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Summary Purpose: A Phase I study to determine a recommended dose of thoracic radiotherapy using
accelerated hyperfractionation for unresectable non—small-cell lung cancer was conducted.

Methods and Materials: Patients with unresectable Stage III non—small-cell lung cancer were
treated intravenously with carboplatin (area under the concentration curve 2) and paclitaxel (40
mg/m?) on Days 1, 8, 15, and 22 with concurrent twice-daily thoracic radiotherapy (1.5 Gy per

This phase I study of chemo-
radiotherapy used involved-
field conformal radiotherapy

with accf:lf-:ratel‘:l ’T\lecc-{?ally fraction) beginning on Day 1 followed by two cycles of consolidation chemotherapy using car-
hyperfractionation in patients boplatin (area under the concentration curve 5) and paclitaxel (200 mg/m?). Total doses were 54
with stage III non-small cell Gy in 36 fractions, 60 Gy in 40 fractions, 66 Gy in 44 fractions, and 72 Gy in 48 fractions at
lung cancer. Although the Levels 1 to 4. The dose-limiting toxicity, defined as Grade >4 esophagitis and neutropenic fever
dose of radiation was esca- and Grade >3 other nonhematologic toxicities, was monitored for 90 days.

lated to 72 Gy in 48 fractions, Results: Of 26 patients enrolled, 22 patients were assessable for response and toxicity. When 4

patients entered Level 4, enrollment was closed to avoid severe late toxicities. Dose-limiting
toxicities occurred in 3 patients. They were Grade 3 neuropathy at Level 1 and Level 3 and
Grade 3 infection at Level 1. However, the maximum tolerated dose was not reached. The
median survival time was 28.6 months for all patients.

the maximum tolerated dose
was not reached.
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Conclusions: The maximum tolerated dose was not reached, although the dose of radiation was
escalated to 72 Gy in 48 fractions. However, a dose of 66 Gy in 44 fractions was adopted for this
study because late toxicity data were insufficient. © 2012 Elsevier Inc.
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radiotherapy, Accelerated hyperfractionation, Dose escalation

Introduction

For the treatment of locally advanced inoperable non—small-
cell lung cancer (NSCLC), concurrent chemoradiotherapy has
shown significantly better survival than sequential therapy
(1—4). Even in concurrent chemoradiotherapy, however, loco-
regional control is unsatisfactory at a standard dose of 56 to 60
Gy (3, 5—7). To improve locoregional control, several dose
escalation trials have been performed using three-dimensional
(3D) planning techniques, and it has been suggested that 74
Gy is tolerable with concurrent or sequential chemotherapy
(8—11).

In conventional fractionation, the benefits of dose escalation
are considered limited. Irradiation at a dose of 74 Gy in conven-
tional fractionation requires more than 7 weeks. Even at standard
doses, accelerated repopulation is induced during the later part of
radiation therapy and is a cause of radiation failure (12). When the
treatment time is prolonged, the influence of accelerated repopu-
lation becomes more evident.

Therefore, dose escalation without prolonged treatment time is
supposed to bring better outcome, and accelerated hyper-
fractionation seems to be an effective strategy for shortening
treatment time. As the first step to verify the hypothesis, the West
Japan Thoracic Oncology Group designed a Phase I trial to define
the maximum tolerated dose (MTD) of 3D conformal radio-
therapy (CRT) using accelerated hyperfractionation in NSCLC
patients.

Methods and Materials
Eligibility

The patient eligibility was as follows: histologic or cytologic
diagnosis of NSCLC, unresectable Stage IIIA or IIIB disease,
age less than 75 years, Eastern Cooperative Oncology Group
performance score of 0 to I, and function as shown by labora-
tory determinations including leukocyte count of at least 4,000/
mm°, hemoglobin concentration of at least 9.5 g/dL, platelet
count of at least 100,000/mm?, aspartate aminotransferase and
alanine aminotransferase of 2.0 times the upper limit of normal
range or less, serum total bilirubin of 1.5 mg/dL or less, serum
creatinine of 1.5 mg/dL or less, and PaO, at rest of at least
70 mm Hg.

The patients were ineligible if they met any of the following
criteria: supraclavicular nodal metastases, interstitial pneumonitis
or pulmonary fibrosis, prior thoracic radiation therapy, malignant
pleural effusion or malignant pericardial effusion, active
concomitant malignancy or recent (<3 years) history of any
malignancy, or other serious concomitant medical conditions. The
study protocol was approved by each institutional review board for
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clinical use. All patients gave written informed consent before
enrollment.

Patient assessment

All patients underwent a complete medical history and physical
examination. Imaging studies, including chest X-ray, computed
tomography of the chest and upper abdomen, computed tomog-
raphy or magnetic resonance imaging of the brain, and positron
emission tomography, were required.

Treatment schedule

The patients received concurrent chemoradiotherapy using
accelerated hyperfractionation. On Days 1, 8, 15, and 22,
carboplatin (area under the concentration curve 2 using the
Calvert equation) and paclitaxel (40 mg/m?>) were administered
intravenously.

After the concurrent chemoradiotherapy, the patients received
two cycles of consolidation chemotherapy consisting of carboplatin
(area under the concentration curve 5) and paclitaxel (200 mg;’mz)
with an interval of 3 weeks. The first cycle of consolidation
chemotherapy was begun 4 weeks after the concurrent chemo-
radiotherapy, if leukocyte count was at least 4,000/mm’, platelet
count at least 100,000/mm?, aspartate aminotransferase and alanine
aminotransferase 2.0 times the upper limit of normal range or less,
serum total bilirubin 1.5 mg/dL or less, serum creatinine 1.5 mg/dL
or less, and Eastern Cooperative Oncology Group performance
score of 0 to 2. The subsequent cycle of consolidation chemotherapy
was repeated if leukocyte count was at least 3,000/mm’, neutrophil
count at least 1,500/mm>, platelet count at least 100,000/mm?,
serum creatinine 1.5 mg/dL or less, and body temperature not
exceeding 38°C.

The 3D CRT began on Day 1. Irradiation was performed with
4-MV or higher photons from a linear accelerator. Patients
received 1.5 Gy per fraction twice daily with at least a 6-hour
interval between each fraction.

Target volume definitions

Elective nodal irradiation was not performed. The gross tumor
volume (GTV) was defined as the volume occupied by visible
disease. The GTV included the primary tumor and involved
lymph nodes measuring larger than 1.0 cm (short axis measure-
ment) or lymph nodes with a diameter of 5 mm or more as shown
by positron emission tomography. The clinical target volume
(CTV) was defined as the GTV of the primary tumor plus
a margin of 5 mm for all borders and GTV of the lymph nodes
without a margin. The planning target volume (PTV) was the
CTV plus an adequate margin added to compensate for variability
in treatment setup, breathing, or motion during treatment. In
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general, the PTV included the CTV plus 1.0 cm of expansion at
all borders.

Tissue inhomogeneity corrections were used. The volume of
both lungs that received more than 20 Gy should not exceed 35%
of the total lung, and the maximum dose to the spinal cord could
not exceed 45 Gy. It was desirable but not required that the PTV
receive more than 93% but less than 107% of its prescribed dose.
After the dose of 36 Gy was reached, the PTV could be reduced
after shrinkage of the GTV.

