulted in cure for patients with a previously bleak
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outlook. Neoadjuvant chemoradiation therapy appears to
be efficacious, often with complete tumor destruction as
evidenced by lack of residual CCA in the explant [12].
However, there is a subset of patients that appears not to
respond to chemoradiotherapy, as reflected by bulky resid-
ual macroscopic disease in the liver explant. The presence
of macroscopic CCA tumor strongly correlates with tumor
recurrence and decreased survival following LT [13]. Iden-
tifying factors that may predict response to chemoradiation
therapy is imperative to improve patient selection, espe-
cially given the current climate of liver allograft shortage.
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Figure 2 Distribution of MELD score by chemotherapy regimen type,
with 5-fluorouracil infusion only versus 5-fluorouracil followed by oral
capecitabine.

Table 3. Predictors of Macroscopic residual disease on explant,
multivariable models. Portal vein encasement, MELD score, and lack of
maintenance therapy with capecitabine following standard chemoradia-
tion are all significant predictors of residual disease

Parameter Effect  95% Cl P-value  C-Statistic
Model A
Age 1.01 0.97,1.05 0.66 0.78
Female 2.33 0.87,6.38 0.12
Portal vein 11.8 2.43-57.21 0.002
encasement
present
MELD score 1.13 1.02-1.26 0.017
Model B
Age 1.02 0.98, 1.06 0.33 0.68
Female 2.00 0.79,5.19 0.15
5-Fluorouracil 0.32 0.14, 0.71 0.006
with capecitabine
Oral

If we could accurately predict who will respond com-
pletely to neoadjuvant therapy, we could potentially
include patients with large tumors, whom we are currently

© 2015 Steunstichting ESOT 28 (2015) 1383-1391
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excluding. Conversely, we may exclude those we are cur-
rently treating who are determined to be at high risk of fail-
ure, or potentially offer this group additional neoadjuvant
therapy such as higher dose of radiation or additional
chemotherapy with associated increased toxicity justified
by increased risk of recurrence.

In our current study, we found that the presence of
portal vein encasement by tumor was the most signifi-
cant predictor of residual CCA. It is most likely that por-
tal vein encasement reflects more aggressive tumor
biology, although other factors (i.e., impact of a large,
high-flow vessel within tumor mass on radiation effi-
cacy) may contribute. Additionally, a higher MELD score
also predicted significant residual tumor in the explant.
This more likely reflects the impact of a more advanced
or aggressive tumor rather than an intrinsic resistance to
therapy for patients with more advanced liver disease.
Nonetheless, patients with high MELD scores are more
ill and more immunocompromised; these patients there-
fore may not be able to provide a good response against
the tumor.

We also performed a subgroup analysis of a higher risk
patient subpopulation with mass and positive cytology at
presentation. This analysis revealed that increased BMI
may affect response to chemoradiation therapy, as reflected
by greater disease burden. It may be that increased BMI
leads to more difficulty in targeting the dose or impacts
dose delivery, or that increased body size has some other
impact on response to the radiation. Additionally, a higher
CA-19-9 value prior to radiation also predicted poor
response to radiation therapy in the subgroup analysis,
which most likely represents more advanced disease upon
therapy initiation.

We also had a radiologist expert in liver malignancies
review all MR/CT scans of those patients with CCA tumors,
so that exact longitudinal and radial diameters could be
measured. CCA tumors most often have hazy, ill-defined
borders due to a surrounding desmoplastic reaction. Addi-
tionally, once patients have had stent placement, tumor
extension along the bile duct is more difficult to interpret.
This renders radiologic size determination very difficult
and results in variable interpretation. We therefore had a
single radiologist review all scans so as to make the inter-
pretation uniform. However, longitudinal and radial mea-
surements were not found to be predictive of radiation
response. In other words, tumors <3 cm all had equal
chances to respond, thereby confirming the appropriate-
ness of current size criterion for this liver transplant proto-
col. In addition to looking at radial and longitudinal
measurements, we also assessed whether any particular
tumor morphology was more predictive (i.e., round-,
wedge-, or long cylinder-shaped mass) and found no corre-
lation.
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In terms of protective factors, having taken oral
chemotherapy as maintenance after standard chemotherapy
with 5-FU infusion was strongly predictive of no residual
cancer in the explant. All patients are intended to receive
maintenance chemotherapy, although at times the dose
must be reduced or held due to ongoing infection or poor
tolerance of therapy (e.g., exacerbation of underlying colitis
in patients with PSC, refractory cholangitis). Therefore, it is
possible that this protective effect of oral chemotherapy is
simply due to patients with less aggressive tumors being less
ill and better able to tolerate oral chemotherapy, rather
than representing a true protective effect of the chemother-
apy. We attempted to control for this by adjusting for
MELD score at initiation of therapy. We found that the
protective effect of capecitabine was independent of MELD
score; however, we recognize that potential for selection
bias remains.

In the radiation therapy literature, tissue hypoxia and
anemia have been associated with resistance to radiation
therapy [15,20]. In addition to hemoglobin level prior to
chemoradiation therapy, we looked at BMI, presence of cir-
rhosis, radiation therapy dosing, brachytherapy dosing and
CA-19-9 levels before and after radiation therapy. None of
these parameters were predictive of radiation therapy effi-
cacy, as reflected by residual CCA on explant.

Although the Mayo Clinic patient series in the cholan-
giocarcinoma liver transplant protocol is the largest in the
literature, it is admittedly small from the statistical perspec-
tive. Additionally, the unique CCA morphology and
dimensions due to its obscured perimeter are an impedi-
ment to accurate radiologic interpretation. The presence of
stents in many patients may have also affected the radiology
reading. Nonetheless, this is the practical reality when it
comes to evaluation of patients with CCA, and the exten-
sive experience at our center with this protocol comes with
valuable lessons. Finally, as previously noted, determining
the impact of neoadjuvant therapy is limited by the diffi-
culty in precisely determining the disease burden and
tumor biology prior to the initiation of therapy.

In summary, portal vein encasement and an increased
MELD score significantly predicted lack of response to
radiation therapy in the CCA liver transplant protocol, as
reflected by residual CCA on liver explant. Maintenance
oral chemotherapy following chemoradiation as a bridge to
liver transplantation protected against the presence of
residual cancer. Radial and longitudinal tumor diameters
were strongly correlated to each other, but one measure did
not have greater predictive value than the other in terms of
response to radiation therapy. This finding further con-
firms the adequacy of the current standard candidate selec-
tion policy for the CCA liver transplant protocol. It seems
that each patient’s individual tumor biology is the strongest
predictor of response to radiation therapy, along with
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maintenance chemotherapy. Having identified those
patients with a lesser likelihood of responding to radiation
therapy, the question arises whether they should receive
more aggressive therapy prior to LT. The alternative is that
such patients be excluded as potential LT recipients, given
that the disadvantages of aggressive recurrent disease fol-
lowing LT far outweigh benefits. These concerns must be
addressed, given the number of patients who die on the LT
list. An additional avenue is to consider adjuvant therapy
following LT in those patients with residual tumor on the
explant. Future efforts will need to be directed toward deci-
phering what constitutes less versus more aggressive CCA
tumor biology at the molecular level.
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