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ABSTRACT
Immunogenicity data from phase 1 vaccine studies can be difficult to interpret, especially in seropositive
populations and when multiple assays are used. We developed 3 statistical methods (Youden index [YI]
threshold, receiver-operating characteristic relative to baseline [ROC-B], and ROC of postdose levels [ROC-
P]) to characterize complex immunogenicity data by assessing the proportion of a study population that
achieved values above thresholds. The YI method calculates a single threshold per assay. Both ROC
methods construct ROC curves for individual assays and surfaces for assay combinations to assess degree
of separation of postdose values from a reference distribution; the ROC-B method uses overall predose
values as the reference distribution and the ROC-P method uses pooled postdose values. All methods are
applicable to a seropositive population with overlapping distributions of baseline and postdose
measurements and can evaluate results of multiple assays jointly. The ROC-P method is also applicable
when postdose levels are fully separated from baseline levels, as is common in a seronegative population.
These methods were demonstrated using data from a phase 1a study of respiratory syncytial virus
vaccines formulated with and without an adjuvant in a seropositive population of adults aged �60 years.
All 3 methods provided a comprehensive assessment of vaccine immunogenicity effects with results
presented in easily interpretable formats. In the example data, the methods demonstrated antigen dose
response trend and contribution of adjuvant to response in multiple assays individually and jointly where
optimal responses in assay combinations (humoral and cellular) are important.
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Highlights

� Three novel methods to analyze vaccine immunogenicity
data are presented

� The methods are suitable for immunogenicity analyses of
seropositive populations

� The methods permit simultaneous assessment of multiple
immunogenicity assay data

� One method uses postdose data only and is also suitable
for a seronegative population

Clinical development of vaccines is a costly, multistage pro-
cess. A critical step is the selection of a safe and immunogenic
formulation from small phase 1 dose-ranging trials. For an
adjuvanted vaccine, these studies include comparison of results
with and without adjuvant.1 Immune responses are often used
as surrogate endpoints of vaccine efficacy even when there is
no known correlate of protection.2 Vaccine responses are often
measured using antigen-specific immunoglobulin (Ig)G or IgA
assays,3-5 competitive antigen-binding assays,6,7 or functional
assays that measure neutralizing, bactericidal, or opsonophago-
cytic killing antibodies,8 and these assays should be properly
designed9 and validated.10,11 The safety and immune response
profiles from phase 1 studies are used to select formulations for
evaluation in larger efficacy studies.

Typically, measures such as postdose geometric mean titers
(GMTs), geometric mean fold rises (GMFRs), seroconversion
rates, and the percentage of subjects with postdose values above a
threshold have been used to identify the most immunogenic for-
mulation in dose-ranging studies.12,13 In analyses of GMTs or
GMFRs, data transformation and use of a general linear model
that includes baseline measures as a covariate are used to address
issues of skewness and heterogeneous variances in data distribu-
tion and adjust for baseline effect. Nonetheless, these approaches
may still face difficulties in practice. For diseases such as influenza
or respiratory syncytial virus (RSV) where adults are frequently
re-exposed to the pathogen, the shape of biomarker distributions
can vary among assays with varied proportion of the population
with antibody level or T cell responses below the detection limit of
the assay, and an appropriate data transformation may not exist.
Additionally, other differences in distributions of postdose values
among formulations, such as variability, heavy tails, and possible
heterogeneous vaccine responses among known or unknown sub-
populations, can contribute to a portion of the population not
reaching a protective level. Thus, additional methods that provide
a population view of the data can prove useful.

One commonly used population metric is the seroresponse
rate, often defined as a �4-fold rise in antibody titer from base-
line.12,14,15 The 4-fold rise criterion is a historical convention
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based on the presumed § 2-fold analytical variability resulting
from serial 2-fold dilutions of sera, but there are drawbacks to
using this criterion. First, a clinically significant level of antibod-
ies may be achieved with a <4-fold rise, and use of a 4-fold rise
may be illogical when a lower fold rise in antibody levels can be
justified based on the precision of a validated assay. Second, vac-
cine responses may reach a plateau, so that subjects with higher
baseline values will have lower fold rises.16