Dose escalation

The MTD was defined as the dose at which 3 or more of 6 patients
experienced a dose-limiting toxicity (DLT). The DLT was defined
as Grade 4 or more esophagitis, neutropenic fever, dermatitis, or
nausea/vomiting and other Grade 3 or more nonhematologic
toxicity. Furthermore, interruption of irradiation for more than
2 weeks was also defined as a DLT. The DLT was monitored for
90 days.

Irradiation was performed for 5 days per week. The
prescribed doses were 54 Gy in 36 fractions over 3.6 weeks, 60
Gy in 40 fractions over 4.0 weeks, 66 Gy in 44 fractions over 4.4
weeks, and 72 Gy in 48 fractions over 4.8 weeks (Levels 1—4).
When the DLT was observed in 0 of 4 patients, in <1 of 5
patients, or in <2 of 6 patients at each level, the radiation dose
was to be escalated.

Evaluation

The Response Evaluation Criteria in Solid Tumors were used for
response assessment (13). Toxicity was evaluated according to the
National Cancer Institute Common Toxicity Criteria (version 3.0).
An extramural review was conducted to validate the eligibility of
the patients and staging.

The duration of survival was counted from the day of entry to
the study, and the overall survival was calculated according to the
Kaplan-Meier method (14).

Results
Patients’ characteristics

Between April 2006 and April 2008, 26 patients were enrolled in
this study. Four patients were excluded because of allergic reac-
tions to paclitaxel on Day I (n = 1), cerebral infarction on Day 2
(n = 1), and supraclavicular nodal metastases (n = 2). The
remaining 22 patients were included in the analysis. They were 6,
7, 5, and 4 patients at Levels 1 through 4, respectively. Although,
as a rule, 4 to 6 patients were enrolled in each level, 1 patient was
increased at Level 2 because the sixth and seventh patients
enrolled at the same time. The baseline characteristics of the 22
patients are summarized in Table 1.

When 4 patients entered Level 4, enrollment was closed to
avoid severe late toxicities in the esophagus and the bronchia.

Treatment administration

All patients received full doses of radiation therapy, and inter-
ruption of radiation therapy was required in only 4 patients.
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Table 1  Patient characteristics (n = 22)
Characteristics n %

Age (y)

Median 63

Range 45—=70
Sex

M 19 86

F 3 14
ECOG performance status

0 7 32

1 15 68
Histology

Squamous cell carcinoma 10 45

Adeno carcinoma 10 45

Large cell carcinoma 0 0

Others 2 10
Stage

1A 11 50

I1IB 11 50

Abbreviation: ECOG = Eastern Cooperative Oncology Group.

Interruptions ranged from 1 day to 7 days. All patients received
four cycles of concurrent chemotherapy, and 19 patients (86%)
received two cycles of consolidation chemotherapy.

Toxicity

The major toxicities are summarized in Table 2.

The DLTs occurred in 3 patients. Two cases of Grade 3
neuropathy were observed, one at Level | and the other at Level 3,
and one case of Grade 3 infection occurred at Level 1. Further-
more, Grade 5 radiation pneumonitis was observed at Level 1;
however, it was not treated as a DLT because the event occurred
after the observation period of 90 days. Grade 3 esophagitis was
observed in 3 patients, 1 at Level 3 and the others at Level 4.
Grade 3 esophagitis and nausea were not defined as DLTs.

At Level 4, no DLT occurred in the 4 patients. Therefore, the
MTD was not reached in the present study.

Response and survival

The figure shows the overall survival. The median survival time
was 28.6 months for all patients and 30.2 months for patients who
received more than 60 Gy. The response rate was 77% for all
patients.

Patterns of relapse

Table 3 shows the first sites of relapse. Of 11 patients with
locoregional relapse, 1 had upper mediastinal lymph node
metastasis, which was located out of the radiation portal. Of 5
patients with distant metastasis, 3 had lung metastasis.

Discussion

With the use of 3D planning techniques, several dose escalation
trials have been performed. Kong er al. reported that doses of CRT
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Table 2 Major toxicities (n = 22) Table 3 Site of first failure (n = 22)
Grade 3 Grade 4 Grade 5 Site n %
Toxicity n o n o n Yo Progression free 9 41
Hematologic Locoregional alone 8 36
Leukopenia 16 73 1 5 Locoregional and distant 3 14
Neutropenia SR e e Distant™ 5 23
Anemia 2 9 0 0 Lung 3 14
Thrombocytopenia 0 0 0 0 Brain 1 5
Nonhematologic Small intestine 1 5
Neuropathy 2 9 0 0 0 0 * Distant includes locoregional and distant, and distant alone.
Infection 1 5 0 0 0 0
P iti 0 0 0 0 1 5
Ez:::::;?:ﬁ;s 3 14 0 0 hiekl), 0 low frequency of esophagitis has often been observed in other
Nausea 1 5 0 0 0 0 Japanese trials (18, 19). The causes of this phenomenon are not

could be escalated up to 103 Gy for smaller tumors (15). However,
the 5-year local control rates were only 49% even at 92 to 103 Gy
and 35% at 74 to 84 Gy. The insufficient local control indicated
limitation of dose escalation in conventional fractionation and
warranted further exploration for different strategies.

A risk of severe late toxicities, such as esophageal stenosis and
bronchial occlusion, was predicted from the beginning of the
study. After that, experience with Levels 1 through 3 indicated that
prescription of high doses in the esophagus or the main bronchi
was inevitable in most patients. Therefore, enrollment was closed
in the middle of Level 4 to avoid severe late toxicities. Emami
et al. reported that in treatment of the esophagus, the tolerance
dose that would result in a 50% probability of complications
within 5 years of treatment was 72 Gy (16). However, data on
tolerance doses by accelerated hyperfractionation are lacking.
Therefore, careful long-term follow-up of the present study is
required. Recently, Atsumi et al. reported that the severity and
frequency of esophageal stenosis after radiation therapy were
greater in patients with esophageal cancer with full circumference
involvement and increased with esophageal wall thickness (17).
The tolerance dose for the esophagus might be higher in patients
without esophageal cancer than in those with esophageal cancer.

In radiation therapy using accelerated hyperfractionation, acute
esophagitis is a toxicity of particular concern. In the present study,
3 patients experienced Grade 3 esophagitis: 2 of 4 patients at
Level 4, but only 1 patient at Levels 1 through 3 (n = 18). The

survival(%)
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e — e
i ====lgve
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Fig. Kaplan-Meier survival curves for all patients and for

patients in Levels 1—4. The median survival time was 28.6 months
for all patients.
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well known. One possible explanation is differences in ethnic
background. Twice-daily CRT with a dose of 1.3 to 1.45 Gy per
fraction could be recommended in patients with other ethnic
backgrounds, if this regimen is shown to bring a better outcome.

