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Supplementary Material 

Supplementary Methods 

Analytical Validation of miRNA Assays  

The analytical performance of the miRNA assays used for gastric cancer biomarker identification was 
evaluated. We first evaluated the analytical specificity of these assays by conducting a cross-reactivity test 
of miRNA assays against 9 highly homologous let-7 family members (Figure S2A), a design routinely used 
to evaluate assay specificity. The let-7 family assays were able to discriminate homologous sequences with 
even single nucleotide differences, e.g. let-7a assay showed 100% detection of let-7a target and only 0.8% 
cross-reactivity against let-7c target. Secondly, we evaluated the reproducibility of the miRNA assays by 
measuring 200 circulating miRNAs in 30 control and cancer serum specimen in two independent labs 
(Figure S2B). After normalization of technical and biological variations using the multi-layered controls 
illustrated in Figure S1, these assays demonstrated encouraging concordance of 0.95-0.98 in all 30 clinical 
samples. Lastly, we evaluated the analytical sensitivity of the miRNA assays (Figure S2C). Constrained by 
the small size, miRNA assay performances can be highly variable across different miRNA targets, 
especially miRNAs with higher AT content. We selected 8 commonly studied miRNAs with low to high AT 
content (36.4% - 63.6%) and compared the analytical sensitivity and dynamic range of the MiRXES miRNA 
assays against the well known Taqman probe based assays. The miRNA assays used for gastric cancer 
biomarker discovery demonstrated consistent amplification and detection of all 8 miRNA targets across at 
least 7 logs of dynamic range where the probe-based assays showed less consistent performance, 
especially against miRNA targets with higher AT content. Overall, these validation studies demonstrated 
good analytical performance of the assays and the workflow, and warrant their use for biomarker discovery.  

Laboratory Procedures for miRNA Expression Quantification in Discovery and Verification Phases 

Spike-In Controls for RT-qPCR Workflow 

To monitor and normalize technical variations in RNA isolation efficiency, a set of 3 proprietary synthetic 
miRNAs were spiked into the sample lysis buffer (Qiazol) at high, medium and low concentrations. To 
monitor and normalize technical variations in subsequent RT and qPCR reactions, a second set of 3 
proprietary synthetic miRNAs were then spiked into each isolated sample RNA at high, medium and low 
concentrations. A 6-log serial dilution of synthetic templates (107 to 102 copies) for each miRNA, non-
template control (nuclease-free water spiked with MS2) and reference human serum RNA were 
concurrently reversed-transcribed and quantified by qPCR with each isolated serum RNA sample. These 
control measures facilitated monitoring and normalization of technical variations in pipetting and assay 
efficiency in RT, cDNA amplification, and qPCR. 

Determination and Normalization of Absolute miRNA Expressions 

Upon completion of RT-qPCR, Ct values were determined using the ViiA 7 RUO software (Thermo Fisher 
Scientific Inc, USA) with automatic baseline setting and a threshold of 0.5. Absolute expression of each 
miRNA in patient serum was determined through intra-polation of synthetic miRNA standard curves and 
corrected for RT-qPCR efficiency variation using spike-in RNAs. The miRNA expression of each sample 
was further normalized using 6 endogenous reference miRNAs independently identified using the geNorm 
and NormFinder reference gene algorithms [1, 2]. The miRNA expression profiles normalized using the 6 
reference miRNAs were similar to that normalized by global mean expression of all miRNA quantified. 
Absolute expression of miRNAs were log2 transformed for subsequent statistical analysis and optimization 
of multivariate biomarker panel. 

Multivariate Analysis For Constructing Multi-miR Panels 

A linear support vector machine (SVM) was used to construct the multi-variant biomarker panels and the 
associated algorithm that classified cancer and control groups with highest AUC. Multiple iterations of four-
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fold cross-validation (matched by sex, cancer subtype and disease stage) were conducted to evaluate the 
performance of these panels. All calculations were performed using Matlab® software (MathWorks, USA). 

Laboratory Procedures for 12-miR Multi-Target Assay in Validation Phase  

The assay involved 3 steps: (1) RNA isolation from serum samples; (2) cDNA synthesis; and (3) Detection 
of miRNAs by quantitative PCR (qPCR). Extraction of RNA was performed by combining phenol/guanidine-
based lysis of serum sample and silica-membrane-based purification of total RNA. During cDNA synthesis, 
12 miRNA targets from each specimen were converted into cDNAs using 12 corresponding miRNA-specific 
stem-loop-based reverse transcription primers in a single reaction on a Veriti Dx thermocycler (Thermo 
Fisher Scientific Inc, USA). At the qPCR step, each miRNA target was amplified by a sequence-specific 
forward PCR primer and a hemi-nested sequence specific reverse PCR primer and detected using SYBR 
Green I dye in single-plex reactions on a Quantstudio Dx (384-well) real-time qPCR instrument (Thermo 
Fisher Scientific Inc, USA). Ct values of the 12 biomarker and reference miRNAs were exported using the 
QuantStudio Dx Software v1.0.1 (Thermo Fisher Scientific Inc, USA) and converted into a single numerical 
score using a validated, prespecified logistic-regression algorithm through the GASTROSmart Software 
(MIRXES Pte Ltd, Singapore). In each assay run, 13 patient specimens were processed concurrently with 
2 quantitative reference specimen and 1 negative control specimen, which served as quality control and 
inter-run normalizers. 

