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A B S T R A C T

Background: Antimicrobial IgG avidity is measured in the diagnosis of infectious disease, for dating of
primary infection or immunization. It is generally determined by either of two approaches, termed here
the avidity index (AI) or end-point ratio (EPR), which differ in complexity and workload. While several
variants of these approaches have been introduced, little comparative information exists on their clinical
utility.
Methods: This study was performed to systematically compare the performances of these approaches and
to design a new sensitive and specific calculation method, for easy implementation in the laboratory. The
avidities obtained by AI, EPR, and the newly developed approach were compared, across parvovirus B19,
cytomegalovirus, Toxoplasma gondii, rubella virus, and Epstein–Barr virus panels comprising 460 sera
from individuals with a recent primary infection or long-term immunity.
Results: With optimal IgG concentrations, all approaches performed equally, appropriately discriminating
primary infections from past immunity (area under the receiver operating characteristic curve (AUC)
0.93–0.94). However, at lower IgG concentrations, the avidity status (low, borderline, high) changed in
17% of samples using AI (AUC 0.88), as opposed to 4% using EPR (AUC 0.91) and 6% using the new method
(AUC 0.93).
Conclusions: The new method measures IgG avidity accurately, in a broad range of IgG levels, while the
popular AI approach calls for a sufficiently high antibody concentration.
© 2021 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

The diagnosis of many viral and some other microbial infections
relies on serology and the kinetics of the immunoglobulin (Ig)
classes. While IgM detection is a sensitive marker of acute
infection, it may lack clinical specificity (Dhakal et al., 2015;
Lazzarotto et al., 2008), since antimicrobial IgM can persist long
after primary infection and can be produced in re-infections or re-
activations (Dhakal et al., 2015; Lazzarotto et al., 2008). The use of
consecutive samples can help, but delays the diagnosis. This can be
problematic, especially during the first trimester of pregnancy
when the rapidity and reliability of diagnosis are essential with
certain pathogens (Dunn et al., 1999; Fowler et al., 1992; Miller
et al., 1982; Miller et al., 1998).

A globally expanding diagnostic approach is the measurement
of antimicrobial IgG avidity. Avidity, or functional affinity, is the
average binding strength of an antibody population towards an

antigen. Low-avidity IgG antibodies usually appear within 2–3
weeks after primary infection or immunization. Reflecting B-cell
maturation, IgG avidity increases during several months. Subse-
quently, including re-infections and re-activations, the avidity
tends to remain elevated. The best diagnostic performance is often
achieved when traditional IgM and IgG assays are combined with
those of IgG avidity (Enders et al., 2006; Lazzarotto et al., 2008;
Roberts et al., 2001; Wandinger et al., 2011). During the past three
decades, IgG avidity measurement has increasingly been used in
diagnosis, especially during pregnancy, for cytomegalovirus (CMV)
(Lazzarotto et al., 2008), Toxoplasma gondii (Roberts et al., 2001),
parvovirus B19 (B19V) (Enders et al., 2006), and rubella virus
(Wandinger et al., 2011). Recently, the approach was employed in
autoimmune disease research (Fialová et al., 2017; Zachou et al.,
2006) and as an epidemiological tool for hepatitis C virus (Patel
et al., 2016) and HIV (Kassanjee et al., 2014).

Most IgG-avidity assays utilize a chaotropic protein denaturant
to disrupt the antigen–antibody bond (Hedman and Seppala,
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ptimal concentration of denaturant needs to be determined
xperimentally for each IgG avidity assay, e.g., by urea titration of
roper primary infection (low avidity) and long-term immunity
high avidity) controls (Hedman et al., 2010). Of note, the choice of
ntigen can be crucial, as loss of conformational epitopes due to
enaturation can lead to falsely low avidities compared to more
table antigens (Söderlund et al., 1995a, 1995b). An alternative
pproach employs a soluble antigen to capture the high-avidity
ntibodies, while those of low avidity remain bound to a solid-
hase antigen (Curdt et al., 2009). In analogy with the chaotrope
pproach, the avidity result can be expressed by comparison of the
esults obtained with versus without the soluble antigen. This
atter approach lacks the chaotrope that can crystallize and
amper assay automation.
Based on indirect assays, the avidities in clinical microbiology

end to be expressed in arbitrary values. The simplest is the ratio of
ignals obtained from two parallel measurements (Hedman and
eppala, 1988), often termed the ‘avidity index’ (AI) (Figure 1C):