The use of multiple assays also poses challenge to data inter-
pretation. Assays may measure similar responses and be highly
correlated, or they may, as for humoral and cellular assays, mea-
sure different components of the immune response. It is possible
that multiple types of immune responses are required for maxi-
mal protection. For example, for RSV vaccines, antibodies might
prevent initial infection, and cellular immunity might be impor-
tant for virus clearance.17 Biomarkers may also measure different
aspects of an immune response such as neutralizing versus bind-
ing versus epitope-specific antibodies. Multiple assays lead to
large amounts of data, and it can be challenging to draw conclu-
sions about an optimal formulation. Additionally, phase 1 stud-
ies often maintain a conservative approach to sample size on the
basis of safety, particularly for first-in-human studies. Given the
combination of small cohort sizes and multiple formulations
being studied, the shape of the dose-response curve, and not sta-
tistically significant differences among cohorts is generally used
to guide dose selection. In the absence of an obvious or consis-
tent dose-response trend in mean responses across multiple bio-
markers, methods that evaluate other aspects of data distribution
and provide joint assessment of multiple biomarkers provide
useful information for dose selection.

To help address these challenges, we developed 3 methods
generalized from classic Youden index (YI) cutoff and receiver-
operating characteristic (ROC) methods to identify the most
immunogenic dose. The YI method, based on the YI cutoff,18

determines a cutoff value for each biomarker that best discrimi-
nates between pre- and postvaccination levels and then calcu-
lates the probability that the postvaccination values of multiple
biomarkers exceed their respective cutoff values individually
and in combination. The 2 forms of ROC analysis evaluate
immunogenicity as the shift relative to a reference distribution.
The ROC relative to baseline (ROC-B) method uses combined
baseline values, and the ROC of postdose (ROC-P) method
uses pooled postdose values, as a reference distribution. For all
3 methods, the analysis results for each assay alone and for
assay combinations can be presented in a visually comprehensi-
ble fashion.

In this paper, we describe 3 new statistical methods to ana-
lyze immune responses in a seropositive population and illus-
trate their utility using data from a phase 1a RSV vaccine study
evaluating 3 antigen concentrations formulated with or without
an adjuvant.

Application of the YI method to data from a phase 1a study
of an RSV vaccine evaluating 6 formulations (20, 50, and 80 mg
of the RSV F protein with and without 2.5 mg GLA-SE adju-
vant) is shown in Fig. 1. The distributions of overall baseline
and postvaccination levels from combined dosing arms over-
lapped for all 4 immunogenicity biomarkers. However, the
shapes of the distribution curves were very different among
assays (Fig. 1A). YI threshold values (Fig. 1A) were applied to
determine the percentage of subjects with postdose values

Figure 1. Youden index (YI) threshold method. (A) Probability distribution curves of overall baseline levels and postvaccination levels from RSV sF 20, 50, or 80 mg § 2.5
mg GLA-SE plotted on the log-scale. The dashed line represents the YI threshold value for each biomarker. Threshold values and (baseline percentile) for MN IC50 titer D
739.2 (76%); anti-F IgG D 221.6 units/mL (91%); PCA D 20.7 mg/mL (96%), and ELISPOT D 42.2 SFC/106 PBMC (74%); (B) Percentage of subjects with postvaccination val-
ues greater than or equal to the threshold value for each assay or simultaneously for multiple assays. The values for all doses combined are used as a benchmark (white
background), and percentages from individual doses are presented in red (lower than), white (equivalent to) and blue (higher than) all doses combined. Red and blue gra-
dients represent the strength of the difference, with the darkest color representing the greatest difference. Ab, antibody; ELISPOT, enzyme-linked immunospot; GLA-SE,
glucopyranosyl lipid adjuvant-stable emulsion; IgG, immunoglobulin G; MN, microneutralizing antibody; PBMC, peripheral blood mononuclear cells; PCA, palivizumab-
competitive antibody; RSV, respiratory syncytial virus; sF, soluble fusion protein; SFC, spot-forming cells.
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above the threshold level for each biomarker individually, the
combined functional (MN) and cellular immune (ELISPOT)
response levels, and the combination of all 4 biomarkers, as
presented in Fig. 1B, in which 80 mg of RSV sF protein with
adjuvant can be readily visualized as the most immunogenic
formulation.

