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The methods currently used to determine the
immunoglobulin avidity index (AI) require the
choice of a reference point in the ELISA
titration curve. Since both curves, with and
without denaturating reagents, seldom run in
parallel, the AI value becomes highly depen-

dent on this reference. The new method for
AI calculation presented here takes into
account the whole data of the ELISA titration
curve in which the final numerical AI is the
average of each point. J. Clin. Lab. Anal.
21:201–206, 2007. �c 2007 Wiley-Liss, Inc.
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INTRODUCTION

During the maturation of the humoral immune
response, there is an antibody selection process that
results in synthesis of antibodies with increased antigen-
antibody association strength. The numerical constant
that represents this association strength is the avidity
index (AI). Analysis of IgG avidity proved to be useful
for differentiating primary and secondary infections in
many infectious diseases, such as toxoplasma, rubella,
and mumps (1–3). In addition, the determination of
antibody avidity has been gaining importance in the
assessment of vaccine efficacy, where the induction of
high-avidity antibodies is desired (3,4). The AI is
currently measured in immune sera by enzyme-linked
immunosorbent assay (ELISA) with the inclusion of one
additional step: treatment of the antigen-antibody
complex with denaturating reagents, such as urea or
thiocyanate (1,2). Experimentally, AI is usually deter-
mined by varying the antibody concentration; alterna-
tively, it is also possible to vary the concentration of
denaturating reagent (5). The latter method is used less
frequently, probably because it consumes more time.
Although the assay used to determine antibody

avidity is a very well established procedure, the methods
for AI calculation are still controversial. AI calculation
has been performed in numerous ways, all of which are
based on the ratio or percentage of bound antigen in the
ELISA plate with and without a denaturating agent,
which would be expressed as the optical density (OD)
(4,6), titer (7), or graphical distance (shift) between both
titration curves (8). When the AI is expressed as the

ratio of OD, usually a single-point determination in
which one fixed standard OD is used. Otherwise, when
the AI is expressed by the ratio of antibody titer, the
whole ELISA titration curve should be performed. In
this study we tested two methods for AI calculation: OD
and titer. We used sera of newborn mice vaccinated with
an anti-meningococcal serogroup B vaccine with an oil/
water emulsion prepared with porcine pulmonary
surfactant (PPS) (9) as adjuvant.
Vaccines against Neisseria meningitidis serogroup B

using outer membrane vesicles (OMV) as antigen have
low efficacy in infants (10,11) because they induce the
production of antibodies with low avidity, which do not
present bactericidal activity (12,13). In a previous study
(15) we showed that OMV-capsular polysaccharide
conjugated vaccine added to MF59s, an oil/water type
adjuvant (14), was able to induce antibodies against
OMV with increased avidity and bactericidal activity in
newborn mice. In the present study we tested an
alternative adjuvant hoping to induce similar high-
avidity antibodies in newborn mice. This adjuvant was
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also an oil/water emulsion prepared with PPS. Using the
data of this experiment, we noticed imprecision in the AI
calculation using the two methods. The imprecision was
due the fact that calculation of AI by these methods
involves the choice of a reference point in the ELISA
titration curve. However, titration curves obtained by
ELISA with and without denaturating reagents seldom
run in parallel (6,7). As a consequence of this unparallel
profile, AI values become highly dependent on the
reference point used for their calculation. Therefore,
we deduced a new method for AI calculation aiming
for more precision. This new method is based on the
ratio of the area value obtained in the ELISA graphic
(OD vs. log of dilution) with and without treatment with
a denaturating reagent. With this method, it was
possible to obtain more accurate results in the AI
calculation.

MATERIALS AND METHODS

Mice

Newborn Swiss mice (5 days old, about seven animals
per group) were maintained in the animal facility during
the experiments. For the generation of newborn mice,
pregnant females were separated and caged individually,
and newborns were maintained with their mother during
the experiment.