Another toxicity of concern is radiation pneumonitis. In the
present study, Grade 5 radiation pneumonitis was observed in 1
patient. In other patients, however, Grade 3 or more radiation
pneumonitis was not observed. Some radiation pneumonitis is
inevitable to some degree, and the frequency of Grade 3 or more
pneumonitis was rather low in the present study. Tsujino et al.
reported a decreased incidence of radiation pneumonitis by
accelerated hyperfractionation in the treatment of limited-stage
small-cell lung cancer, although initially they expected that
accelerated hyperfractionation would increase the incidence and
severity of radiation pneumonitis (20). The results in the present
study are consistent with those reported by Tsujino et al.

The DLTs observed in the current study were Grade 3
neuropathy and Grade 3 infection. They were mainly caused by
chemotherapy. By contrast, Grade 5 radiation pneumonitis was not
treated as a DLT because it occurred after the observation period
of 90 days. The definition of DLT used in this study was probably
inadequate for a radiation dose escalation study. Chemotherapy-
induced toxicities should be given less consideration, and those
caused by radiation therapy should be more strictly weighed.

The cutoff of 90 days for the observation period of DLTs was
considered not sufficient. However, the observation period could
not be more prolonged because the Phase I study had to be
completed within a suitable time. Toxicities were evaluated after
the observation period. In recent Phase I studies, the observation
period was defined similarly (21—23).

Although the number of patients was relatively small in the
present study, the method of assigning 6 patients to each dose bin
is an option in a Phase I study (21). However, the data about
survival were not reliable because of the small sample size. The
data are to be verified in the following Phase II study.

In the present study, the dose of CRT was escalated to 72 Gy
in 48 fractions, and MTD was not reached. In principle, 72 Gy
should be the recommended dose. However, late toxicity data are
insufficient, and enrollment was closed in the middle of Level 4.
Furthermore, on the basis of our experience with the treatment of
small-cell lung cancer, CRT with a dose of 66 Gy in accelerated
hyperfractionation brings better local control than 74 Gy in
conventional fractionation, which was defined as a recommended
dose in several trials. The favorable median survival time of 30.2
months for patients who received 60 to 72 Gy in the present
study is consistent with our experience. Therefore, a dose of 66
Gy in 44 fractions was adopted in the present study. On the basis
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of the results presented here, we are currently preparing a Phase
II study.

In conclusion, the MTD was not reached in the present study,

although the dose of radiation was escalated to 72 Gy in 48
fractions. Acute toxicities were relatively mild. However, a dose
of 66 Gy in 44 fractions was adopted for the present study because
late toxicity data were insufficient.
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Introduction: The presence of the transforming fusion gene echi-
noderm microtubule-associated protein-like 4 (EML4)-anaplastic
lymphoma kinase (4LK) in non-small-cell lung cancer (NSCLC) is
a predictive marker for the efficacy of anaplastic lymphoma kinase
inhibitors. However, the currently available assays for the detection
of the different variants of EML4-ALK have limitations.

Methods: We developed an assay system for the detection of EML4-
ALK variants 1, 2, 3a, 3b, 4, 5a, 5b, 6, or 7 transcripts in total RNA
obtained from formalin-fixed, paraffin-embedded (FFPE) specimens
of NSCLC tissue. The assay is based on region-specific polymerase
chain reaction amplification of EML4-ALK complementary DNA
followed by specific single-base primer extension and analysis of the
extension products by matrix-assisted laser desorption/ionization—
time of flight mass spectrometry. The assay was validated by fluores-
cence in situ hybridization and the results confirmed by subcloning
and sequencing of polymerase chain reaction products.

Results: Evaluation of the analytic sensitivity of the assay with serial dilu-
tions of plasmids containing EML4-ALK complementary DNA sequences
revealed it to be capable of the reliable detection of one copy of each plas-
mid per reaction. The assay also detected EML4-ALK variants 1 or 3 in
three FFPE samples of surgically resected NSCLC shown to be positive
for anaplastic lymphoma kinase rearrangement by fluorescence in situ
hybridization. Furthermore, the assay identified variant 1 of EML4-ALK
in 3 of 20 FFPE biopsy samples from patients with advanced NSCLC. All
positive samples were confirmed by subcloning and sequencing.
Conclusions: Our novel assay is highly sensitive and effective for the
detection of EML4-ALK in FFPE specimens.

Key Words: EML4-ALK, Non-small cell lung cancer, Paraffin-
embedded tissue, Mass spectrometry, Diagnosis.
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chinoderm  microtubule-associated protein-like 4

(EML4)-anaplastic lymphoma kinase (ALK) was
recently identified as a transforming fusion protein in lung
cancer.! Both EML4 and ALK genes are located on the short
arm of chromosome 2. Multiple variants of EML4-ALK have
been identified, with all variants including the same cyto-
plasmic portion of ALK but different portions of EML4
(with truncations at exons 2, 6, 13, 14, 15, 18, and 20).2*
The most common EML4-ALK variants are 1 and 3, which
together account for ~60% of EML4-ALK-positive cases of
non-small cell lung cancer (NSCLC).? Crizotinib, an inhibi-
tor of the tyrosine kinase activity of ALK and MET (hepato-
cyte growth factor receptor), has been shown to be effective
for the treatment of lung cancer patients harboring EML4-
ALK.® Indeed, crizotinib was recently approved by the U.S.
Food and Drug Administration for the treatment of advanced
NSCLC in patients with an abnormal ALK gene.

The EML4-ALK translocation occurs in 5 to 10% of
lung cancer patients.'>”1° Several assays have been developed
for the detection of this translocation in clinical samples.>*!!
However, all of these assays have limitations with regard to
sensitivity or the reliance on specialized techniques, with the
development of higher-sensitivity assays based on simple
methods being warranted.

MATERIALS AND METHODS

Plasmid Construction

Plasmids based on pCR2.1 or pcDNA3.1(+) and contain-
ing EML4-ALK or ALK complementary DNA (cDNA) were
constructed as positive controls by TA cloning (Invitrogen,
Madison, WT) or In-Fusion PCR cloning (Clontech, Palo Alto,
CA)." Details of plasmid construction and corresponding pri-
mer sequences are provided in Supplemental Digital Content 1
(http://links.lww.com/JTO/A219) and 2 (http://links.lww.com/
JTO/A220).