 

Cost-effectiveness analysis 

We examined the cost-effectiveness of implementing the miRNA biomarker panel as a screen before 
endoscopy in a proposed national screening program in Singapore. Our study focusses on the cohort of 
Singaporean Chinese males, age 50-75 years, who are at an intermediate risk of gastric cancer, and 
compare the proposed mass screening program with the current pattern of gastric cancer diagnosis without 
screening. Chinese population carry ~90% of gastric cancer disease burden in Singapore with males at a 
30% higher risk of gastric cancer than females [3, 4]. With the cancer incidence rising sharply after the age 
of 50 years4, this subgroup with intermediate gastric cancer risk has a 4 times higher annual incidence rate 
than the general population. We estimate the quality-adjusted life years (QALY), costs per person, 
incremental cost-effectiveness ratio (ICER) and also the benefits of early cancer diagnosis and reduced 
mortality achieved by implementing the mass screening program.  
 
Detailed research methodology of cost-effectiveness analysis is as follows: 

¶ Target Population: The analysis is performed on the cohort of Singaporean Chinese males aged 

50-75 years. 

¶ Interventions Compared 

The two interventions compared are: 

 1. Current practice of no screening.  

2. Mass screening program using miRNA -test, followed with test-positive patients undergoing a 

confirmatory upper-endoscopy and biopsy and test-negative subjects to be followed up 3-yearly. 

 

¶ Methodology 

Markov decision model was built in Microsoft Excel 2010 to compare the two interventions in the 

target population by analyzing in a closed cohort setting (Figure S7). Model was populated using 

local and published data with the cohort size estimated from 2016 population census [5]. With a 

healthcare system perspective, a 25 yearsí time horizon was analyzed with subjects exiting the 

model at the age of 75 years. Subjects were expected to be in one of the five health conditions ñ 

healthy (cancer-free), TNM Stage 1, TNM Stage 2, TNM Stage 3 and untreatable terminal stage 

(Stage 4).  Early or advanced stage patients (stage 1, 2, and 3) received curative treatment with a 

stage specific cancer recurrence possibility after a mean duration of 2 years [6, 7], while terminal 
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cancer patients (stage 4) received only palliative care with a conditional life expectancy of 1 year 

[6]. As prognosis of the cancer recurrence is poor, patients diagnosed with recurrence were 

assumed untreatable (equivalent to stage 4) and were given palliative care. Only gastric cancer 

related mortality was compared as the background mortality due to natural or other causes was 

expected to be similar in both the scenarios. 

 

The current practice of no screening evaluates the costs, health impacts and mortality as per the 

current diagnosis rate of gastric cancer in this specific population cohort. We used the published 

age-specific annual incidence rates of gastric cancer and stage of diagnosis among Chinese Males 

in Singapore. In the current practice of no-screening we did not account for the cost of false positive 

endoscopies and the diagnostic expenses of only the true cancer cases was considered, which 

was a conservative assumption favoring no-screening, similar to the assumption in earlier studies 

[8, 9]. The proposed mass screening program on the other hand was expected to screen the 

compliant cohort, identify the cancer cases early due to regular screening and computes the cost, 

health impacts and mortality accordingly. The subjects tested negative in the screening program 

will include both healthy cases and missed cancer cases. The missed cancer patients were 

expected to experience the consequences of treatment delays ñ disease progression, impact on 

cost and quality-of-life and an increased mortality, as the cancer would progress in them 

undiagnosed and untreated and the healthy cases are expected to remain healthy with a possibility 

of developing gastric cancer in future. Cancers missed in the mass screening program were 

considered to progress to advanced stages and are expected to be diagnosed at stage 4 due to 

presentation of symptoms in clinics where they are investigated by endoscopy and biopsy. A 1-

year progression time was estimated between the consecutive cancer stages, i.e. a missed stage 

1 cancer is expected to progress to stage 2 and then to stage 3 and stage 4 with a one year gap 

each between the successive stages.  Stage 4 patients which were missed in diagnosis were 

expected to be diagnosed after a mean time of 2 months due to worsening of symptoms.  

The compliance rate for mass screening was assumed to be 45% as per the reported compliance 

in national gastric cancer screening programs in Korea [10] with the non-compliant group expected 

to behave similar to the current strategy of no-screening.  As the miRNA test is simpler to administer 

and potentially cheaper than the currently used screening methods of UGIS, X-ray or endoscopy, 

it is hoped to improve the population compliance rate. Thus the performance of the mass screening 

program across a range of compliance rates (45% - 100%) was also evaluated. All costs quoted in 

US dollars have been calculated based on the exchange rate of $1.38 Singapore dollars to 1 USD 

as per exchange rates in July 2017. All costs and health benefits were discounted at an annual rate 

of 3%.  