The ROC curves and surfaces are presented in Fig. 2 using
the ROC-B method measuring separation of a set of postdose
values from overall baseline values and in Fig. 3 using the

ROC-P method measuring separation from pooled postdose
values. The ROC curves and surfaces can be used to visualize
differences among dose formulations and benchmarked
against the overall dose effect of all doses combined. For the
MN and ELISPOT assays, in which pre- and postdose
responses had large overlap (Fig. 1A), the splay of ROC curves
can be seen using both methods (Fig. 2A & Fig. 3A). Because
of the overall high postdose response levels in the anti-F IgG
and PCA assays, with small overlap between postdose and

Figure 2. ROC-B method. (A) ROC curves for individual assays. The x-axis represents baseline percentiles and the y-axis is the probability that the postvaccination response
was greater than or equal to the baseline percentile threshold. The ROC curve is shown for each formulation and combined arms of 20, 50, or 80 mg of RSV F protein §
GLA-SE; (B) Three-dimensional ROC surface plot for the combination of results from the MN and ELISPOT assays compared to baseline values from all arms combined. The
x-axis and y-axis are baseline percentiles for ELISPOT and MN data, respectively, and the z-axis is the percentage of postvaccination values greater than or equal to both
the MN and ELISPOT baseline percentile thresholds. The ROC surface is shown for each formulation and for the combination of all (20, 50, and 80 mg) dosage levels of sF
combined§ 2.5 mg GLA-SE. The ROC surface for the all doses combined is shown in green and used as a benchmark, and the ROC surface for each individual formulation
is shown in red, green and blue representing values on the z-axis lower than, equivalent to and higher than the benchmark ROC surface. ELISPOT, enzyme-linked immu-
nospot; GLA-SE, glucopyranosyl lipid adjuvant-stable emulsion; IgG, immunoglobulin G; MN, microneutralizing antibody; PCA, palivizumab-competitive antibody; ROC,
receiver-operating characteristic; ROC-B, receiver-operating characteristic relative to baseline; RSV, respiratory syncytial virus; sF, soluble fusion protein.
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baseline values, the ROC curves generated by the ROC-B
method were not clearly separated and not informative to dif-
ferentiate between higher antigen doses formulated with adju-
vant (Fig. 2A). The ROC-P method was thus more
informative for these two assays, given the obvious separation
of ROC curves (Fig. 3A). The ROC surfaces for the combina-
tion of the MN and ELISPOT assays in both methods (Fig. 2B
& Fig. 3B) clearly suggest the formulation containing both
adjuvant and 80 mg of RSV sF achieved the highest and most

robust immunogenicity responses by moving the levels in
both assays higher and away from baseline.

Traditional dose-response curves can also be assembled
using the summary statistic in each method. Using YI and
ROC-B methods, the antigen dose-response trend is most visi-
ble in the MN and ELISPOT data and biomarker combinations
(Supplementary Figs. 3A and 4A). However, in the ROC-P
method, the antigen dose-dependent response trend is more
profound compared with the other 2 methods, especially for F

Figure 3. ROC-P method. (A) ROC curves for individual assays. The x-axis represents percentiles of the combined postdose values, and the y-axis is the percentage of post-
vaccination levels greater than or equal to the corresponding percentile threshold. The ROC curve is shown for each dose arm alone and for the combination of all vaccine
formulations; (B) Three-dimensional ROC surface plot for the combination of results from the MN and ELISPOT assays compared to postdose values from all arms com-
bined. The x-axis and y-axis are percentiles of the combined postdose distribution for ELISPOT and MN values, respectively, and the z-axis is the percentage of postvacci-
nation responses greater to or equal than both the MN and ELISPOT thresholds. The ROC surface is shown for each formulation and for all formulations combined. The
ROC surface for the all doses combined is shown in green and used as benchmark, and the ROC surface for each individual formulation is shown in red, green and blue
representing values on the z-axis lower than, equivalent to and higher than the benchmark ROC surface. ELISPOT, enzyme-linked immunospot; GLA-SE, glucopyranosyl
lipid adjuvant-stable emulsion; IgG, immunoglobulin G; MN, microneutralizing antibody; PCA, palivizumab-competitive antibody; ROC, receiver-operating characteristic;
ROC-P, receiver-operating characteristic of postdose levels; VUS, volume under the surface.
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IgG and PCA results from adjuvanted formulations (Supple-
mentary Fig. 4B). When formulated without adjuvant, the anti-
gen dose responses had nearly plateaued in multiple assays; the
two ROC methods provided a smoother dose-response trend
(Supplementary Fig. 4) compared to the results from YI
method (Fig. 1B and Supplementary Fig. 3A). The dose effect
as the difference from the overall dose effect, and adjuvant
effect as the difference between adjuvanted and unadjuvanted
formulations, can also be evaluated using the summary statistic
in each method. In this study, a positive dose effect of the 80
mg RSV sF with the GLA-SE arm relative to the overall dose
effect and positive adjuvant effect is demonstrated in all 3
methods, and the results from the YI method are shown in Sup-
plementary Fig. 3B as an example.