Clinical Samples

Formalin-fixed, paraffin-embedded (FFPE) sam-
ples were obtained from NSCLC patients who had under-
gone surgery or biopsy for the purpose of diagnosis at
Kinki University Hospital. The study was approved by the
Institutional Review Board with the conditions that samples
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FIGURE 1. MassARRAY method
for the detection of EML4-ALK.
The region of EML4-ALK comple-
mentary DNA containing the
fusion point is amplified by poly-
merase chain reaction (PCR), with
the amplicons ranging in size
from 70 to 130 bp. After dephos-
phorylation of the 5’ terminus of
the PCR products with the use

of shrimp alkaline phosphatase,

a single-base primer extension
reaction is performed. The primer
extension products are then
analyzed by matrix-assisted laser
desorption ionization-time of
flight mass spectrometry . The
single-base extension reaction
occurs only when an EML4-ALK
fusion product is present in the
sample.
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FIGURE 2. Representative spectra for EML4-ALK variants. Plasmid DNA (1 ng per reaction) containing the indicated variants of
EML4-ALK (A) or total complementary DNA (5 ng per reaction) prepared from H3122 or H2228 cell lines (which harbor EML4-
ALK variant 1 and variants 3a and 3b, respectively) (B) was subjected to the MassARRAY assay. Representative spectra for exten-
sion products between ~5100 and ~6800 Da are shown. The expected m/z values for each single-base extension product are as
indicated in Figure 1. Three independent experiments were performed in triplicate with identical results.
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FIGURE 3. Sensitivity of EML4-ALK detection in plasmid DNA. The indicated copy numbers of pcDNA3.1(+) containing variants
1, 3a, or 3b of EML4-ALK were assayed in the presence of 1 ng of normal human genomic DNA (A) or 10 pg of pCR2.1-alk plas-
mid DNA (B). The copy number of plasmid DNA per reaction was calculated according to the formula: 6.022 > 10% X [mass

of DNA (g)]/[plasmid size (bp) X 660]. Three independent experiments were performed in triplicate with identical results. UEP,

unextended primer.

be processed anonymously and analyzed for gene expres-
sion and that the study be disclosed publicly, according to the
Ethical Guidelines for Human Genome Research published
by the Ministry of Education, Culture, Sports, Science, and
Technology, the Ministry of Health, Labor, and Welfare, and
the Ministry of Economy, Trade, and Industry of Japan. The
study also conforms to the provisions of the Declaration of
Helsinki.

Cell Lines

The human NSCLC cell lines H2228 and H3122 were
kindly provided by Dr. P. A. Jinne (Department of Medical
Oncology, Dana-Farber Cancer Institute, Boston, MA). Short
tandem repeat analysis was performed with genomic DNA
isolated from H2228 and H3122 cells. The DNA profile of
H2228 cells matched that in the American Type Culture
Collection short tandem repeat database. The cells were main-
tained under a humidified atmosphere of 5% CO, at 37°C in
RPMI 1640 medium (Sigma, St. Louis, MO) supplemented
with 10% heat-inactivated fetal bovine serum (Equitech-Bio,
Kerrville, TX).

Copyright © 2012 by the International Association for the Study of Lung Cancer
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Sample Processing

Total RNA was extracted from cell lines and FFPE sam-
ples with the use of an RNeasy Mini Kit (Qiagen, Valencia,
CA) and an RNeasy FFPE Kit (Qiagen), respectively. The
percentage of tumor cells in each FFPE specimen was evalu-
ated by hematoxylin-eosin staining and found to be >10%.
The isolated RNA was subjected to reverse transcription (RT)
with the use of a High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Foster City, CA), and the resulting
c¢DNA was stored at —80°C until analysis.

Detection of EML4-ALK

We used the MassARRAY iPLEX platform (Sequenom,
San Diego, CA) for detection of EML4-ALK. The MassARRAY
system involves a three-step process consisting of polymerase
chain reaction (PCR), single-base primer extension, and separa-
tion of the products on a matrix-loaded silicon chip by matrix-
assisted laser desorption ionization (MALDI)-time of flight
(TOF) mass spectrometry (MS) (Fig. 1). PCR and the single-
base primer extension reactions were performed in a thermal
cycler (ABI-9700 instrument, Applied Biosystems), and the
extension products were analyzed using the MALDI-TOF MS
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FIGURE 4. Detection of EML4-ALK in formalin-fixed, paraffin-embedded (FFPE) samples of surgically resected non-small cell

lung cancer tissue. (A) Clinical specimens were subjected to fluorescence in situ hybridization analysis with differentially labeled
probes for the 5’ (green) or 3" (red) regions of the ALK locus. A pair of split signals (arrows) indicates the rearranged ALK locus.
(B) polymerase chain reaction (PCR) products derived with PCR primer sets in the MassARRAY assay were separated with the
use of an Agilent 2100 Bioanalyzer and a DNA 1000 LabChip Kit (Agilent Technologies, Inc., Palo Alto, CA). The PCR products
are from pcDNA3.1(+)-v1 (lane 1), pcDNA3.1(+)-v3a (lane 2), pcDNA3.1(+)-v3b (lane 3), case 1 (lane 4), case 2 (lane 5), and
case 3 (lanes 6 and 7). The asterisk indicates the corresponding band in each case. (C) Total RNA (10 ng) isolated from the FFPE
samples in (A) was analyzed by the MassARRAY assay. Representative spectra are shown. The experiment was repeated twice
with identical results. (D) The PCR products from (C) were also subcloned and sequenced. ex, exon.

(Sequenom). Detailed procedures and corresponding primer
sequences are provided in Supplemental Digital Content 1
(http:/links.lww.com/JTO/A219) and 3 (http:/links.lww.com/
JTO/A221), respectively.

Sequencing Analysis

PCR products were subcloned into the TOPO TA
pCR2.1 vector (Invitrogen) and sequenced with an auto-
mated sequencer (ABI Prism 3100 Genetic Analyzer, Applied
Biosystems) with the use of M13 universal primers.

Fluorescence In Situ Hybridization Analysis

FFPE tissue sectioned at a thickness of 4 pm and placed
on glass slides was subjected to fluorescence in situ hybrid-
ization (FISH) with a break-apart probe for the ALK gene
(Vysis LSI ALK Dual Color, Break Apart Rearrangement
Probe; Abbott Molecular, Des Plaines, IL). FISH positivity
was defined as the presence of >15% split signals in tumor
cells.
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RESULTS

Detection of EML4-ALK Variants

We developed an assay system based onthe MassARRAY
platform for the detection of EML4-ALK variants in NSCLC
tissue (Fig. 1). The MassARRAY assay detected plasmid DNA
corresponding to nine different EML4-ALK variants and wild-
type ALK (Fig. 24). Appropriate mass spectra for the single-
base extension products were thus obtained (Figs. 1 and 24).
We next attempted to detect EML4-ALK in the human NSCLC
cell lines H3122 and H2228, which harbor EML4-ALK vari-
ants 1 and 3, respectively.” The RT-PCR products of total RNA
isolated from the cell lines were subjected to the MassARRAY
assay. EML4-ALK variant 1 was detected in H3122 cells,
whereas variants 3a and 3b were detected in H2228 cells (Fig.
2B). Wild-type ALK was also detected in both cell lines.

Sensitivity of the Assay
The major variant forms of EML4-ALK are variants 1,
3a, and 3b, which account for ~60% of all EML4-ALK fusions.”

