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A B S T R A C T

Background: Assessing the risk of measles outbreaks and identifying the susceptible parts of the population is
essential to timely intervention. Infants between 6–12 months are increasingly susceptible to measles but
evaluating the performance of high throughput enzyme immunoassays (ELISAs) in infants < 9 months of age is
lacking.
Methods: A commercially available ELISA kit (Creative Diagnostics, DEIA359) for estimating measles seropro-
tection was evaluated in infants 5–7 months of age. In an immunogenicity substudy in the Danish MMR trial
conducted between 2019–2021, infants (and mothers at baseline) were sampled before and one month after
measles-mumps-rubella vaccination (MMR) or placebo as well as one month after routine MMR at 15 months.
Measles IgG ELISA was compared to the gold standard but labor-intensive measles plaque reduction neutrali-
zation test (PRNT) by Pearson and Spearman correlations and by estimating sensitivity, specificity, and positive
and negative predictive values (PPV and NPV).
Findings: Measles IgG levels compared to PRNT antibodies had a Pearson’s correlation coefficient between
0.10–0.24. Seroprotection rates measured by ELISA in young infants were 10–14% lower than measured by
PRNT. The sensitivity of the ELISA to detect serological protection compared to PRNT in the infant population
differed markedly across sampling time points and was 14%, 40%, and 92% at baseline, post-intervention, and
post-routine MMR, whereas the specificity was 99%, 93%, and 43%, respectively. The PPV and NPV were 68%
and 87% in infants at baseline.
Interpretation: The correlation between measles IgG and PRNT antibodies was low. Seroprotection was under-
estimated using ELISA. High-accuracy tests are needed to avoid misclassifications and practices that lead to
primary or secondary vaccine failure or retention of vaccination in outbreak settings. Baseline PPV and NPV
suggested some applicability of ELISA in predicting serological protection in this age group. However, PRNT may
be the only accurate estimator of serological protection in young infants.
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Introduction

Measles is a potentially severe and very contagious disease, which
implies a high degree of population immunity to achieve herd immunity.
[1,2] Measles serosurveillance, i.e., the measurement of seroprevalence
of measles antibodies in a population, is an important tool to monitor
population immunity and, by proxy, vaccination coverage and long-
term vaccine-induced immunity. Accordingly, measles seros-
urveillance can identify immunity gaps and thereby assist in faster
management of measles outbreaks with focused efforts on vaccinating
individuals likely to be susceptible.[3] High throughput, effective, and
precise methods are needed to evaluate herd immunity and facilitate
prompt actions to contain outbreaks.

Infants are of particular interest as they are at the highest risk of
suffering severe consequences from measles infection, including death
and severe sequelae.[4] In the post-vaccine era, infants are susceptible
to measles from a younger age due to lower vaccine-induced levels of
antibodies in their mothers, which are transferred transplacentally to
the infant, resulting in an important immunity gap until receiving their
first measles-containing vaccine (MCV). Current recommendations
include the first MCV from 12 months of age in elimination settings, at 9
months of age in endemic settings, and from 6months of age in high-risk
settings.[5].

An assessment of accuracy and comparability of the different mea-
sures of humoral immunity in young infants is currently needed since
they may differ from those of older individuals. A central aspect is the
effective inhibition of infant vaccine responses by maternal antibodies,
which may arise when administering MCV in early infancy [6], and
another critical aspect is that infant immune responses are not entirely
comparable to older individuals. Lower levels of antibodies are gener-
ated upon immunization and are also likely to display lower avidity,
further reducing protection.[6] Thus, precise estimates of immunity in
infants are crucial for guiding feasible and effective national or even
regional vaccination schedules with optimal timing of vaccination: early
enough to provide protection prior to exposure to measles and late
enough for the maternal antibodies to wane adequately to avoid nega-
tive impact on the immunogenicity of MCVs.[5,7] Applying the right
tool to measure immunity is essential to obtain the correct information
for guiding the optimal vaccination strategies.