I ¼ ðsignal with denaturationÞ=ðsignal without denaturationÞ
ð1Þ

However, the AI value is affected by the concentration of the
orresponding IgG (Curdt et al., 2009; Hedman and Seppala, 1988;
enum et al.,1997; Kneitz et al., 2004), whereby the sample dilution
an be chosen according to the IgG level. Due to its simplicity and
atisfactory sensitivity and specificity, the AI has gained notable
opularity.
Another approach employs serial dilution of a clinical sample

Inouye et al., 1984), whereupon avidity is calculated by the ratio of
nd-point titres generated from titration curves (Figure 1B)
Hedman et al., 1989b; Jenum et al., 1997; Mercader et al.,
012). With mathematical modelling, the curves can be generated
rom as few as two dilutions of sample (Korhonen et al., 1999).
ith a broader dynamic range, the end point ratio (EPR)-based

pproaches are considered by many investigators as the gold
tandard in clinical use (Hedman et al., 1993; Kneitz et al., 2004;
ercader et al., 2018). Their diagnostic sensitivity and specificity
an be high (Andersson et al., 1994; Jenum et al., 1997; Mercader
t al., 2012; Söderlund et al., 1995a); albeit, the sample titration is
aborious and costly.

While several publications have compared commercial IgG
vidity assays (Murat et al., 2013; Revello et al., 2010; Villard et al.,
013), less is known of the fundamental characteristics of the
alculation approaches and whether the more complex ones
ctually provide diagnostic benefit. This work was performed to

compare the two approaches of IgG-avidity calculation and
introduce a new one, ‘LAviD’, which can be run easily on
conventional computer software (e.g., a spreadsheet). The new
approach is based on the EPR concept, while each step is optimized
for balance between clinical performance and technical complexi-
ty. The existing approaches were first compared to LAviD,
following which LAviD was clinically validated using raw data
from comprehensive and well-characterized serum panels of
B19 V, CMV, T. gondii, rubella virus, and Epstein–Barr virus (EBV).

Materials and methods

Patients and sera

Serum panels for B19 V (Weseslindtner et al., 2017), CMV
(Korhonen et al., 1999), rubella virus (Hedman and Seppala, 1988),
T. gondii (Roberts et al., 2001), and EBV (Korhonen et al., 1999) each
included sera from recent primary infection as well as from long-
term immunity. The new avidity calculation approach, LAviD, was
set up and optimized with the optimization panel (Söderlund et al.,
1995a) and validated with the other panels. The panels are
described in the respective publications as well as in Table 1,
including the criteria for recent primary infection (acute) and long-
term immunity (past immunity).

All sera were acquired with the approval of and according to the
ethical guidelines of Helsinki University Central Hospital and
University of Helsinki, Finland (CMV, rubella virus, EBV, and
optimization panels), or of the Medical University of Vienna,
Austria (B19 V panel), or of Statens Serum Institut, Denmark
(Toxoplasma panel).

IgG-avidity enzyme immunoassays

All IgG-avidity enzyme immunoassays (EIAs) followed the same
general protocol. Briefly, each sample was assayed in two series of
dilutions (for post-serum treatment with versus without urea;
Figure 1). Three dilutions (at four-fold steps) of each series were
applied on the solid-phase antigens. After 1 h of incubation,
dilutions 1 and 2 were exposed to urea and dilutions 2 and 3 to the
buffer alone (i.e., dilution 2 was assayed both with and without
urea). The antimicrobial IgG was then detected with peroxidase- or
phosphatase-labelled secondary antibody (anti-human IgG).

B19 V IgG avidity was measured using a first-generation in-
house EIA (βVP1 antigen) (Söderlund et al., 1995a) with an
optimization panel and using a second generation in-house EIA
igure 1. Schematic representation of the three avidity calculation approaches. Measured data points (absorbance, sample dilution) are represented with solid (elution with
rea) and white (without urea, reference) dots. Titration curves fitted to these data points are shown with continuous lines. Subscripts 1 and 2 indicate values with and