Limited phase 1 immunogenicity data to select a formula-
tion to advance into vaccine efficacy studies can be difficult.
We developed 3 statistical methods to assess multifaceted
immunogenicity data in a seropositive population. These meth-
ods are based on probability measurements and complement
the commonly used postdose GMTs or GMFRs. First, the
methods are appropriate to evaluate population responses in
vaccine studies where the goal is to shift the distribution of
postvaccination biomarker levels to the right in the majority of
the population rather than just to provide the highest absolute
mean or median responses. Second, these nonparametric meth-
ods avoid assumptions of parametric models and are more
robust in the presence of outlying measurements. Third, all 3
methods allow assessment of multiple assays with a combina-
tion index. While computationally complex, each method pro-
vides a readily interpretable graph that can be used to explain
formulation decisions to non-statisticians.

To demonstrate the utility of the methods, we reanalyzed
data from a phase 1a study evaluating 6 formulations of an
RSV vaccine using 4 immunogenicity biomarkers. These data
were previously presented in standard fashion as postvaccina-
tion GMTs and GMFRs.20 All 3 methods reached the same con-
clusion: there was both an antigen dose and adjuvant effect
(Figs. 1, 2, 3 and Supplementary Fig. 3, 4). Compared with the
traditional population-based analyses of seroresponse rates
using a fixed fold rise (Supplementary Fig. 5) for all biomarkers,
the proposed methods demonstrated superior performance.

The methods are similar in that they use the probability of
an immunogenicity biomarker above threshold values and joint
probability for biomarker combinations as the basis to evaluate
postvaccination immunity and all 3 methods are applicable to a
seropositive population. The YI and ROC-B methods depend
on overlap of measurable baseline and postdose values. The
ROC-P method, using only postdose data, applies when post-
dose values are fully separated from baseline levels, as in a na€ıve
population. The advantage of the YI method is that it applies a
single cutoff value for each biomarker and is straightforward
and easy to implement and understand. The two ROC methods
provide single-biomarker AUC and multi-biomarker VUS val-
ues that display the degrees of separation of the postdose bio-
marker levels from the overall baseline in the ROC-B method
or from the pooled postdose levels of all active formulations in
the ROC-P method. The ROC methods are computationally
more intensive, but they provide cumulative evidence using the
full range of biomarker levels as cutoff values.

These methods were also applied to a subsequent phase 1b
study of 4 adjuvanted formulations of the same RSV vaccine
using results from the same 4 immunogenicity assays
(NCT02289820).33 Given the multiple assays and conven-
tional ways data were assessed, and the lack of a consistent
trend given the near-plateaued mean response, selecting the
most immunogenic dose was challenging. Although the 4 for-
mulations had similar mean responses, the shape of the dis-
tribution of postdose values differed, most noticeably in the
proportion of subjects who had postdose values at the lower
end of the spectrum of values. Results from the YI method
(modified by using a combination of prespecified cutoff of
67th percentile of baseline values for MN and approximation
of YI cutoff of the 90th percentile of baseline values for the
other 3 assays) presented in a table similar to Fig. 1B simpli-
fied selection of the most immunogenic formulation across
assays individually and in combinations, and were also used
to demonstrate the most immunogenic formulation in an
older subpopulation.32

The three statistical methods could help facilitate the analy-
sis of immunogenicity data from any early vaccine clinical stud-
ies where various dosage levels and formulations are being
investigated for a decision which one to progress. In these early
clinical development studies, an array of immunogenicity bio-
marker assays maybe utilized including neutralizing or binding
antibodies, immunoglobulin subsets of antibodies, serum or
mucosal antibodies and cellular immunity or subsets of cellular
immunity (CD4 or CD8 T-cell responses, for example). In
addition to analyzing the immunogenicity results univariately,
the three methods provide options to jointly evaluate bio-
marker combinations that investigator deem important such as
neutralizing antibody and cellular immunity in RSV, varicella
zoster and influenza vaccines with or without adjuvant. This
method may also be applicable to therapeutic cancer vaccines
where some subjects may have pre-existing immunity to self-
or neo-antigens.