Furthermore, immunogenicity studies of vaccines need highly ac-
curate laboratory tests to estimate vaccine responses. The gold standard
method, “plaque reduction neutralization assay” (PRNT), is a good
proxy of clinical protection against measles,[8] and the protective
threshold (≥120 mIU/mL) [9] has been widely accepted and applied for
decades. However, the certainty of this cutoff has been questioned based
on the scarcity of data.[10] Moreover, the method is labor-intensive,
does not provide a rapid test result, and is not easily transferred be-
tween laboratories.[11].

The comparison of a cost-effective, high-throughput method like
enzyme-linked immunosorbent assays (here indirect ELISA) and the
more precise PRNT has been performed several times. [3] Comparisons
show that ELISAs display lower sensitivity and underestimate seropro-
tection rates compared to PRNT, especially in individuals with low
levels of antibodies around the protective threshold [8,11]; however, the
analyses have shown moderate to good correlation otherwise [8] and
with varying levels of sensitivity and specificity.[3] Importantly, this has
only sparsely been evaluated in 6-month-old infants.[3] Maturation of
the immune system occurs at great speed within the first year of life.
Thus, antibodies may be measured differently in assays developed to
measure antibodies frommature immune systems. As the infant immune
response is generally lower, the risk of misclassification as being sero-
negative is higher when the test sensitivity is lowered, and antibody
levels are around the cutoff value.[11].

The results reported in the present paper are findings from the
Danish MMR trial evaluating the intervention MMR versus placebo
(solvent: sterile water) in 5–7-month-old infants.[12] Samples were

collected at baseline in the infants and their mothers and in the infants
one month after intervention and after routine MMR at 15 months of
age.[13] The main scope of the paper is a comparison of responses
measured by the two methods: measles PRNT and measles IgG by in-
direct ELISA.

Methods

Ethics

The trial protocol was approved by the Capital Region Biomedical
Research Ethics Committee (H-16041195), the Danish Medicines
Agency, and the Danish Data Protection Agency (J.no. 2015–41-4508).
All legal guardians signed informed consent forms prior to participation.
The trial was performed in accordance with the principles of the
Declaration of Helsinki.

Study design and participants

The samples were collected as part of the Danish double-blind, pla-
cebo-controlled RCT evaluating immunogenicity of MMR in 5–7-month-
old infants.[12,13] Samples were collected in > 10 % of the participants
(immunogenicity population N=749, correlation population N=718).
[12] Selection of infants participating in the immunogenicity study was
based on parental interest in this part of the trial and was not selected by
staff. Infants were randomized in a 1:1-ratio to receive either
M− M− RVaxPro or placebo (solvent: sterile water). Sampling was per-
formed as cubital venipuncture preceded by local anesthetic band-aids
(25 mg lidocaine/25 mg prilocaine) at baseline right before receiving
the allocated intervention, three to five weeks after intervention, and
routine MMR at 15 months of age. Mothers were sampled at baseline. All
families were recommended to let the child adhere to the Danish na-
tional immunization program with MMR at 15 months and 4 years of
age. During the study period, 19 cases of measles were verified in all of
Denmark (during 2019 and 2020, none in 2021).[14] Hence, it is
reasonable to assume that antibodies present in the infants at baseline
were passively acquired from their mothers transplacentally during
pregnancy, and that the responses mounted by infants over time were
induced by MMR vaccination and not by measles infection.

Samples and laboratory methods

The samples used for analysis were collected in serum clot activator
tubes. Serum was separated from cells by centrifugation at 2000 G for
10 min, transferred to cryotubes and stored at − 80⁰ Celsius until anal-
ysis. Measles IgG ELISA and measles PRNT utilized samples which un-
derwent one and three freeze–thaw cycles, respectively.