ithout urea, respectively. (A) The new calculation method LAviD: the log–log model, Abs ¼ a � Dil�1=b , is fitted to the data points; avidity is calculated by the ratio of
ilution factors at cut-off absorbance (Absc). (B) Logistic-EPR method: the S-shaped logistic curve is fitted to the data points; avidity is calculated by the ratio of
nd-point titres (EPR) at cut-off absorbance (Absc). (C) Avidity index (AI): avidity is calculated by the ratio of absorbances obtained after elution with and
ithout urea from a single serum dilution.
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(Maple et al., 2014) with B19 V panel. These B19 V EIAs employ the
unique domain of VP1 capsid protein as antigen, and use 8 M urea
for discrimination between IgGs of high and low avidity. CMV IgG
avidity was measured using an in-house EIA and 6 M urea (Aalto
et al., 1998). Rubella virus IgG avidity was measured as described
by Korhonen et al. (Korhonen et al., 1999) using inactivated rubella
virus (Therien strain) and 6 M urea. Toxoplasma avidity was
measured as described by Korhonen et al. (Korhonen et al., 1999)
with Toxoplasma cell lysate antigen and 6 M urea. EBV IgG avidity
was measured using an in-house assay based on a mixture of EBV
capsid, nuclear, and early antigens, as in the Siemens anti-EBV IgG
EIA, and 4.7 M urea (Weissbrich, 1998).

Avidity calculation approaches

The new approach (LAviD)
Titration curves, for dilution series with and without urea, were

created by fitting a simple log–log model commonly used for linear
modelling of an EIA titration curve, onto absorbance data (A and B,
fitting parameters).

log Absorbanceð Þ ¼ B � log Dilution f actorð Þ þ A; ð2Þ
Avidity was then calculated by the ratio of dilution factors at

Material. A ready-to-use spreadsheet of LAviD is also provided
in the Supplementary Material.

The value of Absc (Figure 1A) dictates where on the titration
curves the dilution factors are obtained. The selection criteria for
Absc were chosen to provide optimal discrimination between
acute-phase and long-term immunity samples of the optimization
panel (Supplementary Material Figures S1 and S2). Instead of a
fixed value (either particular absorbance level or absorbance of a
reference sample), as has commonly been used (Jenum et al., 1997;
Mercader et al., 2012; Söderlund et al., 1995a), the Absc here was
based on measured absorbance data of each sample. The selection
of Absc is presented in more detail in the Supplementary Material.

Reference methods
Using the same absorbance data, avidity was also calculated

with two reference methods: (1) AI (Hedman and Seppala, 1988),
i.e., the ratio of absorbances with/without urea, from a single
dilution (Figure 1C); and (2) the logistic-EPR method (Avidity1.2
software), which calculates avidity by the ratio of end-point titres
obtained from titration curves modelled with logistic function
(Korhonen et al., 1999) (Figure 1B).

Effect of IgG concentration on the IgG-avidity result

Table 1
Serum panels and selection criteria for recent primary infection (acute) and long-term immunity (past immunity). Additional details of the panels and assays used are
described in the respective publications.

Serum panel Group Number of sera Number of
patients

Selection criteria Ref.

B19V Combined 135 99 Clinical testing due to B19V (Weseslindtner et al., 2017)
Acute 44 B19 V IgM(+), DNA load �104, ETS �20
Past 53 B19 V IgM(�), DNA load <104, ETS >20
Acute? 23 2/3 parameters pointing to recent infection
Past? 15 2/3 parameters pointing to past immunity

CMV Combined 126 77 – (Korhonen et al., 1999)
Acute 40 27 Primary CMV infection (IgM(+) seroconversion of CMV

IgG), collected �3 months after onset of symptoms
Convalescence 12 12 Follow-up samples of acute group, collected 98–297

days after onset of symptoms
Past immunity (n = 74) 27 24 CMV-seropositive �1 year earlier

47 26 CMV non-primary infection (CMV IgG(+) and IgM(�)
first sample, followed by >4� increase in CMV IgG titre)

Rubella virus Combined 102 102 – (Hedman and Seppala, 1988)
Acute 51 51 Primary rubella virus (rubella virus IgG seroconversion

or IgM(+)), collected �1 month after onset of symptoms
Past immunity (n = 51) 40 40 Follow-up samples of acute group, collected 99–334

days after onset of symptoms
11 11 Rubella virus seropositive �2 earlier

Toxoplasma Combined 88 63 – (Roberts et al., 2001)
Acute 26 26 Toxoplasma IgG(+) with an IgG(�) sample taken <3

months earlier
Convalescence 25 25 Follow-up samples of seroconversion group, collected