The two ROC methods utilize the entire range of the refer-
ence distribution as threshold values. This may not be optimal
for comparison when segment of the ROC curves or surfaces
are none-differentiable across cohorts or when investigators
have prior knowledge of a clinically meaningful range of
immunity. In these cases, the methods may be modified to
partial ROC methods. For combination of more than two bio-
markers, the ROC surface would be greater than 3-dimen-
tional and cannot be easily visualized. Future works including
evaluation of the new methods in other vaccine studies, explo-
ration of subset analysis and partial ROC methods would
expand the utility of the methods and provide better guidance
to the researchers.

In summary, we present 3 novel statistical methods to com-
pare postdose immune responses among vaccine formulations.
These approaches permit analyses of results of multiple assays
simultaneously using a single combination index. Although
computationally more complex, results can be presented in eas-
ily comprehensible tables and graphs. The new methods pro-
vide a simple yet comprehensive summary of complex,
multivariate immunogenicity data and could be useful tools for
the vaccine community and other studies that seek to differen-
tiate multivariate response data.
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Materials and methods

Phase 1a study design

The study (ClinicalTrials.gov identifier: NCT02289820) was a
randomized, double-blind, placebo-controlled study conducted
as previously described.19 Briefly, 6 consecutively enrolled
cohorts of 24 adults aged �60 years were randomized in a 5:1
ratio to receive placebo or a vaccine containing an RSV soluble
fusion (sF) protein antigen in escalating (20, 50, and 80 mg)
doses formulated with and without 2.5 mg glucopyranosyl lipid
adjuvant-stable emulsion (GLA-SE) adjuvant. The study was
carried out in accordance with the Declaration of Helsinki and
Good Clinical Practice guidelines. The study protocol and
amendments and the participant informed consent document
were approved by an institutional review board. All participants
provided written informed consent.

Vaccine immunogenicity assays

Assays were conducted as previously described.19 Briefly, an F-
specific interferon-g enzyme-linked immunospot (ELISPOT)
assay21 was used to detect T-cell responses to F peptide pools on
days 1 (predose) and 8. Humoral immunity was measured by an
RSV microneutralizing antibody (MN) assay that detects IgM,
IgA, and IgG neutralizing antibodies to RSV A2; an anti-RSV F-
specific IgG (F IgG) assay that detects anti-F neutralizing and
non-neutralizing antibodies22; and a palivizumab-competitive
antibody (PCA) enzyme-linked immunosorbent assay that meas-
ures IgM, IgA, and IgG antibodies that compete with binding of a
protective anti-F antibody, all measured on days 1 and 29.

Statistical methods

Key aspects of the 3 proposed methods are presented in Table 1
and a flowchart for method selection for different comparison
is provided in Supplementary Fig. 1.

Notation, statistical method and terminology
The following general notations are used throughout the
method descriptions. In a general setting, assume the dose
ranging study include K formulation cohorts and nk subjects
were enrolled in cohort k, k D 1,…, K. The vaccine immuno-
genicity effects are assessed using M biomarker assays on sam-
ples taken pre- and postdose. xikl and yikl represent value of
biomarker assay i for subject l in cohort k from pre- and post-
dose samples respectively.

For individual biomarker assay i, i D 1, …, M, given a
threshold value ti, the probability of postdose levels greater
than ti is estimated as percentage value of pik for subjects with
postdose assay values yikl � ti in cohort k, k D 1, …, K, and pi
for subjects across all cohorts. For combination of two bio-
marker assays i and j and associated threshold values ti and tj,
the joint probability of postdose assay values exceed both
thresholds simotaniously is estimated as the percentage value,
pijk, of subjects with postdose values in cohort k, k D 1,…, K,
and the percentage value of subjects across all cohorts is pij.
Similarly, the probability of subjects with postdose values
exceed assay thresholds jointly for combination of more than 2
biomarker assays can be estimated. These joint probability

estimates for biomarker combinations are used as the statistic
measuring the robustness of the immunogenicity responses
measured in multiple biomarker assays.