Samples were analyzed using two laboratory methods: Commercial
Measles IgG ELISA kits [15] and a modified version of a published PRNT
protocol.[11] Modifications included but were not limited to using 0.4
% carboxymethylcellulose for the overlay medium and a fixation and
staining protocol that included methanol and crystal violet (see sup-
plement for the applied protocol). We used serial, 6-step, 4-fold di-
lutions, and samples were run in duplicate. The measles virus strain was
a laboratory-adapted Edmonston strain. All samples from a mother-
infant dyad were run in the same PRNT run and on the same ELISA
plate to ensure that differences between samples arose from changes in
immunity and not from variations in the laboratory methods. The WHO
anti-measles antibody third International Standard (WHO third IS) with
a concentration of neutralizing antibodies at 3000 mIU/mL was
included in every PRNT run.[16] Plaques were manually counted on a
lightbox, and the average count between two corresponding wells was
used in the Kärber formula to calculate the concentration of neutralizing
antibodies. All laboratory processes were performed manually.
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Calculations

For the PRNT, the Kärber formula was used to calculate the ND50
titer: the dilution at which 50 % of measles plaque formation was
inhibited by the sample used. This titer could then be converted to a
standardized concentration in mIU/mL by applying the WHO-
conversion factor based on the WHO-control performance in that spe-
cific run to make all runs comparable. The WHO-conversion factor was
obtained by calculating the ND50 titer for the WHO third IS for that
specific run and multiplying it with the known concentration of the
WHO third IS. A level of neutralizing antibodies above 120 mIU/mL is
perceived as protective against clinical disease.[9,10].

For ELISA, four-parameter logistics based on the calibrators’ optical
densities of the run was used to convert the samples’ ODs measured in
the lab to titers of antibodies. This conversion was performed in R using
the function drm from the drc package. Measles calibrators had con-
centrations expressed in NovaTec Units (NTUs). The concentrations of
NTUs in the calibrators A to D are seen in Table 1 below:

A measles IgG level above 200 mIU/mL is considered an indicator of
seroprotection against measles infection.[17] The qualitative interpre-
tation of the antibody level in each sample as to whether it is providing
clinical protection is shown in Table 2 and based on calibration with the
WHO third IS. The measles IgG kit has been validated against the WHO
third IS by the manufacturer, and thus, it is possible to convert the titer
result into the more readily interpretable mIU/mL and the qualitative
assessment of the level being either negative, equivocal, or positive (see
Table 2).

Statistical analysis

The main population was defined by mother-infant dyads with at
least one infant sample available for both PRNT and IgG ELISA. To
include the maximum number of observations, all samples with both a
measles PRNT and a measles IgG ELISA result were included in the
present study. The correlation was evaluated using both Pearson and
Spearman correlations. The analyses were performed in Stata v.18.0.

Results

Quantitative results

The main population was N=718 mother-infant dyads. Infants were
6.4 months old (average) at baseline sampling when the intervention
(MMR/placebo) was administered (Table 3). They were born by pri-
marily immune mothers (either vaccinated, WT-measles infected or
both, Table 3). Follow-up sampling was performed approx. four weeks
after intervention and routine MMR (27 days, Table 3). Measles anti-
body levels were low in infants at baseline (MMR group 25 mIU/mL (95
% CI; 20–29) and placebo group (29 mIU/mL (95 % CI; 25–34)) and
post-intervention (MMR group 120 mIU/mL (95 % CI; 102–141), and
placebo group (25 mIU/mL (95 % CI; 22–29), but high in post-routine
MMR (MMR group 1815 mIU/mL (95 % CI; 1552–2123), and placebo
group 1181 mIU/mL (95 % CI; 1038–1344)) in the PRNT as well as in
the ELISA (Table 4). Mothers had high antibody levels in both assays as
well (Table 4).

In the comparison of measles IgG ELISA andmeasles PRNT, we found

Pearson correlation coefficients between 0.10 and 0.24 across sampling
types (mother, infant at baseline, post-intervention, and post-routine
MMR), and Spearman correlations being between 0.22 and 0.52
(Fig. 1). The strongest correlation in the Pearson correlation analysis
was found in infants at baseline; however, for the Spearman correlation,
the strongest correlations were found in mothers and infants at post-
intervention (randomly assigned MMR/placebo, Fig. 1).