3–12 months after the IgG(�) sample
Past immunity 37 37 Toxoplasma seropositive �1 year earlier

EBV Combined 35 26 – (Korhonen et al., 1999)
Acute 25 16 Primary EBV infection (clinical diagnosis with EBV IgM

(+)), collected �1 month after onset of symptoms
Past immunity 10 10 EBV seropositive �1 year earlier

Optimization Acute 73 – Primary B19 V infection (IgM(+) with seroconversion or
�4� increase in B19 V IgG titre), collected <1 month
after onset of symptoms

(Söderlund et al., 1995a, 1995b)

Past immunity 89 – B19 V seropositive >4 months earlier

B19 V, parvovirus B19; CMV, cytomegalovirus; EBV, Epstein–Barr virus; ETS, epitope type specificity EIA; IgG, immunoglobulin G; IgM, immunoglobulin M.
cut-off absorbance (Absc) (Figure 1A, cf. Eq. 1).

Avidity ¼ dilution factor with denaturationð Þ=
dilution factor without denaturationð Þ ð3Þ

Detailed mathematical formulae of the new IgG avidity
calculation approach are presented in the Supplementary
481
To assess the possible effect of IgG concentrations on the
respective avidity results, each sample in the B19 V, CMV, rubella
virus, Toxoplasma, and EBV panels was assayed with three sets of
dilutions. Series of five dilutions at four-fold steps formed three
dilution sets (set 1 contained dilutions 1, 2, and 3; set 2 contained
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ilutions 2, 3, and 4; and set 3 contained dilutions 3, 4, and 5).
bsorbances, generated without urea elution, in the optimal IgG
oncentration set (set 2) were mainly within the linear ranges of
he respective EIAs. The high IgG concentration set (set 1)
ontained absorbances exceeding the linear ranges, yet below
he respective saturation points (i.e., lower dilution factor did
esult in higher absorbance). The low IgG concentration set (set 3)
ontained absorbances below the linear ranges, yet �0.1.

eceiver operating characteristic analysis

The IgG avidity calculation approaches were evaluated using
eceiver operating characteristic analysis (ROC) in regard to their
bility to discriminate between samples of either recent primary
nfection (‘acute’ groups) or long-term immunity (‘past immunity’
roups), categorized on the basis of recent seroconversion, long-
erm seropositivity, or non-IgG-avidity diagnostic assays (see
able 1 for details). The B19 V ‘acute?’ group was considered recent
rimary infection and the B19 V ‘past immunity?’ group was
onsidered long-term immunity. The CMV ‘convalescence’ group
amples collected within 6 months after the onset of symptoms
ere considered recent primary infection and samples collected

ater were considered long-term immunity. The Toxoplasma
onvalescence’ group was excluded from the ROC analysis since
ampling times of individual samples were not available, and a
revious study (Roberts et al., 2001) had shown that the group as a
hole represented neither acute phase nor long-term immunity.
ROC analysis was adapted for separate high- and low-avidity

ut-offs, as commonly done in clinical IgG avidity assays, and
esulted in three avidity classes: high, borderline, and low avidity.
he confusion matrix is shown in Table 2. First, the breadth of the
orderline zone was defined as one-third of the difference between
he median avidities of the ‘acute’ and ‘past immunity’ groups.
econd, and analogously to a single cut-off in conventional ROC
nalysis, the borderline zone, of fixed breadth, was used to
enerate data points (sensitivity; 1 – specificity) of the ROC curves
Table 2). With the two cut-offs, sensitivity and specificity are not
xplicitly linked to the false-negative ratio (FNR) and false-positive
atio (FPR), and values for the corresponding curves (FNR; 1 – FPR)
ere generated as well. For comparison, conventional ROC analysis
as done using IBM SPSS Statistics 25 software (IBM Corp.,
rmonk, NY, USA).
ROC curves were generated separately from high, optimal, and

ow IgG concentration sets (performance within each set) and also
rom the entire IgG concentration range (i.e., analysing the three
vidity results of each sample, obtained with the concentration
ets, in the same ROC analysis and as individual samples; Figure 2).
The data were finally summarized by calculating average ROC

urves for the three avidity calculation approaches with an area
nder the curve (AUC)-preserving method described by Chen and
amuelson (Chen and Samuelson, 2014) (here u = p/4). The average
as weighted with the number of samples used in the creation of
ach individual ROC curve (e.g., the EBV panel comprising 35

samples contributed less to the average than did the B19 V panel
comprising 135 samples).