The ROC method measures the separation between two dis-
tributions. And in the context of vaccine immunogenicity, the
ROC method is designed to measure the separation of distribu-
tions of postdose values relative to a reference distribution. A
reference distribution is a distribution of biomarker values
served as a benchmark distribution to which a distribution of
postdose values is compared. Given a threshold value, ti, the
probability of the reference distribution less than ti is denoted
as qi. For individual biomarker i, i D 1, …, M, increasing the
threshold value (ti) from the minimum to the maximum in the
range of reference distribution, a curve between the paired per-
centage values (qi, pik), can be generated for each cohort k. This
curve is a generalization of the classic ROC curve using paired
probabilities (1 ¡ q, p), (Supplementary Fig. 2). The ROC
curve jointly displays the 2 distributions, and the area under
the curve (AUC) is a global measure of separation between the
distributions.23,24 The generalized and classic ROC curves have
the same AUC value (Supplementary Figs. 2B and 2C). A
higher AUC value (ranging from 0 to 1) suggests that the post-
vaccination value was shifted further to the right relative to the

Table 1. Outline of the 3 methods.

Method 1: Youden Index (YI) Threshold Method
� Requires overlap of distributions of baseline and postvaccination values
� May not be able to efficiently differentiate between vaccine doses if
baseline levels are low and/or have small overlap with postvaccination
levels

� Apply a single YI threshold value for each assay that best discriminates
between overall baseline and postvaccination biomarker levels

� For each dose formulation and all doses combined, calculate percentage
of subjects with postvaccination values greater than or equal to the YI
threshold for each assay individually or simultaneously for assay
combinations

Method 2: ROC Relative to Baseline (ROC-B) Method
� Uses the distribution of all baseline values as a reference
� Requires overlap of distributions of baseline and postvaccination values
� May not be able to efficiently differentiate between vaccine doses if
baseline levels are low and/or have small overlap with postvaccination
levels

� For each dose formulation and all doses combined, construct ROC curve
and surface using threshold values from the full range of baseline levels

� Calculate AUC of ROC curve for individual assay and VUS of ROC surface
for assay combinations

� AUC and VUS values measure degree of separation of postvaccination
values of individual formulations from the distribution of overall baseline
values

Method 3: ROC of Postdose (ROC-P) Level Method
� The ROC-P method uses postvaccination data only and can be applied to
situations when the YI and ROC-B methods are not suitable

� Applies to both seropositive and seronegative populations
� Uses the pooled postvaccination values as a reference distribution
� For each dose formulation and all doses combined, construct ROC curve
and surface using threshold values from the full range of postdose levels

� Calculate AUC of ROC curve for individual assay and VUS of ROC surface
for assay combinations

� AUC and VUS values measure degree of separation of postdose values of
individual formulations from the distribution of pooled postvaccination
values

Dose selection approach: Each of the 3 methods evaluates and visualizes the
immunogenicity of different formulations by comparing each formulation
to the overall dose effect of all formulations combined and selecting the
formulation with the highest and most robust immune responses.

AUC, area under the curve; ROC, receiver-operating characteristic; VUS, volume
under the surface.
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reference distribution, and an AUC of 1 means a complete sep-
aration. The AUC value for ROC curve generated between ref-
erence distribution and distribution of postdose values from
cohort k is defined as

AUCik D
Z C 1

ti D ¡ 1
pikðtiÞdqiðtiÞD

Z 1

qi D 0
pikðqiÞdqi

The ROC curve can be generalized to an ROC surface to
evaluate multiple biomarkers jointly. Using 2 biomarkers, i and
j, ranging paired threshold values (ti, tj) from the minimum to
the maximum values of respected reference distribution of bio-
marker values, an ROC surface can be generated from 3 paired
percentage values (qi, qj, pijk). Similar to AUC, a higher volume
under the ROC surface (VUS) value (ranging from 0 to 1)
implies a higher immune response in both biomarkers simulta-
neously. The VUS value for ROC surface generated between
reference distribution and distribution of postdose values from
cohort k is defined as

VUSijk D
Z C 1

tj D ¡ 1

Z C 1

ti D ¡ 1
pijkðti; tjÞdqiðtiÞdqjðtjÞ

D
Z 1

qj D 0

Z 1

qi D 0
pðqi; qjÞdqidqj

For >2 biomarkers, the VUS under higher dimensions can be
evaluated similarly.