Copyright © 2012 by the International Association for the Study of Lung Cancer
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TABLE 1. Characteristics of Patients Screened for EML4-ALK
Age Smoking
No. (vears) Sex Histology Procedure status EML4-ALK
1 63 F Ad TLB Never  Negative
2 62 M Ad TBLB Current  Negative
3 74 M Ad TLB Current Negative
4 71 M Ad TBLB Current  Negative
5 63 F Ad TBLB Never  Variant 1
6 75 M Ad TBLB Former Negative
7 59 M Ad Needle biopsy Current  Negative
8 85 M Ad TBLB Current  Negative
9 73 F Ad Lymph node biopsy Never  Negative
10 68 F Ad TBLB Current Negative
11 65 M Ad TBLB Current  Variant 1
12 57 M Ad TBLB Current Negative
13 68 F Ad TLB Never  Negative
14 73 M Ad TBELB Former Negative
15 67 F Ad TBLB Never Negative
16 67 M Ad TBLB Former Negative
17 57 M Ad TBLB Former  Negative
18 56 M Large TBLB Current  Negative
19 65 M Ad TBLB Current  Negative
20 60 M Ad TBLB Current  Variant 1

Ad, adenocarcinoma; Large, large cell carcinoma; TLB, thoracoscopic lung biopsy;
TBLB, transbronchial lung biopsy.

We therefore examined the sensitivity of our assay for detec-
tion of these variants. Samples containing 1000, 100, 10, or 1
copy of plasmid DNA [pcDNA3.1(+) for variants 1, 3a, or 3b]
and 1 ng of normal human genomic DNA (Promega, Madison,
WI) were prepared by 10-fold serial dilution. MS spectra
revealed a clear peak at the expected size for variants 1, 3a, or

3b in all samples, including those containing only one copy of
the variant DNA (Fig. 34). We also examined assay sensitivity
when the samples were diluted with pCR2.1 containing ALK
cDNA (pCR2.1-alk). Samples containing 1000, 100, 10, or 1
copy of the variant plasmids were thus diluted with 10 pg (~2
% 10° copies) of pCR2.1-alk. A clear peak at the expected size
was again detected in all the samples including those contain-
ing only one copy of the variant DNA (Fig. 3B). These results
therefore suggested that the sensitivity of the assay for the
detection of EML4-ALK variants is high.

Detection of EML4-ALK Variants in FFPE
Samples

We next evaluated the ability of our assay to detect
EML4-ALK variants in three surgically resected FFPE sam-
ples of NSCLC shown to be positive for ALK rearrangements
by FISH analysis (Fig. 44). The primary PCR products for
the assay were also analyzed by gel electrophoresis, with the
expected sizes of the amplification products being 115, 103,
and 119 bp for variants 1, 3a, and 3b, respectively. Bands cor-
responding to EML4-ALK variant 1 (case 2), variant 3a (cases
1 and 3), and variant 3b (case 3) were detected (Fig. 4B).
Similarly, we detected MS peaks corresponding to EML4-
ALK variant 1 and to variants 3a or 3b in case 2 and in cases
1 and 3, respectively (Fig. 4C). The presence of EML4-ALK
variants in these three cases was confirmed by subcloning and
sequencing of PCR products (Fig. 4D). We further analyzed
several NSCLC specimens shown to be negative for EML4-
ALK by FISH analysis; no mass peaks for EML4-ALK variants
were detected by the MassARRAY assay (data not shown).
These results thus suggested that the MassARRAY assay is
able to detect EML4-ALK variants in FFPE samples.
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Screening for EML4-ALK Variants in FFPE
Biopsy Samples of Advanced NSCLC

Molecular analysis of biopsy samples from patients
with advanced NSCLC is often difficult because of the
small amount of tissue available. We therefore examined
the feasibility of detection of EML4-ALK variants with the
MassARRAY assay in FFPE biopsy specimens obtained
from 20 patients with advanced NSCLC, the characteristics
of whom are shown in Table 1. Three specimens (samples 5,
11, and 20) were found to be positive for variant 1 of EML4-
ALK, with none of the other variants being detected (Fig. 54).
The presence of EML4-ALK variant 1 in these three cases was
confirmed by subcloning and sequencing of PCR products
(Fig. 5B). We also performed FISH analysis on the 20 FFPE
specimens. Of the three EML4-ALK—positive cases detected
by the MassARRAY assay, two (samples 5 and 20) were posi-
tive by FISH whereas the third (sample 11) could not be evalu-
ated because of poor tissue quality (data not shown). None of
the cases that tested negative by the MassARRAY assay was
positive by FISH. These results thus suggested that our assay
is effective for EML4-ALK screening with FFPE biopsy speci-
mens of advanced NSCLC.

DISCUSSION

We have developed a MassARRAY assay for screening
of EML4-ALK in FFPE samples of NSCLC tissue. This novel
assay is capable of detecting nine different EML4-ALK vari-
ants with a high sensitivity.

Dual-color split-signal FISH analysis has been consid-
ered the gold standard in screening for ALK rearrangement.
However, given that EML4 and ALK loci are located in rela-
tively close proximity on chromosome 2p, the detection of the
EML4-ALK fusion gene on the basis of the gap between the
probes is sometimes difficult. The identification and counting
of signals on tissue sections is impeded by factors such as cut-
ting artifacts and nuclear overlap related to the thickness and
homogeneity of the tissue sections and the size of the nuclei.
The MassARRAY system is a nucleic acid analysis platform
which utilizes a three-step process composed of PCR ampli-
fication, single-base primer extension, and MALDI-TOF MS
analysis. The presence of EML4-ALK in our MassARRAY
assay is detected on the basis of the presence of products of
predicted mass.

The amount of tumor tissue available for molecular
analysis is often limited in patients with advanced NSCLC.
Furthermore, RNA extracted from FFPE samples is highly
degraded and less amenable to RT-PCR analysis compared
with that isolated from nonfixed, freshly frozen tissue. We
succeeded in amplifying EML4-ALK ¢cDNA by PCR from
FFPE tissue with primers designed to yield short amplicons
(70-130 bp). The design of such short amplicons can also be
applied to quantitative PCR systems such as amplification-
refractory mutation system for allele-specific PCR assays.
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In our system, PCR amplification was performed with a high
number of cycles (45 cycles), and increased accumulation of
PCR products conferred higher sensitivity. We tested 20 FFPE
biopsy samples from patients with NSCLC with our assay and
detected a clear mass peak for EML4-ALK variant 1 in 3 of
these samples, each of which was confirmed positive for this
variant by subcloning and sequencing of the PCR products.
In contrast to FISH, our assay is able to distinguish between
the different EML4-ALK variants in a small amount of FFPE
NSCLC tissue, and it should prove to be a useful tool for the
detection of EML4-ALK variants in diagnostic testing for this
fusion gene.
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Fig. 1. Adirected acyclic graph for a setting of this paper with vaccine status for individual j (A;), infection status for individual j(Y;), and a set of unmeasured
confounders (U).
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Fig. 2. A directed acyclic graph for a setting of the CACE paper with randomized assignment (Z), received treatment (X), an outcome (Y), and a set of
unmeasured confounders (U).

effect of A, and A, on Y; in a principal stratum, while the CACE focuses on the causal effect of X on Y in the other principal
stratum. Because of these differences, the mathematical results in the two papers are different, and we cannot deduce one
from the other.