Cut-offs for high and low avidity

Cut-offs for low and high avidity were generated using the
modified ROC analysis, described above, by maximizing the
Youden index (sensitivity + specificity � 1) (Youden, 1950). Only
the ‘acute’ and ‘past immunity’ groups (Table 1) were used in the
generation of the cut-offs.

Results

A major aim of this study was to compare the three distinct IgG-
avidity calculation approaches using a shared database of IgG-
avidity EIA absorbance raw data. Serum panels for B19 V, CMV,
rubella virus, Toxoplasma, and EBV were available from the
respective serologically confirmed recent primary infections and
long-term immunity. The sera were first assayed at optimal sample
dilutions (Figure 3, thick lines), with absorbances mainly within
the linear ranges of the EIAs. Each sample was then re-analysed
with four-fold higher (Figure 3, thin dashed lines) as well as lower
dilutions (Figure 3, thin solid lines), to investigate the influences of
antimicrobial IgG concentrations on the ensuing IgG-avidity
results. Since two of the three approaches do require serial
dilution (titration) of the sample, the comparisons were done with
three serial dilutions. Dilutions 1 and 2 were treated with urea, and
dilutions 2 and 3 without urea (Figure 1). The newly developed
calculation method, LAviD, was performed using the two dilutions
treated with urea and the two without, and the ratio of dilution
factors was considered the avidity result (Figure 1A). Two
reference methods were employed. Similarly to LAviD, the
logistic-EPR method (Figure 1B) operates with end-point titres,
whereas AI yields simply a ratio of absorbances from a single
dilution of sample, treated with versus without urea (Figure 1C).
The three methods were finally cross-evaluated with ROC analysis
(Table 3, Figure 4) in regard to their ability to discriminate between
samples representing recent primary infection and long-term
immunity. The study design is summarized in Figure 2.

In optimal IgG concentrations (optimal dilution sets), all three
calculation approaches performed equally well (thick lines in
Figure 3). The ROC AUC value was, on average, 0.94 for LAviD, 0.93
for AI, and 0.93 for logistic-EPR (Figure 4A, Table 3). The
corresponding sensitivities and specificities, at maximum Youden
index value (sensitivity + specificity � 1) (Youden, 1950), were 91%
and 89% for LAviD, 90% and 88% for AI, and 90% and 88% for logistic-
EPR.

In general, the AI approach was most affected by the
concentration of IgG. This method yielded higher avidity values
in low dilutions of sample (high concentrations of IgG) and lower
avidity values in high dilutions of sample (low concentrations of
IgG), compared to optimal concentrations of IgG (Figure 3). The
LAviD approach yielded invariant avidity values (regardless of IgG
concentration) in acute-phase samples, but was affected by the IgG
concentration in past-infection samples (Figure 3). Logistic-EPR
was affected more than LAviD by the IgG concentration in acute-
phase samples and less than LAviD in the past-infection samples
(Figure 3). Overall, logistic-EPR was least affected by the
concentration of IgG (Figure 3, shaded-area sizes combined). In
practice, however, this did not translate into better diagnostic

able 2
onfusion matrix of the receiver operating characteristic analysis. The reference
tatuses are based on recent seroconversion, long-term seropositivity, or diagnostic
ssays of other (non-avidity) types. Here, sensitivity is true positivity in recent
rimary infection and false-negative ratio is false negativity in recent primary
fection. Conversely, specificity is true negativity in long-term immunity and false-
ositive ratio is false positivity in long-term immunity.
Avidity Reference status

Recent primary infection Long-term immunity

Low True positive False positive
Borderline Unknown Unknown
High False negative True negative

48
performance compared to LAviD (Table 3), as the alterations in
avidity values far above or below the cut-offs (e.g. from high to
even higher) did not change the numbers of avidity-based
diagnoses (high <–> borderline <–> low).

At high IgG concentrations the average AUC value and the
corresponding sensitivity and specificity were 0.95, 93% and 91%
2
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with LAviD, 0.91, 85% and 90% with AI, and 0.90, 86% and 90% with
logistic-EPR. At low IgG concentrations the AUC, sensitivity and
specificity were 0.91, 89% and 87% with LAviD, 0.87, 85% and 83%
with AI, and 0.91, 91% and 84% with logistic-EPR.