Vaccine, Adjuvant, and Immunization Scheme

OMV was produced according to a previously
described method (15). The oil/water PPS was prepared
using 5% squalene, 0.5% Tween 80, and 0.5% of PPS in
PBS. The solution was homogenized by vortex in five
cycles of 2min, followed by 10 cycles of 1min of
sonication (Branson Sonifier 450) with intervals of 3min
between each cycle in an ice bath. The vaccines were
formulated using 0.2 mg of OMV plus 20 mg of aluminum
hydroxide or PPS emulsion in a proportion of 1:1 (v:v).
The group of animals was injected with 1) OMV plus
aluminum hydroxide, 2) OMV plus PPS emulsion, and
3) saline, by the intraperitoneal route, using 0.05mL per
dose. A booster dose was administered 1 week after-
wards and the mice were bled by retro-orbital puncture
at 4 weeks after the first injection.

ELISA and AI Determination

Antibody avidity was measured using thiocyanate
(KSCN) as the chaotropic agent (16). In short, Hybond
Nunc 96 plates were coated overnight with 100 mL of a
4 mg/mL OMV solution in 100mM Tris/HCl buffer, pH
8.5. Sera were diluted in PBS in quadruplicate and
incubated for 90min at 371C. After three washes with
PBS, 100 mL of KSCN 1.5M dissolved in PBS were

added to one-half of the serial dilution and plain PBS
was added to the other one-half plate. After a 15-min
incubation, all wells were washed three times with PBS,
incubated with anti-mouse IgG-horseradish peroxidase
and revealed with 3,30,5,50-tetramethylbenzidine sub-
strate.
AI was determined by three different methods: 1)

single-point determination (4), in which the OD492nn
obtained by thiocyanate treatment was divided by
the respective OD492nm of the control assay, which
was settled as 1.0 and 0.5; 2) endpoint titer determina-
tion, in which the endpoint titer was determined
as the sera dilution OD492nm5 0.5 and 0.2; and 3)
the area of the antibody titration curve, as described in
this article.

Calculation of AI Based on the Area
of Antibody Titration

The method proposed here is based on the ratio of the
areas derived from the curves obtained by the plot of
OD and log of the sera dilution in the ELISA
experiment with and without thiocyanate treatment.
Figure 1 shows a typical plot of ELISA with and

without a KSCN wash, and the AI was defined by the
following equation:

AI ¼
AK

AC

ð1Þ

where AK is the area under the KSCN-washed curve,
and AC is the area under the control curve. In this
method the area calculation was divided into a sum of
trapezoid areas (Fig. 1), and each trapezoid’s area was
calculated as follows:

Axi ¼hðax;iþ1Þ þ h
ax;i � ax;iþ1

2

� �

¼
h

2
ðax;i þ ax;iþ1Þ

ð2Þ

In which x assumes c or k, for control or KSCN curves,
respectively; Axi is the area of the i

th trapezoid relative to
either control (Aci) or KSCN (Aki) curves; i5 1, 2,y,
n–1; n is the number of dilutions; h is the distance
between the parallels of the trapezoid, and shall be
constant for all trapezoids in experiments with logarith-
mic dilutions; and ax,i is the OD related to the ith sample,
or for the ith dilution, and the x type of curve.
Adding all trapezoids, we obtain

Ax ¼
Xn�1
i¼1

Axi ¼
h

2

Xn�1
i¼1

ðax;i þ ax;iþ1Þ ð3Þ
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That leads us to the final formula of the AI (Eq. [1]),
using Eq. [3], with simplifications:

AI ¼
Ak

Ac

¼

h
2

Pn�1
i¼1

ðak;i þ ak;iþ1Þ

h
2

Pn�1
i¼1

ðac;i þ ac;iþ1Þ

¼

2
Pn
i¼1

ak;i � ak;1 � ak;n

2
Pn
i¼1

ac;i � ac;1 � ac;n

ð4Þ

According to Eq. [4], the AI can be easily calculated as
the ratio of two times the summation of the ODs
obtained in the ELISA plot under the denaturating
condition minus the ODs of its first and last titration
data, divided by two times the summation of the ODs
obtained in the ELISA plot under the control condition
(without denaturation) minus the ODs of its first and
last titration data. This is a simplified numerical way to
calculate the relationship between areas of curves
instead of using integral functions.