Qualitative results

Seroprotection levels were between 4–17 percentage points lower in
the ELISA compared to the PRNT analysis, depending on the sampling
time point. The best agreement was in the samples collected post-routine
MMR at 15 months of age (disagreement was 4 % in the MMR group and
7 % in the placebo group). Sensitivity and specificity of the measles IgG
ELISA compared to the measles PRNT varied greatly across sampling
time points. Sensitivity was 14 %, 40 %, and 92 % at baseline, post-

Table 1
Calibrators, concentrations, and interpretations for the measles IgG ELISA kit.
Antibody concentration in calibrators is reported in NovaTec Units (NTUs).

Calibrator Interpretation Concentration in calibrator

A Negative 1
B Cut-off 10
C Weak positive 40
D Positive 250

Table 2
Translation of measles IgG ELISA results from NTU to mIU/mL in a qualitative
manner.

Interpretation Level NTU Level mIU/mL

Positive >11 NTU >220 mIU/mL
Equivocal 9–11 NTU 120–220 mIU/mL
Negative < 9 NTU < 120 mIU/mL

Table 3
Demographics based on randomization group presented for the population with
at least one child sample included in the correlation analysis (N=718).

Participants in the immunological
correlation study

Total
N

MMR N
(%)

Placebo N
(%)

Baseline characteristics 718 326 (45.4) 392 (54.6)
Sex boys 718 175 (53.7) 203 (51.8)
Mean infant age in months a 718 6.4

(6.4–6.5)
6.4 (6.4–6.5)

Age at randomization < 6 months 718 45 (13.8) 36 (9.2)
Mean sampling interval in days at
intervention b

708 27 (18–41) 27 (20–42)

Mean sampling interval in days at
routine MMR b

660 26 (3–78) 27 (20–90)

Premature (GA<37 weeks) 703 27 (8.4) 14 (3.7)
Mean maternal age in years a 711 33 (33–34) 33 (32–33)
Household income per year (USD)
Less than 27,000
Between 27000–54000
More than 54,000

707 9 (2.8)
37 (11.6)
274 (85.6)

11 (2.8)
58 (15.0)
318 (82.2)

Maternal measles immunization status c

Previously infected
Vaccinated
Both previously infected and
vaccinated
Not immunized

656 15 (5.1)
273(92.2)
8 (2.7)
0 (0.0)

11 (3.1)
329 (91.4)
18 (5.0)
2 (0.6)

Maternal year of birth (a proxy for
measles exposure)
Before 1986
1986–1987
After 1987

718 128 (39.3)
42 (12.9)
156 (47.9)

138 (35.2)
60 (15.3)
194 (49.5)

N (%) within the population for non-missing data. GA: gestational age. USD: US
Dollars. a Ages were reported as means with 95% confidence intervals in
parenthesis. b Sampling interval defined as time from intervention until follow-
up blood sampling reported as days in mean (range). c Self-reported maternal
immunization status.
The number of observations reported here differs from the numbers presented in
the original publication of immunogenicity in the trial, as the criterion that the
infant needed to have a PRNT result at post-intervention to be included was
changed to include infants with a result in both measles IgG ELISA and PRNT at
any given timepoint.

D.M. Vittrup et al.
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intervention, and post-routine MMR, respectively, and specificity was
99 %, 93 %, and 43 %, accordingly. The ELISA performed best in
correctly identifying samples as protective or non-protective in the
baseline samples with PPV 68 % and NPV 87 %. In samples with ex-
pected high levels of antibodies (mothers and post-routine MMR), NPV
was low as the ELISA failed to detect relatively low, yet likely still
protective levels of antibodies.