Finally, the net effect on the IgG-avidity values of the
antimicrobial IgG concentrations was investigated by analysing
the data from high, optimal, and low IgG concentrations
comprehensively (e.g., whether the samples of recent primary
infection at high IgG concentration can be discriminated from the
samples of long-term immunity at low IgG concentration). The
average overall AUC values and the corresponding sensitivities and
specificities were 0.93, 92% and 86% with LAviD, 0.88, 84% and 81%
with AI, and 0.91, 89% and 86% with logistic-EPR.

Conventional ROC analysis, without borderline-avidity zone
and compared with the result above, resulted (as expected) in
higher sensitivities and specificities but also in higher FPRs and
FNRs, with all panels, all IgG concentrations, and all avidity
calculation approaches. The AI was affected by the IgG concentra-
tion more than the other two approaches (Supplementary
Material Figure S3 and Table S1).

Discussion

The various approaches that exist for IgG-avidity calculation
can essentially be divided into two categories: AI-based and EPR-

et al., 1995a; Zachou et al., 2006) utilize linear relationships
between the signal level and the logarithm of dilution (log-linear
model); however, a linear relationship between the logarithms of
signal and dilution (log–log model), employed in our new
approach, has been proposed to be a better choice (Findlay and
Dillard, 2007). A four-parametric logistic-log model, utilized in the
logistic-EPR method, is considered the gold standard (Findlay and
Dillard, 2007). However, it calls for more data points than
considered cost-effective in a clinical laboratory setting. In the
logistic-EPR approach, the missing data are generated by a
database of existing titration curves (Korhonen et al., 1999);
however, the process requires proprietary software, the details of
which are not in the public domain.

Avidity can be determined in various ways from the same
(given) IgG titration curves, and resulting in different outcomes
(García et al., 2018). The signal level from which the end-point
titres or dilution factors are derived (see Figure 1A, B) does
influence the avidity result. Compared with a fixed absorbance
level (Supplementary Material Figure S1A), a dynamic (‘floating’)
level chosen individually by the absorbance values of each sample
proved to be a better choice in the present study (Figure S2B), but
did not perform well with samples of low IgG concentration (Figure
S2). The new LAviD method generates the dilution factors for
avidity calculation via a combination of two approaches, including
the use of a dynamic level (Supplementary Material Figure S1C,

Figure 2. Study design. Parvovirus B19 (B19V), cytomegalovirus (CMV), Toxoplasma gondii, rubella virus, and Epstein–Barr virus (EBV) panels comprising 460 sera, from
individuals with recent primary infection or long-term immunity, were assayed at high, optimal, and low IgG concentrations. The ensuing EIA absorbance raw data were then
used to calculate IgG avidity with three calculation approaches: LAviD, AI, and logistic-EPR. These avidity calculation approaches were evaluated using ROC analysis in regard
to their ability to discriminate between samples of recent primary infection and samples of long-term immunity. ROC curves were created separately from each dilution set
(performance within a distinct IgG concentration range) and by combining the data from the three dilution sets together (performance across all IgG concentrations; e.g.
whether recent primary infection samples at high IgG concentration can be discriminated from long-term immunity samples at low IgG concentration). The data were finally
summarized by calculating average ROC curves for the three avidity calculation approaches.
based. Globally, the AI has been more popular due to its simplicity
and satisfactory sensitivity and specificity. Although the titration-
based EPR is influenced less by the IgG concentration, it is more
laborious and reagent-consuming.

The majority of published EPR-based approaches (Hedman
et al., 1989b; Mercader et al., 2012; Perciani et al., 2007; Söderlund
483
D). Notably, the entire calculation process, from raw data to result,
can be done with conventional computer software (spreadsheet)
simply by inserting the data into predetermined formulae. An
example of such a spreadsheet is provided in the Supplementary
Material.



Figure 3. Avidity results of (A) parvovirus B19 (B19V), (B) cytomegalovirus (CMV), (C) rubella virus, (D) Toxoplasma gondii, and (E) Epstein–Barr virus (EBV) serum panels with
the new IgG avidity calculation method (LAviD) and with the reference methods avidity index and logistic-EPR. Samples were first assayed at optimal IgG concentrations
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Virtually all IgG-avidity assays, both in research and diagnosis,
employ two cut-offs to delineate the zones of high, borderline, and
low avidity, and these were applied in the ROC analysis in the
present study as well. As a borderline zone essentially is a safety
margin, its breadth can vary depending on whether low FPR and
FNR, or high sensitivity and specificity, are preferred. In the present
study, however, the aim was to perform an unbiased comparison of
three calculation approaches across five serum panels. In other
contexts, cut-off placement understandably may call for corre-
sponding adjustment.