2. Notation and definitions

Following VanderWeele and Tchetgen Tchetgen (2011), we consider a setting in which there are N households, indexed
byi=1,...,N,in which each household consists of two persons, indexed by j = 1, 2. Let A; denote the vaccine status for
individual j in household i (A; = 1if the individual received the vaccination, and A; = 0 if otherwise). For each household,
let A; = (Aj1, Ap) denote the vaccine status of the two individuals in the household. Let Y;; denote the infection status
of individual j in household i after some suitable follow-up in the study (Y; = 1 if infected, and Y; = 0 if uninfected),
Let Yj(a;, az) denote the counterfactual outcome for individual j in household i if the two individuals in household i had,
possibly contrary to fact, vaccine status (a;, az). Note that Y;;(a;, a;) depends on the vaccine status of both individual 1 and
individual 2. This allows for the possibility that the vaccine status of one person affects the outcome of another, which is
sometimes referred to as interference. However, we assume that the vaccine status of persons in one household in the study
does not affect the outcomes of those in other study households, which is sometimes referred to as partial interference
(Sobel, 2006; Hudgens and Halloran, 2008).

We assume a randomized trial in which one of the two persons is randomized to receive a vaccine or control, and
the second person is always unvaccinated. We further require the consistency assumption that Y;;(A;, A;) = Y for all
individuals, so that the value of Y that would have been observed if A = (A;, A;) had been set to what it in fact was, is equal
to the value of Y that was in fact observed. This assumption implies that E[Y;(ay, a2) | Ay = a1, Ap = a2] = E[Y;; | Ay =
a,, Aip = a], where E denotes the expectation taken over households i, assuming a random sample of households from a
larger super-population of households.
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The crude estimator for the infectiousness effect might be taken as
ElYo |An=1,Yy=1]—E[Yp |A; =0,Yy =1].

This compares the infection status for individual 2 in the subgroup in which individual 1 was vaccinated and infected
versus that in the subgroup in which individual 1 was unvaccinated and infected. Although the vaccine status for individual
1, Aj1, is randomized, conditioning on a variable that occurs after treatment breaks randomization (Rosenbaum, 1984; Pearl,
2009). Therefore, the crude estimator may not make a fair comparison, because the subgroup in which individual 1 is
vaccinated and infected may be quite different from that in which individual 1 is unvaccinated and infected. To avoid this
problem, the CIE is defined as

CIE = E1(1,0) — E11(0,0)

where Ey(a;, a2) = E[Yp(ay,a2) | Yn(1,0) = k,Yi1(0,0) = [] (Hudgens and Halloran, 2006; Tchetgen Tchetgen and
VanderWeele, 2012). This compares the infection status for individual 2 if individual 1 was vaccinated, Y;z(1, 0), versus
unvaccinated, Y; (0, 0), among the subset of households for whom individual 1 would have been infected irrespective of
whether individual 1 was vaccinated, i.e., Y;; (1, 0) = Y;;(0, 0) = 1. Such a subgroup is sometimes referred to as the principal
stratum (Frangakis and Rubin, 2002; Rubin, 2004).

Note that the vaccination of individual 1 may prevent individual 2 from being infected via two mechanisms: (i) the vaccine
may prevent individual 1 from acquiring the infection and thereby reduce the probability of transmission to individual 2 or
(ii) if individual 1 is infected irrespective of the vaccine, the vaccine may impair the ability of the infectious agent to initiate
new infections, i.e., make the agent less infectious. Only the latter mechanism is included under the CIE.

3. Bounds for the causal infectiousness effect

We define the sensitivity parameter, which is used to derive the CIE bounds, as follows:
ay = E[Yp(0,0) [ Ay = 1, Yiy = y] — E[Y;2(0,0) [ Ay =0, Yy =],

wherey = 0, 1, which is an extension of a sensitivity parameter developed in the context of causal mediation analysis (Chiba,
2010; Chiba and VanderWeele, 2011) to the CIE. &, compares two subgroups: (i) the subgroup of households for which
individual 1 was actually vaccinated and (ii) the subgroup of households for which individual 1 was actually unvaccinated,
where the infection status is equal among these two subgroups.

To derive the CIE bounds, we require two assumptions. The first assumption states that the vaccine will never be the
cause of the infection; i.e., there may be doomed households who would be infected irrespective of vaccination status
(Yn(1,0) = Y¥31(0,0) = 1), immune households who would not be infected irrespective of vaccination status (Y;;(1,0) =
Yi1(0, 0) = 0), or causative households who would be infected if unvaccinated and not infected if vaccinated (¥;;(1,0) = 0
and Y;;(0, 0) = 1), but there is no preventive household who would be infected if vaccinated but uninfected if unvaccinated
(Y1(1,0) = 1 and Y;;(0, 0) = 0). This assumption is sometimes referred to as a monotonicity assumption (Angrist et al.,
1996; Dawid, 2000), and it is formalized as follows in the vaccine trial (VanderWeele and Tchetgen Tchetgen, 2011):

Assumption 1. Y;;(1,0) < Y;;(0, 0) for all i.
Using ay, under Assumption 1, the CIE can be expressed as
CIE =Py — Pgy — oy (1)

where Pgy = E[Y; | Ay = a, Yj; = y], and the relationship between «q and «; is as follows:

_ (po — p1)(Po1 — Poo) — (1 — py1)erg
P1 '

where p, = Pr(Y;; = 1 | Ay = a). The derivations are given in Appendix A. (1) shows that we can conduct a sensitivity
analysis for the CIE using the sensitivity parameter «;.

The second assumption states that the probability of infection for individual 2 if both individuals 1 and 2 were
unvaccinated would be lower in the subgroup of households for which individual 1 was unvaccinated and uninfected than
in that for which individual 1 was vaccinated and uninfected. In addition, it would be lower in the subgroup of households
for which individual 1 was unvaccinated and infected than in that for which individual 1 was vaccinated and infected. This
can be formalized as follows:

(2)

23]

Assumption 2. ¢y > Ofory =0, 1.
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This assumption is equivalent to E[Y(0,0) | Ay = 1,Y;; = y] = E[Y2(0,0) | Ay = 0,Y;; = yl, which is arguably
reasonable insofar as the subgroup for which individual 1 was vaccinated is likely to be less healthy (or the infection is more
virulent) than the subgroup for which individual 1 was unvaccinated; thus, under the scenario in which both people are
unvaccinated, individual 2 is more likely to be infected in the first group than in the second group. If this is indeed the case,
Assumption 2 will hold.

Under Assumption 1, Assumption 2 is equivalent to assuming that

E11(0, 0) > Eo1(0, 0) (3)
withy = 1, and
Ep1(0, 0) = Eoo(0, 0) (4)

with y = 0. The proof is given in Appendix B. (3) implies that the probability of infection for individual 2 in the doomed
households is not less than that in the causative households, and (4) implies that the probability of infection for individual 2
in the causative households is not less than that in the immune households. This observation shows that Assumption 2
is arguably reasonable in many actual vaccine trials when Assumption 1 holds, because the probability of infection for
individual 2 in the doomed households would be the highest and that in the immune households would be the lowest
of the three principal strata, excluding the preventive households.