YI threshold method
The immunogenicity biomarker levels are expected to be
boosted from the predose levels postvaccination. Thus, the dis-
tribution of postdose levels is expected to shift to the right of
the baseline value distribution, and often overlapped in a sero-
positive population. The goal of YI method is to determine a
cutoff value that best discriminates between the distributions of
the overall baseline and postvaccination values. Youden Index
is commonly used in this scenario which mathematically maxi-
mizing the sum (J) of percentage of subjects with postdose lev-
els greater than the threshold and percentage of subjects with
predose levels below the threshold.18 The threshold value can
be any value between x[j] and x[j C 1] and (x[j] C x[j C 1])/2 can
be used, where x[j] is the j

th largest value (i.e. order statistic) of
overall baseline values at which the maximum value of J is
observed.19 The probability of postdose assay values exceed the
YI threshold values, pik and pijk, can be calculated for each indi-
vidual assay and assay combinations.

ROC-B method using all baseline values as a reference
distribution
Generalized from the YI method, the ROC type of method can
integrate the probability estimate at a single threshold over a
range of threshold values of a reference distribution and this
measures the overall separation of the two distributions. In
ROC-B method, the distribution of overall predose values
across all cohorts is used as the reference distribution. The dis-
tributions of postdose values are then compared to the refer-
ence distribution and the ROC curve and surface measures the

separation from the distribution of overall baseline values. The
formulation with better immunogenicity effect is expected to
shift the postdose values further to the right relative to the dis-
tribution of overall predose values. AUC and VUS, the sum-
mary statistics of the ROC curve and surface in this method,
measure the probability of postvaccination immunity greater
than or equal to baseline immunity. The ROC-B method is
appropriate when postdose values overlap with the distribution
of overall predose values as in a seropositive population. How-
ever, the method may fail if the overlap is small and more than
one formulation cohorts achieve very high or complete separa-
tion from the baseline distribution and in that scenario the
ROC-P method can be implemented.

ROC-P method using pooled postdose values of all active
doses as a reference distribution
Instead of evaluating the shift relative to the overall baseline
immunity levels as in the ROC-B method, the postdose levels of
individual formulation can be compared to the reference distri-
bution representing overall dose effect. In the ROC-P method,
the distribution of overall postdose values across all active formu-
lation cohorts is used as the reference distribution. The distribu-
tion of postdose values from formulations achieving higher than
average postdose immune response levels are expected to the
right and have greater separation from the reference distribution
of pooled postdose values of all doses, thus higher AUC or VUS
values. The ROC-P method use postdose data only and can be
broadly applied including studies in seronegative population.

Dose selection

To select the most immunogenic formulation using any of the 3
methods, summary statistics (single assay or assay combina-
tions) from the individual formulation (individual dose effect)
are compared with the values from all active formulations com-
bined (overall dose effect).

Computation and statistical inferences

The AUC and VUS in ROC-B and ROC-P methods can be esti-
mated through numerical integration25,26 with q range from 0%
to 100% and associated biomarker threshold value (t) calcu-
lated as percentile value of the reference distribution.27 For
implementing the computation and visualization using the
three methods, the computation code using a free statistical
software R28 are provided in Supplementary Table 1. In an
ROC type of analysis, the bootstrap method is commonly used
for estimation of variability and construction of confidence
intervals.29-31 In the following examples, bootstrap 95% confi-
dence intervals were calculated from 1000 bootstrap samples,
except for the confidence intervals of probability greater than
or equal to single threshold value(s), where the Clopper-Pear-
son exact method32 was used.

Abbreviations

AUC area under the curve
ELISPOT enzyme-linked immunospot
GLA-SE glucopyranosyl lipid adjuvant-stable emulsion
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GMFR geometric mean fold rise
GMT geometric mean titer
Ig immunoglobulin
MN microneutralizing antibody
PBMC peripheral blood mononuclear cells
PCA palivizumab-competitive antibodies
ROC receiver-operating characteristic
ROC-B receiver-operating characteristic relative to baseline
ROC-P receiver-operating characteristic of postdose levels
RSV respiratory syncytial virus
sF soluble fusion protein
SFC spot-forming cells
VUS volume under the surface
YI Youden index
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