In agreement with previous studies (Curdt et al., 2009; Hedman
and Seppala, 1988; Jenum et al., 1997; Kneitz et al., 2004), the AIs
here were affected by the IgG concentration (absorbance level)
most. Indeed, the avidity classes (high, borderline, low) derived by
the AI approach shifted on average in 17% of all samples (with a
corresponding average ROC AUC of 0.88) when re-analysed at four-
fold lower or four-fold higher IgG concentrations. Since higher IgG
levels tended to result in higher avidities, and vice versa, this effect
could be partially compensated for by employing an IgG-level-
dependent avidity cut-off. Overall, with AI the best clinical
performances were achieved with IgG concentrations within the
linear ranges of the corresponding EIAs.

The two EPR-based approaches, on the other hand, were largely
unaffected by the IgG level. Analysis of the samples, outside of the
optimal absorbance zone, changed the avidity diagnosis on average
in 5% (ROC AUC 0.93) of the samples with LAviD and in 5% (ROC
AUC 0.91) with logistic-EPR. In terms of susceptibility to IgG
concentration, the new LAviD method thus performed equally to
the logistic-EPR. Both of these two approaches did yield reliable
results even outside the linear range of the EIA, and by employing
only two data points (two distinct sample dilutions) per titration
curve. The EPR, as a measure of avidity, by definition corresponds
to the horizontal distance between the two curves (see Figure 1),
and can be affected by the absorbance level only indirectly. By

approach) have been suggested to be acceptable only within the
linear range of the EIA (Kneitz et al., 2004). Similarly, the ratio of
areas under the titration curves with and without a chaotrope has
also been introduced as an avidity measure (Perciani et al., 2007).
Interestingly, with linearly interpolated curves, this approach
equals to the average AI of multiple dilutions (Perciani et al., 2007),
and hence can be expected to be affected by IgG concentration.
Indeed, when B19V-IgG avidity in this study was calculated by the
AUC approach (Figure S4), the results did resemble those of the AI
approach. Altogether, the present study results are in agreement
with the literature, showing the AI to be influenced by the IgG
concentration (Curdt et al., 2009; Hedman and Seppala, 1988;
Jenum et al., 1997; Kneitz et al., 2004), and more so than the EPR
(Hedman et al., 1993; Jenum et al., 1997; Kneitz et al., 2004;
Mercader et al., 2012), especially with low-level IgG (Hedman et al.,
1989a; Mercader et al., 2018).

In IgG-avidity measurement based on non-chaotropic compe-
tition (Curdt et al., 2009), the calculation approach (ratio of signals
with and without the competing antigen, from a single dilution) is
essentially equivalent to the chaotropic AI (ratio of signals with and
without the chaotrope). Indeed, competition-based avidities were
shown to be influenced by the IgG concentration (Curdt et al.,
2009). In the future, it would be interesting to investigate whether
the EPR approach (i.e., sample titration) could also improve avidity
measurement in the competition-based assays, when operating
with low levels of specific IgG.

The measurement of IgG avidity has also been applied during
the current and ongoing severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) pandemic. The techniques have
included immunoblot (Bauer et al., 2021), EIA, and thin-film
interferometry (Luo et al., 2020), and the calculation approaches
have also been diverse (Bauer et al., 2021; Benner et al., 2020). The
same holds for the avidity results obtained so far for this virus, with
some studies showing avidity maturation within weeks of clinical

Table 3
Receiver operating characteristic (ROC) analysis, area under the curve (AUC) values. IgG avidity calculation approaches were evaluated in regard to their ability to discriminate
between samples representing recent primary infection or long-term immunity. The average AUC values were weighted with the numbers of samples in the B19 V, CMV,
rubella virus, Toxoplasma, and EBV serum panels, respectively (e.g., the EBV panel comprising 35 samples contributed less to the average than the B19 V panel comprising 135
samples). Samples were first assayed at optimal IgG concentrations and then re-analysed at four-fold higher and lower dilutions. The ROC analysis was done using separate
high and low avidity cut-offs, which is the orthodox method in clinical IgG avidity assays. First, the distance between the two cut-offs (i.e., size of the borderline zone) was
fixed proportionally to median avidities obtained with each pathogen and calculation approach. Second, and analogously to a single cut-off in conventional ROC analysis, the
borderline zone was used to generate data points of the ROC curves. AUC values of the false-negative ratio (FNR) vs 1 – false-positive ratio (FPR) curves are presented in
parenthesis; lower values signify lower FPR and FNR. Note: with the two cut-offs, sensitivity and specificity do not explicitly determine FNR and FPR.