RESULTS

The oil/water surfactant used in these experiments was
formulated based on the adjuvant MF59s, in which
only one component (Span 80) was substituted by PPS.
PPS is a mixture of phospholipids in which the main
component (about 76%) is phosphatidylcholine (10). It
matched very well with squalene and Tween 80 to form a
stable emulsion. The PPS emulsion was tested as
adjuvant with an anti-meningococcal OMV vaccine
using the same protocol previously tested with MF59s

(15). Neonate mice were injected with OMV antigen plus

PPS emulsion or aluminum hydroxide as control. At the
end of the immunization schedule, the mice were bled
and the sera analyzed for IgG avidity.
In Fig. 2 the OD 492nm values of ELISA from each

mouse were plotted against the respective log of dilutions,
and these plots were used to calculate the AI. As expected,
in most of the plots the thiocyanate-treated and control
curves were not parallel. As a consequence of this
unparallel shape, the AI values were highly dependent
on the reference value chosen for their calculation, and
Table 1 shows the magnitude of this variation. In order to
demonstrate the variability of AI, the values were
determined in individual mice sera by the three methods
described in the Materials and Methods section. Accord-
ing to Table 1, AI calculation was over- or underestimated
depending on the choice of the standard reference.
Furthermore, at a low reference value, such as the sera
dilution that resulted in an OD4925 0.2 (Table 1, method
2), samples with low IgG avidity could not be determined
or were imprecisely determined.

DISCUSSION

Different trials have shown that meningococcal
vaccines constituted by OMV are efficient for adults
and children older than 2 years of age, but not for
infants (16,18). One reason for the failure of the vaccine
in young children seems to be the difference in some
cytokine production profiles in young children (20).
Furthermore, there is also a difference in the quality of
the antibodies in young children, since the serum
bactericidal activity of IgG is also low (20). The effective
anti-meningococcal antibodies are related to high
avidity and complement dependent bactericidal activity
(21). We previously showed that the oil/water adjuvant
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Fig. 1. Typical plot of ELISA with and without a KSCN wash used to calculation of AI based on the Area of Antibody Titration. Squares,

OD of PBS curve (aCI); diamonds, OD of KSCN curve (aKI); ACI, area under KSCN curve.
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Fig. 2. IgG ELISA profile of control and KSCN treated sera of mice immunized with OMV vaccine. AAl, sera of adult mice immunized with

OMV and Aluminum hydroxide; APPS, sera of adult mice immunized with OMV plus pulmonary surfactant emulsion; NAl, sera of newborn

mice immunized with OMV plus aluminum hydroxide; NPPS, sera of newborn mice immunized with OMV plus porcine pulmonary surfactant.

TABLE 1. AI determination using three different methods�

Mice Method 1 (OD5 1)a Method 1 (OD5 0.5)a Method 2 (OD5 0.5)b Method 2 (OD5 0.2)b Method 3 (areas)