Under Assumptions 1and 2, (2) gives

(po — p1)(Po1 — Poo)

g 3
D1

Note that, when Assumption 1 holds, po > p; if there is at least one causative household, and Py; = Py under

Assumption 2 (see Appendix A). Therefore, we can say that Assumption 2 does not hold if the observed data show that

Pg1 < Pgg, when Assumption 1 holds.
We obtain the following result by substituting (5) into (1):

0<eo (5)

Result 1. Under Assumptions 1and 2,
Pye — Pge — (1 — p1)(P1o — Poo)
D1
where Pge = E[Yjs | Ajp = al.
Note that VanderWeele and Tchetgen Tchetgen (2011) showed that CIE < Py; — Py; under Assumption 1and ey > 0(i.e.,

Assumption 2 with y = 1). Therefore, Result 1 implies that we can derive both bounds for the CIE under slightly stronger
assumptions than theirs.

< CIE < Py; — Poy,

4. Discussion

We have presented both bounds for the CIE under two plausible assumptions that may be reasonable in many vaccine
trials as mentioned in the section above, whereas VanderWeele and Tchetgen Tchetgen (2011) derived the upper bound
under slightly weaker assumptions. The bounds presented here are based on estimated quantities. Some researchers may
be interested in confidence intervals (Cls) of the bounds; they can be derived from both bounds of Result 1, although the
CI formula of the lower bound may be somewhat complex. We can also employ a sensitivity analysis method by using (1),
where fixed values of ¢; are examined within a range of (5). Then, to obtain the CI for the CIE for a fixed value of «¢1, one can
simply subtract e¢; from the upper and lower confidence limits for Py; — Po;.

Result 1 was obtained by applying the idea developed in the context of causal mediation analysis. This implies that if
the sample is large, we will be able to derive the large sample bounds (Zhang and Rubin, 2003; Zhang et al., 2008; Halloran
and Hudgens, 2012; Chiba, in press), even for cases in which only Assumption 1 holds or neither Assumption 1 nor 2 holds,
although the bounds may be somewhat broad. The lower bound under Assumptions 1and 2 with y = 1 can be also derived
using the large sample bounds (see Appendix C for the details).

In this paper, we defined the CIE on a risk-difference scale. We can extend the result presented here to other measures
of the effect straightforwardly because E1;(1, 0) = Py; and E1;(0, 0) = Pp; 4 o7 under Assumption 1 (see Appendix A). For
example, on a risk-ratio scale, Ey1(1, 0)/E11(0, 0) = Py1/(Poy 4 ¢1), and the bounds can be derived by substituting (3) into
this equation.

VanderWeele and Tchetgen Tchetgen (2011) also discussed the case with selection bias due to competing pathogen
strength and the case in which both individuals are randomized. They showed that the upper bound for the CIE becomes the
crude estimator even in these cases, with an additional assumption for the former case. Our result can also be extended to
the latter case straightforwardly. The results are given in Appendix D. However, it may be difficult to extend our result
to the former case. For this case, VanderWeele and Tchetgen Tchetgen (2011) defined pathogen-virulence conditional
infectiousness effects as

E[Y2(1,0) — Yi2(0,0) | Yin(1,0) = Y1 (0, 0) = 1, 5;(1) = 5;(0) = s],
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where S;(0) and S;(1) are the virulence of the pathogen causing the infection when individual 1 was unvaccinated and
vaccinated, respectively. In this case, the derivation of the lower bound for CIE will be very complex, because we must
consider four sensitivity parameters fory = 0, 1 and s = 0, 1 instead of two sensitivity parameters of &g and «;. Further
research is needed for this case.
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Appendix A. Derivations of (1) and (2)

Here, we use the notation my = Pr(Y;;(1, 0) = k, Y;;(0, 0) = I). The relationships between 7y and p, are then
T + 711 = P1, oo + o1 = 1 — py, Ty + oy =Po, and o+ 7o = 1 — Po, (A1)

because Pr(Yy(a;,0) = y;) = Pr(Yi(a;,0) = y; | An = a;) = Pr(Yy; = y1 | An = a;) by randomization and the
consistency assumption. Furthermore, because individuals in the subgroup with (A;;, Yi;) = (1, 1) must be either doomed
or preventive households (immune or causative households cannot take a paired observation of (4;, Y;;) = (1, 1)), the
following equation holds:

m11E(as, 0) + myoEie(a;, 0)

E[Yi(a1,0) |An =1,Yy = 1] = (A2)
11+ To
Similarly,
E 50 E 2 B
B i, 0 O e R 0 D T g VL ) (A3)
To1 + Moo
Ei1(aqy,0 Epi(a, 0
BT (i 0 o, Vi 1 e DR 1 B, ) (A4)
11 + 7oy
Ep(ay, 0 Ego(aq, 0
E[Ya(ay,0) | Ay =0, Yy = 0] = m1oE10(ay, 0) + mooEoo (a3 ). (AS)
10 + Moo

As 19 = 0 (there is no preventive household) under Assumption 1, (A.1) reduces to
T = P, oo = 1 —po, and 7o = po — P1,

where it is assumed that o > 0 (i.e., pp > p;), which implies that there is at least one causative household. (A.2)-(A.5) can
then be expressed as

E[Y(a;,0) | Ay =1, Yy = 1] = Ey(ay, 0), (A6)
Ei¥itat, 0) [ A =1, ¥ip = 0] = 2= B0, ?) +p(1 L Y (A7)
— P
¥ 0 O] [y = 0, W e e R O (i" =t UL (A8)
0
E[Y2(ay,0) | Ay =0,Y); = 0] = Ego(ay, 0), (A9)

respectively.
(A.6) with a; = 1yields

E;1(1,0) = E[Y(1,0) | An = 1, Yy = 1]
= Py,

and using y = E[Y;(0, 0) | Ay = 1, Yiy = 1] — Py, with a; = 0, it yields

E;1(0,0) = E[Yp(0,0) | An =1,Yy = 1]
= Py + ;.

The difference between them is (1).

n
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By substituting the above equation into (A.8) with a; = 0, we have
PoE[Yi(0,0) | Ay = 0, Yyy = 1] — p1E11(0, 0)

EO] (0, 0} =
Po — P1
_ poPor — p1(Po1 + 1)
Do — D
= Pm = P1 1.
Po —P1

Likewise, by substituting (A.9) into (A.7) with a; = 0 and using «g = E[Y;2(0, 0) | Ay = 1, Y;; = 0] — Pgyo, we have
(1 —p1)E[Y2(0,0) | Ay = 1, Yy = 0] — (1 — po)Eno(0, 0)

Ep1(0,0) =
Po—P1
(1= p1)(Poo + ) — (1 — po)Poo
Po—P1
1=
= Ppo + L op.
Po —P1

Given that these two equations are equal, some algebra yields (2). Furthermore, under Assumption 2, these two equations
yield Pog < Ep1(0, 0) < Pps,i.e., Poo < Por.