IgG concentration Calculation approach B19V CMV Rubella virus Toxoplasma EBV Average
n = 135 n = 125 n = 102 n = 63 n = 35 n = 460

Alla LAviD 0.85 (0.03) 0.96 (0.00) 0.99 (0.00) 0.91 (0.00) 0.99 (0.00) 0.93 (0.01)
AI 0.78 (0.04) 0.93 (0.00) 0.90 (0.00) 0.88 (0.01) 0.98 (0.00) 0.88 (0.01)
Logistic-EPR 0.83 (0.01) 0.94 (0.00) 0.98 (0.00) 0.88 (0.00) 0.98 (0.00) 0.91 (0.00)

High LAviD 0.88 (0.04) 0.97 (0.00) 1.00 (0.00) 0.92 (0.00) 1.00 (0.00) 0.95 (0.01)
AI 0.81 (0.02) 0.94 (0.00) 1.00 (0.00) 0.90 (0.01) 1.00 (0.00) 0.91 (0.01)
Logistic-EPR 0.78 (0.01) 0.93 (0.00) 0.98 (0.00) 0.90 (0.00) 1.00 (0.00) 0.90 (0.00)

Optimal LAviD 0.87 (0.01) 0.96 (0.00) 1.00 (0.00) 0.91 (0.00) 1.00 (0.00) 0.94 (0.00)
AI 0.87 (0.01) 0.94 (0.00) 0.99 (0.00) 0.89 (0.01) 1.00 (0.00) 0.93 (0.00)
Logistic-EPR 0.87 (0.01) 0.94 (0.00) 1.00 (0.00) 0.89 (0.00) 1.00 (0.00) 0.93 (0.00)

Low LAviD 0.80 (0.00) 0.95 (0.00) 0.97 (0.00) 0.90 (0.00) 1.00 (0.00) 0.91 (0.00)
AI 0.75 (0.02) 0.93 (0.00) 0.92 (0.00) 0.86 (0.01) 1.00 (0.00) 0.87 (0.01)
Logistic-EPR 0.84 (0.01) 0.95 (0.00) 0.96 (0.01) 0.87 (0.00) 0.94 (0.00) 0.91 (0.01)

AI, avidity index; B19 V, parvovirus B19; CMV, cytomegalovirus; EBV, Epstein–Barr virus; EPR, end-point ratio; IgG, immunoglobulin G.
a Data from high, optimal, and low IgG concentrations were analysed together; e.g. whether recent primary infection samples at high IgG concentration can be

discriminated from long-term immunity samples at low IgG concentration.
contrast, avidity values derived from the vertical distances of
titration curves (i.e., the ratios of absorbances, as in the AI
(thick lines) and then re-analysed at four-fold higher (thin dashed lines) and lower (thin
index at optimal IgG concentrations and proportional to median avidities of the ‘acute’ a
the shaded areas reflect the effects of IgG concentration on the avidity results.
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onset (Benner et al., 2020; Luo et al., 2020), but others showing
delayed maturation even after several months (Bauer et al., 2021).
 solid lines) dilutions. Cut-offs for low and high avidity (set with the modified Youden
nd ‘past immunity’ groups) are marked with black vertical dashed lines. The widths of
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his highlights the importance of method standardization and
nowledge of the sources of bias, including the potential
usceptibility to IgG concentration of the avidity assay employed.
his is particularly critical, as higher quantities of anti-SARS-CoV-2
ntibodies are more often found in severely ill patients (Lynch
t al., 2020), compared to those with milder symptoms (Benner
t al., 2020; Luo et al., 2020).
In conclusion, the new avidity calculation approach performed

ell over a wide range of IgG concentrations and can be used with
he open-access spreadsheet provided in the Supplementary
aterial, simply by inserting EIA data into the corresponding cells.
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