 

¶ Scenario and sensitivity analysis: The cost advantages and non-invasive nature of miRNA 

testing may increase patient compliance with screening relative to current technologies. Scenarios 

that capture a range of improved compliance rates (45%ñ100%) were modeled to evaluate the 

possible impact on early diagnosis (Figure S5).  An extensive sensitivity analyses was conducted 

by varying the values of key parametersóendoscopy cost, miRNA test costs, miRNA test 

specificity/sensitivity by cancer stages (stages 1, 2, 3, 4), QoL values by cancer stages (stage 1, 2, 

3, 4), cancer recurrence rates by the stage at diagnosis and average annual incidence of gastric 

canceróto evaluate model robustness at a Willingness-to-Pay threshold of 50,000 USD/ QALY 

(Figure S8, 9, 10). 

 

¶ Treatment Protocols for Cancer Treatment and Related Costs: 

Stage-specific treatment protocols and average medical expenditures for gastric cancer were 

obtained from the National University Hospital and expert opinions of clinicians based on current 
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practices in Singapore (Supplementary Table11). Patients diagnosed with gastric cancer undergo 

staging investigation, which includes Computerized Tomography (CT), Chest X-Ray (CX-R), 

Endoscopic Ultrasound (EUR) and a specialist consultation (including the cost of nurse counseling 

and an estimated round-trip transport). Curative treatment administered to stage 1, 2, and 3 cancer 

patients includes surgery (total/ partial gastrectomy) and hospital stay of 12 days. Stage 3 patients 

undergo an additional chemo-radiotherapy (5 follow-ups) and radiotherapy sessions (5 sessions/ 

week for 5 weeks). Palliative care for stage 4 patients includes bypass surgery (30%), endoscopic 

stenting (6%), palliative chemotherapy-5 sessions (16%) and conservative treatment (2x specialist 

visits) (48%) with an appropriate hospital stay (12 days in surgery cases and 2.5 days for cases 

with no surgery). Patients are also expected to adhere to follow up visits (average 2.2 visits/ 5 years) 

and repeat CT and CXR (average 1.5per year for 5years after the diagnosis).  

The miRNA panel test cost in Singapore has been assumed to be USD 30 with an additional 10% 

for handling and administrative purposes. However, the cost of organizing mass screening has not 

been included. Costs and QALYs were presented on a present-value basis, with an annual discount 

rate of 3%. All the diagnosed cases are expected to undergo a biopsy examination. Total costs 

have been evaluated inclusive of Goods and Services Tax (GST) and without considering any 

government subsidy. 

 

¶ Quality of life values: 

Stage-specific EQ-5D quality-of-life (QoL) index measures were obtained from a previous local 

study [11] performed on Chinese gastric cancer patients in National University Hospital, Singapore 

(Table S6). A diagnosed patient is expected to be immediately started on treatment, and 

experience the diagnosed stage-specific QoL for 1 year with a 6-month additional decrease in QoL 

due to the initial surgery referred as disutility. After one year of treatment, the patient is expected 

to enjoy a QoL equivalent to an asymptomatic patient (similar to stage 1 cancer) for the remaining 

time until faced with any recurrence, which would subsequently drop the QoL to stage 4 equivalent 

(Table S6).  

 

¶ Test Characteristics: 

Test characteristics for diagnostic endoscopy with biopsy for the suspected cases (sensitivity: 93%, 

specificity: 100%) has been resourced from a study evaluating diagnostic accuracy through a 

retrospective study among gastric cancer patients [12]. Biopsy is believed to be perfect with 100% 

sensitivity and specificity. The miRNA stage ñspecific sensitivity and specificity as estimated from 

the Singapore Discovery Cohort have been considered as the base-case value.  

 

¶ Estimation of population prevalence of undiagnosed gastric cancer: 

As the study aim to identify the benefits of early diagnosis of gastric cancer, it is essential to 

calculate the population prevalence of undiagnosed gastric cancer cases in the target group. The 

current annual age-specific incidence rate is 57 cancers per 100,000 in this  population cohort [4] 

with a stage specific distribution of stage 1: 2:3: 4:: 18%:12%:27%:43% . Based on the assumption 

of 1 year time for progression of cancer from one stage to another, undiagnosed cancer prevalence 

in the population cohort (stage 1 and higher) was evaluated individually before every mass 

screening follow-up. Also, the stage 1 and 2 cancers which currently develop and are diagnosed in 

between the follow-up years are expected to continue to be diagnosed in both the strategies. 
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Supplementary Figures 

Figure S1. Multi-layered control measures for absolute quantification of miRNA expression 
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