Appendix B. Proof that Assumption 2 is equivalent to (3) and (4) under Assumption 1

Under Assumption 1, (A.6)-(A.9) hold. Under Assumption 2 withy = 1, (A.6) and (A.8) lead to
E[Y2(0,0) | Ay = 1,Yi; = 1] = E[Y2(0,0) | Ay =0, Yy = 1]
< (po — p1)E11(0,0) = (po — p1)E0:1(0, 0),
and under Assumption 2 withy = 0, (A.7) and (A.9) lead to
E[Y2(0,0) | Ay = 1,Y;; = 0] = E[Y(0,0) | Ay =0, Y;; =0]
< (po — P1)E01(0,0) = (po — P1)Eoo(0, 0).
This completes the proof because py > p; by assumption.

Appendix C. Large sample bounds

The large sample bounds are derived from the numbers of doomed households (V;;(1, 0) = Y;;(0, 0) = 1) in households
assigned to A;; = 0, 1. With no assumption, 7y; = max{0, po + p; — 1} because 7y; = 1 — pg — p1 + 7o from (A.1)
and 0 < my < 1. As mentioned in Appendix A, households in the subgroup with (A;, Y;;) = (1, 1) must be either
doomed or preventive households. Thus, if pp + p; — 1 > 0, the proportion of doomed households in this subgroup is
11/ (T + To) = m11/p1 from (A1), and the number must be Nyy7q1/(711 + m10) = Ni1(po + p1 — 1)/p1, where Ny;
denotes the number of households with (A;, Y;1) = (a, 1). Applying this lower bound, the lower bound of E;;(1, 0) is the
expectation if Ny (pg + p1 — 1)/p1 of households in the subgroup with (A;1, Y1) = (1, 1) take the smallest values of Yj; in
sequence, and the upper bound of Eq;(1, 0) is the expectation if the number of households take the largest values of Y, in
sequence.

Likewise, in the subgroup with (A;;, Y;1) = (0, 1), the proportion of doomed households is 711 /(7711 +791) = 711/Po, and
thus the number must be No; 11 /(711 + 7o1) = No1(po + p1 — 1)/po. The lower bound of E;;(0, 0) is then the expectation
if No1(po + p1 — 1) /po of households in the subgroup with (A;, Y;;) = (0, 1) take the smallest values of Y;; in sequence, and
the upper bound of E;(0, 0) is the expectation if the number of households take the largest values of Y;; in sequence.

For example, consider the hypothetical data set of Table 1. As No;(pg + p1 — 1)/p1 = No1(po + p1 — 1)/po = 400, the
large sample bounds of Ey(a;, 0) are calculated by

0 x 300 + 1 x (400 — 300 1 400 —
x 300 + 1 % ( ) < (1,0 < 1X300+0 x (400 —300)
400 400
2 - _
0x320+1x(400-320) _ o 1x400+0 x (400 — 400)
400 400

These bounds lead to the CIE bounds of —0.75 < CIE < 0.55.

Under Assumption 1, E;1(1,0) = P;; = 0.50 and 7;; = p; as shown in Appendix A. Then, the number of doomed
households in the subgroup with (A, Y1) = (0, 1) is Noy11/(711 + 7o1) = Noip1/po = 600, and thus the large sample
bounds of E1;(0, 0) are

0 x 320+ 1 x (600 — 320) 1 x 480 + 0 x (600 — 480)

< E1(0,0) <
600 =En(0.0) = 600
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Table 1
Hypothetical data set.
A=1 A =0
Yi=1 Yi=0 Y;=1 Y, =0
Yo =1 300 40 480 60
Y:=0 300 360 320 140
Total 600 400 800 200

Therefore, the large sample bounds for the CIE become —0.30 < CIE < 0.03. Note that the upper bound is improved
to —0.10 by adding Assumption 2 with y = 1, and the lower bound is improved to —0.20 by the further addition of
Assumption 2 withy = 0.

Appendix D. Case in which both individuals are randomized
Here, we discuss the case in which both of the two individuals are randomized to receive the vaccine or control. In
addition to
CIE = E[Y;2(1,0) — Yi2(0,0) | Y1 (1,0) = ¥;4(0,0) = 1]
defined in the manuscript, we could also define a further CIE of
CIE = E[Y;(1,1) — Y4(1,0) | Y2 (1, 1) = Yi(1,0) = 1].
Using the notation
Ey w(ay, az) = E[Yia(ay, az) | Yir(1,0) =k, ¥i1(0, 0) = 1],
Evu(ar, @) = E[Yn(ay, a2) | Yo (1, 1) =k, Yp(1,0) =1],
we rewrite these CIEs as follows:
CIE; = E311(1,0) — E;,11(0, 0),
CIE; = Ey11(1, 1) — Ey 11(1,0).
Furthermore, we use the notation
Piap = Pr(Yj = 1[An = a,Ap = b),
Boy = E[Y(0,0) | Ay = 1, A =0, Yy =y] — E[Yi(0,0) | Ay =0,A2 =0, Yy =y,
Py =EYn(1,0) | Ay = 1,Ap =1,Yp =yl —E[Y(1,0) | Ay = 1,42 =0, Yp =],
where £, and B,y are sensitivity parameters instead of «,, in the manuscript.
First, we present the bounds for CIE; under Assumption 1 and a modification of Assumption 2. The modified assumption
is as follows:
Assumption 2~. f,, > 0fory =0, 1.

This assumption is explicitly conditional on A, = 0 in Assumption 2. Therefore, the bounds for CIE, simply become those
of Result 1 conditional on Ap = 0; i.e.,, under Assumption 1,

CIE; = P2,101 — P2,001 — a1,
where P g5y = E[Y;2 | Ay = a,Ap = b, Yy =y],and
_ (p1,00 — P1,10)(P2,001 = P2,000) — (1 — P1,10)B20

P10
instead of (1) and (2) in the manuscript, and we have the following result:

B

Result 2. Under Assumptions 1and 2%,

P2.100 — P2,000 — (1 — p1,10)(P2,100 — P2,000)
P10
where Pz.ab' = E[Y,-z [ A“ =da, A,‘z = l'.'l]

< CIE; = P2,101 — P2,001,

Second, we present the bounds for CIE; with modifications of Assumptions 1 and 2. The modified assumptions are as
follows:

Assumption 1%. Y;(1, 1) < Y;p(1, 0) for all i.
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Assumption 2**. 8;, > 0fory =0, 1.

Result 3. Under Assumptions 1% and 2**,

Py 100 — P1000 — (1 — P2,10)(P1,110 — P1,100)
P2,10
where Py gpy = E[Yi1 | An = a,Ap = b, Yp =yl and Py o« = E[Yi1 | An = a, Ap = b].

This result is obtained by replacing individual 1 with individual 2, along with the replacement of Yjz(a;, 0) with Y;;(1, az).

Note that VanderWeele and Tchetgen Tchetgen (2011) showed that CIE; < P3 191 — P2,001 under Assumption 1 and
B21 = 0 (i.e, Assumption 2* withy = 1), and CIE; < Py 111 — Py,101 under Assumption 1* and 1, > 0 (i.e., Assumption 2**
withy = 1). Therefore, similar to Results 1, 2 and 3 imply that we can derive both bounds for CIE, and CIE, under slightly
stronger assumptions than theirs.

< CE; =Py — Pr101,
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