Discussion

In this sub-study on immunogenicity within a trial of MMR or pla-
cebo at 5–7 months of age, the main finding, the correlation between
measles neutralizing antibodies measured by PRNT and measles IgG
measured by commercial ELISA, was low to moderate in both Pearson
and Spearman correlations independent of sampling time point. This
finding was in accordance with other studies of this correlation, albeit

lower [3]; however, this correlation has not been thoroughly investi-
gated for infants, which may partly explain the disagreement.[3] Im-
munity gaps in infants are emerging due to earlier waning of maternal
antibodies, and correspondingly, measles cases in infants are rising.[7]
This observation warrants a deeper understanding of which methods to
apply for accurately estimating measles seroprotection in infants, as it is
essential in estimating the susceptibility in this specific population
characterized by less mature immune systems diverging from the more
mature immune systems including passive antibody presence and
reduced immunogenicity. [18].

Measurement of measles IgG by a commercial ELISA kit did not
precisely predict serological protection, i.e., antibody levels exceeding
the cutoff levels (200 mIU/mL for measles IgG and 120 mIU/mL for
measles neutralizing antibodies measured in PRNT), compared to the
gold standard method, the PRNT. Other commercial ELISA kits have
shown better precision in other studies evaluating other age groups. [3]

Table 4
Descriptive statistics on antibody measurements by measles PRNT and measles IgG ELISA. Absolute levels are reported as arithmetic mean concentration (AMC
(range)) and geometric mean concentration (GMC (95%CI)), and seroprotection rates (SPR). SPR is the ratio of participants with an antibody level above the protective
threshold. For PRNT>120 mIU/mL, for ELISA IgG 11 and 9 NTU, respectively, depending on whether the equivocal results are regarded protective or not.

MMR Placebo

Mother Baseline Post int. Post routine Mother Baseline Post int. Post routine

Measles PRNT N=333 N=285 N=290 N=266 N=399 N=349 N=356 N=337
AMC 2743

(3–119513)
80
(1–1829)

455
(2–37295)

3595
(4–87948)

1641
(5–51366)

74
(2–1731)

67
(2–1429)

1937
(3–13407)

GMC 667
(561–793)

25
(20–29)

120
(102–141)

1815
(1552–2123)

712
(625–813)

29
(25–34)

25
(22–29)

1181
(1038–1344)

SPR (%) 87 % 16 % 47 % 97 % 91 % 14 % 13 % 96 %
Measles IgG ELISA N=333 N=285 N=290 N=266 N=399 N=349 N=356 N=337
Titer AMC 37

(1–292)
2
(0–32)

12
(0–82)

53
(1–198)

37
(0–255)

3
(0–63)

2
(0–44)

37
(1–281)

SPR (%), 11 NTU 76 % 2 % 34 % 93 % 74 % 4 % 2 % 89 %
SPR (%), 9 NTU 79 % 4 % 40 % 94 % 77 % 4 % 3 % 91 %

Fig. 1. Measurement of measles neutralizing antibodies by PRNT plotted against measurements of measles IgG by ELISA. Correlation estimates are provided for all
sample types separately and are based on all observations with the given sample type. However, the plots are showing a selected range of observations, but all values
are included in the linear fit and correlation estimates. N.B., the y-axis varies: it is shared between baseline and post-intervention, and between children at 15 months
and mothers. Protective cutoffs at 120 mIU/mL and 11 NTU in PRNT and ELISA, respectively, are presented as dotted lines. Censored values per graph: Baseline
(N=0), post-intervention (PRNT>4,000 mIU/mL; N=4), post-routine MMR (PRNT>25,000 mIU/mL; N=2), and mother (PRNT>25,000 mIU/mL; N=4).