AAl 1 0.29 0.07 0.22 0.36 0.27
AAl 2 0.34 0.11 0.31 0.44 0.37
AAl 3 0.22 n.d. 0.28 n.d. 0.34
AAl 4 0.18 n.d. 0.23 n.d. 0.31
APPS 1 0.42 0.07 0.43 n.d. 0.49
APPS 2 0.41 0.23 0.40 0.54 0.41
APPS 3 0.25 0.06 0.27 0.44 0.28
APPS 4 0.34 0.11 0.28 n.d. 0.34
APPS 5 0.30 0.23 0.17 0.40 0.28
APPS 6 0.28 0.14 0.19 0.37 0.27
NAl 1 0.34 0.16 0.26 n.d. 0.35
NAl 2 0.51 0.43 0.49 0.67 0.50
NAl 3 0.14 0.16 0.00 0.11 0.14
NAl 4 0.17 0.18 0.01 0.20 0.16
NAl 5 0.18 0.25 0.00 n.d. 0.20
NAl 6 0.20 0.16 0.11 0.14 0.20
NPPS 1 0.24 0.08 0.17 0.35 0.24
NPPS 2 0.11 n.d. 0.15 0.22 0.21
NPPS 3 0.16 n.d. 0.17 n.d. 0.26
NPPS 4 0.27 0.23 0.16 n.d. 0.26
NPPS 5 0.19 0.10 0.13 n.d. 0.21
NPPS 6 0.37 0.17 0.25 0.39 0.30
NPPS 7 0.27 0.04 0.17 0.30 0.27

�AI was determined using three different methods: Method 1, single-point determination; Method 2, end-point titration using; Method 3, based
on titration area.
aCutoff OD.
bTiter calculation corresponded to OD.
Aal, sera of adult mice immunized with OMV vaccine and aluminum hydroxide as adjuvant; APPS, sera of adult mice immunized with OMV
vaccine and porcine surfactant emulsion as adjuvant; NAI, sera of newborn mice immunized with OMV vaccine and aluminum hydroxide as
adjuvant; NPPS, sera of newborn mice immunized with OMV vaccine and porcine surfactant emulsion as adjuvant; n.d., not determined.

204 Perciani et al.

J. Clin. Lab. Anal. DOI 10.1002/jcla



MF59 included in the OMV vaccines was able to induce
high-avidity antibodies with bactericidal activity in
newborn mice (15). MF59 is an oil/water emulsion
composed of squalene, Tween 80, and Span 85 in water
(14). In this study we tested an emulsion in which Span
85 was replaced by PPS. In its formulation, the amount
of squalene, which is considered the main component of
MF59, was maintained and a stable emulsion was
obtained. However, as shown in this study, the PPS
emulsion when added to the OMV vaccine failed to
induce high-avidity antibodies in newborn mice. Work-
ing with the sera of mice immunized with OMV vaccine,
whose results are presented here, we noticed that the
main cause of the variation in AI determination is that
all of the methods require the choice of a reference point
in the ELISA titration curve. The shape of the ELISA
graphical plot of KSCN-treated and -untreated samples
seldom runs as parallel curves (7,8), probably due to the
fact that these reagents inhibit the antigen–antibody
interaction in a competitive mechanism. Therefore, the
AI value will be over- or underestimated depending on
the reference point used for its calculation. This
unparallel shape is more emphasized in samples with
low AI (7), and as consequence the imprecision in AI
evaluation is higher in serum samples with low avidity
than with high-avidity antibodies. The reference points
used here and shown in Table 1 are the same as those
used in the literature: I) ODs corresponding to 0.2 or 0.1
are currently the choice for the single-point determina-
tion method (7); II) a serum dilution corresponding to
OD5 0.1 or 0.2 was also taken in the endpoint titration
method (7,22); III) and a value that was 50% of the
maximum OD, which corresponds to about 0.8 to 1.0,
was also used (23,24).
The AI calculated by the method of area is reliable

because it takes into account the data of the whole
ELISA titration curve, where the final numerical AI is
the average of each point. In order to make the area
calculation a simple process, the hyperbolic shape was
substituted by a sequence of trapezoids. Therefore,
instead of an integral calculation, the final numeric AI is
the ratio (KSCN-treated vs. control) of the summation
of the trapezoids obtained from the titration curve.
A reliable method to calculate the antibody AI is highly
desirable for laboratory clinical diagnosis to discrimi-
nate recent from distant infection in many diseases, and
the method presented here may result in less imprecision
than the current ones.
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