D.M. Vittrup et al.
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In a study of 9-month-old infants [8], post-intervention levels of anti-
bodies exhibited a stronger correlation coefficient (0.59) for measles IgG
measured through manually performed ELISA compared to neutralizing
antibodies measured by measles PRNT. The tests had the most signifi-
cant disagreement within the lowest values, a pattern similar to our
study.[8] Further, they found the ELISA sensitivity and specificity to be
72 % and 97 %, and the corresponding PPV and NPV were 99.7 % and
22 %, respectively.[8] The findings by Cohen et al.[8] and the present
study confirm that ELISAs have low sensitivity for low levels of anti-
bodies,[8] which is the predominant state in infants both pre- and post-
vaccination due to reduced immunogenicity of early measles immuni-
zation (Table 5). We did not confirm a strong correlation when
analyzing the samples from the mothers in opposition to other studies in
adults with correlations above 0.7 between measles PRNT and measles
IgG ELISA.[19] Likely, the mothers in the present trial were last exposed
to measles (infection or vaccination) during childhood.[20] In contrast,
the other study evaluated primarily recently challenged (WT-exposure
or vaccination) individuals with resulting high levels of circulating an-
tibodies.[19] Thus, the conditions for the performance of the ELISA in
the other study were better, which resulted in a higher correlation.

For disagreements within individuals in absolute levels of antibodies,
high levels measured in the PRNT with low levels measured in the ELISA
were problematic in children after routine MMR at 15 months of age
(Fig. 1). The very high levels measured in the measles PRNT are reliably
measured until the upper limit of quantification (ULQ) at the highest
dilution applied in the assay (8192) multiplied with the WHO conver-
sion factor for each specific run. However, a sensitivity analysis of the
correlation estimates is provided in the supplement, in which values
below the lower limit of quantification (LLQ) and above ULQ in either
the PRNT or the ELISA were omitted. The sensitivity analysis did not
change the correlation estimates (supplementary Table 2).

The two methods differ in mechanical aspects that may affect the
correlation. The PRNT measures neutralizing antibodies, which can be
any isotype of antibodies, and especially when measuring short-term
responses app. one month after immunization (MMR group post-
intervention and placebo group post-routine-MMR in the current
study) [21], IgM is expected to be present and must be expected to
provide some neutralizing activity in a serum sample. IgG ELISA quan-
tifies measles-specific antibodies of the IgG isotype, but not all are
neutralizing. The primary antigens recognized by neutralizing anti-
bodies are the fusion (F-) and hemagglutinin (H-) proteins, but other
viral proteins can be recognized and are targets for non-neutralizing
antibodies, e.g., nucleocapsid. [8,22] Further, a primary humoral im-
mune response is characterized by producing lower levels of antibodies
with lower avidity compared to a secondary humoral immune response
elicited by re-exposure to the antigen.[21,23] Low avidity-antibodies
may be washed away by rigorous washing procedures in the ELISA,
which are not part of the PRNT procedures, lowering the sensitivity of
the ELISA for low-avidity antibodies. Likewise, the secondary humoral
response is characterized by higher levels of specific antibodies with
increased affinity. A factor that would be expected to increase the
correlation.

In a recent review, sensitivity and specificity were shown to vary
greatly between commercial ELISA kits (sensitivity range 0 %-98.9 %,
specificity range 58.8 %-100.0 %), but with median (IQR) sensitivity at
90.6 [86.6–95.2] and median (IQR) specificity = 100.0 [88.7–100.0].
[3] The pooled sensitivity to detect seroprotection in the ELISA was
around 80 % in the present study (results from all samples pooled
together, not shown in the table) is a well-described phenomenon when
compared to the measles PRNT with a protection cutoff at 120 mIU/mL
[24] and not specific for young infants. However, the performance of the
ELISA is especially challenged when the antibody levels are close to the
protective cutoff (baseline and post-intervention samples, Table 5),
which is the case in many infants both pre- and post-immunization due
to low levels of maternal antibodies months after birth and lower
immunogenicity of early administration of MCVs. The ELISA generally

Table 5
Analyses of agreement between measles IgG ELISA and measles PRNT. Sensi-
tivity, specificity, positive predictive value (PPV), and negative predictive value
(NPV) areis presented both when treating equivocal results as protective (>9
NTU regarded protective) and non-protective (only > 11 NTU regarded pro-
tective). The numbers are reported pooled within sampling time point and for
randomization groups separately.

Sensitivity Specificity PPV NPV

Treating equivocal results as non-protective (>11 NTU is considered protective)
Baseline
samples

13/95 (14
%)

533/539
(99 %)

13/19
(68 %)

533/
615
(87
%)

MMR 5/45 (11
%)

239/240
(100 %)

5/6
(83 %)

239/
279
(86
%)

Placebo 8/50 (16
%)

294/299
(98 %)

8/13
(62 %)

294/
336
(88
%)

Post-
intervention
samples

73/182 (40
%)

431/464
(93 %)

73/
106
(69 %)

431/
540
(80
%)

MMR 72/136 (53
%)

126/154
(82 %)

72/
100
(72 %)

126/
190
(66
%)

Placebo 1/46 (2 %) 305/310
(98 %)

1/6
(17 %)

305/
350
(87
%)

Post-routine
MMR
samples

535/580
(92 %)

10/23 (43
%)

535/
548
(98 %)

10/55
(18
%)

MMR 240/258
(93 %)

1/8 (13 %) 240/
247
(97 %)

1/19
(5 %)

Placebo 295/322
(92 %)

9/15 (60%) 295/
301
(98 %)

9/36
(25
%)

Mother
samples

510/654
(78 %)

41/78 (53
%)

510/
547
(93 %)

41/
185
(22
%)

MMR 233/291
(80 %)

22/42 (52
%)

233/
253
(92 %)

22/80
(28
%)

Placebo 277/363
(76 %)

19/36 (53
%)

277/
294
(94 %)

19/
105
(18
%)

Treating equivocal results as protective (>9 NTU is considered protective)
Baseline
samples

18/95 (19
%)

531/539
(99 %)

18/26
(69 %)

531/
608
(87
%)

MMR 9/45 (20
%)

238/240
(99 %)

9/11
(81 %)

238/
274
(87
%)

Placebo 9/50 (18
%)

293/299
(98 %)

9/15
(60 %)

293/
334
(88
%)

Post-
intervention
samples

79/182 (43
%)

418/464
(90 %)

79/
125
(63 %)

418/
521
(80
%)

MMR 78/136 (57
%)

116/154
(75 %)

78/
116
(67 %)

116/
174
(67
%)

(continued on next page)
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has a negative result output, which results in falsely high specificity in
the samples known to have low to no antibodies (baseline and post-
intervention) and very low sensitivity due to misclassifying the protec-
tive samples as also being negative. This could be explained by low
levels of antibodies in infants at baseline and in the post-intervention
sample and high levels in the mothers and the samples collected after
routine MMR at 15 months of age. This is an important challenge for
making vaccine schedule recommendations, as the presence of even low
levels of maternal antibodies greatly inhibits responses in the infant.[13]
Because of an overall underestimation of protective levels of antibodies
in the ELISA assay, sensitivity was especially low for the early sampling
time points.

Changing the interpretation status of the equivocal results from non-
protective by using the> 11 NTU criterion to protective by using the> 9
NTU criterion, only slightly increased the sensitivity of the ELISA.
Several studies have concluded that equivocal results in ELISAs should
preferably be considered protective levels of antibodies [3]. However, it
only marginally changed the results and did not change the conclusions
in the current study.

Although not representing a correlation to clinical protection, mea-
surement of measles-specific T cells has a place in immunogenicity
studies of MCVs in providing evidence of cellular immunogenicity as
shown previously.[25] Measles-specific T cells are deterministic in the
elimination of measles infections and for the generation of a long-lasting
and effective humoral vaccine response [26], however, including T cell
analyses in serosurveillance is currently not relevant due to the lack of
an established cutoff for clinical protection.

The measles IgG ELISA was only run in unicate, but an average of a
triplicate run would have been ideal. However, no variations among the
assay plates were observed when comparing the control readings (sup-
plement Table 1).The difference in number of freeze–thaw cycles be-
tween samples utilized for measles IgG ELISA and PRNT (one and three,
respectively) is a limiting factor in comparability between samples,
however, measles antibodies have been shown to be robust to freeze-
–thaw cycles, [27] and therefore, the low to moderate correlation be-
tween the two assays was not explained by this factor.

Several staff members were involved in performing the laboratory
analyses, and the PRNT can be especially sensitive to variation in pro-
cedures due to several factors with biologically active properties (live
measles virus and Vero cells).[11] The WHO third IS partly mitigated
this variation, as it was included in every run of the PRNT, enabling a
comparison between runs and functioned as a quality control of each

run. On the other hand, the study describes measles antibodies in a
unique and rather large population in a unique setting: the young infants
right before and after early MMR in a measles-elimination setting.[28]
This provides a novel understanding of the fitness of ELISA for seros-
urveillance and immunogenicity outcomes in vaccine studies in infants.

The baseline results showed that ELISA underestimates the sero-
protection rate by more than 10 %. Underestimating the seroprotection
rate in infants could lead to concerns regarding the duration of passive
immunity and the development of immunization policies regarding
early MCV that would not serve the purpose of successfully immunizing
susceptible infants but could adversely lead to primary or secondary
vaccine failure instead. Especially antibody levels around the protective
threshold tend to be misclassified as negative.[19] If levels in the
equivocal range and lower in the ELISA are actually protective, which
seems to be the case in head-to-head comparisons between ELISAs and
PRNT [8], it would change the picture regarding young infant suscep-
tibility to measles, i.e., proportion without persisting antibodies at 6
months of age and also change the ratio of infants obtaining protection
following immunization. Immunogenicity of MCVs is found to be lower
in young infants [6], why ELISAs may not be a fit for estimating sero-
protection following early MCV either. The clinical consequences of
obtaining low levels, yet above the protective threshold, of antibodies as
a primary vaccine response is not entirely understood. [6,29].

Emerging immunity gaps due to vaccine-induced maternal immunity
with earlier waning in the 6–12-month-old infants call for action since
they are at a higher risk of suffering from measles morbidity and mor-
tality than measles cases in older age groups.[4] Overestimation of
protection based on measles IgG ELISA is also an issue since unpredicted
outbreaks could occur and lead to delays in outbreak responses and a
wider spread of measles, counteracting the global efforts to obtain
measles elimination.[7] In outbreak situations, a rapid result on whether
a measles-exposed person is protected or should be offered post-
exposure prophylaxis (PEP) can greatly enhance the chance of con-
taining the spread of measles, decrease the individual risk of developing
measles, and reduce the number of unnecessary vaccines administered
to already protected individuals. This result cannot be provided rapidly
by PRNT, and in such situations, EIAs are useful tools.

Findings in measles serosurveillance should be cautiously inter-
preted for individuals with low, yet likely still protective, levels of an-
tibodies. The accuracy of the test needs to be high to avoid
misclassifications and practices that lead to primary or secondary vac-
cine failure or retention of post-exposure prophylaxis in outbreak set-
tings. An approach already in use in Canada [30] to supplement EIAs
with PRNT analysis in case of a negative or equivocal result increases the
sensitivity by several percentage points. However, this strategy relies on
a high NPV of the EIA, which does not seem to be the case for ELISA in
young infants. Instead, we suggest that samples from young infants are
analyzed using a measles PRNT.
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Sensitivity Specificity PPV NPV
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(97 %)

1/9
(11 %)
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(87
%)

Post-routine
MMR
samples

545/580
(94 %)

10/23 (43
%)

545/
558
(98 %)

10/45
(22
%)

MMR 243/258
(94 %)

1/8 (13 %) 243/
250
(97 %)

1/16
(6 %)

Placebo 302/322
(94 %)

9/15 (60%) 302/
308
(98 %)

9/29
(31
%)

Mother
samples
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(82 %)

40/78 (51
%)
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(93 %)

40/
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(25
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