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Reproducibility of Serological Titers
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Serologists are making increasing use of the term "reproducibility" when
referring to the reliability or repeatability of serological tests. The practical use

of the concept, however, has been limited by the absence of an appropriate
numerical scale on which differing reproducibilities can be quantified and objec-
tively compared. This limitation can be overcome by adopting the proposed
quantitative measure of reproducibility. The recommended measure is a natural
extension of the common practice of considering a serological test to be acceptably
reproducible so long as replicate titers remain within a twofold range. The
measure can be readily used in the field of serology, and examples are given of
how this can be done.

Measurement methods are continually stud-
ied in the laboratory sciences. As a minimum,
clinical chemists and serologists must remain
aware of the level of reliability or repeatability
of their laboratory measurement methods. Clin-
ical chemists have adopted the inverse of the
standard deviation (precision) and the coeffi-
cient of variation (percent error) as handy indi-
ces of measurement method repeatability be-
cause the essence of repeatability is reflected in
the variance or standard deviation of the meas-
urements. In contrast, serologists seldom refer
to repeatability in terms of precision or percent
error; instead, they tend to refer to it as repro-
ducibility. For serologists, "reproducibility" may
connote the actual measurement process more
closely than "precision" and "percent error"; the
word itself emphasizes that interest is centered
in producing measurements subject to minimal
variation.
Through increasing use, chemists have devel-

oped and implemented precision and percent
error as useful quantitative measures. In the
field of serology, however, the analogous poten-
tial of the reproducibility concept has not been
exploited. Perhaps the first positive step was
taken a decade ago when Hall and Felker (1)
suggested a working definition of reproducibility
in the serological laboratory. This suggestion,
however, has been largely ignored. In this paper,
their suggestion serves as the starting point for
a proposed quantitative measure of the repro-
ducibility of serological titers.

Hall and Felker suggested that serum titer
reproducibility be defined as " . . . the percentage
of duplicate assays that yield the same titers or
titers differing by only one dilution." In our
modified version of this definition, serial dilu-
tions used in assaying a serum are based on a
dilution ratio of 2 (other dilution ratios will not

be considered at this time), and serum titer
reproducibility is defined as the probability that
the maximum ratio of two distinct titers (ob-
tained in the blind) on the same serum specimen
will not exceed 2.
This definition permits reproducibility to be

dependent on the individual specimen being as-
sayed. It allows the possibility that the repro-
ducibility of a test method may be different for
each specimen. This flexible definition is con-
sistent with the hemagglutination inhibition
(HI) serum titer data presented later. These
data show that reproducibility may decrease
with increasing HI serum titers. This is not
surprising because of two related points. First,
the defined probability certainly diminishes as
the standard deviation (of replicate titers on the
same specimen) increases. Second, a rather com-
mon (but not universal) measurement phenom-
enon is that the standard deviation increases as
the value being measured increases.
The purpose of this paper is to propose and

advocate a particular quantitative measure of
the repeatability of serological tests. This pur-
pose could be served by using only artificial data
in the examples. However, we decided to use
real laboratory data from a designed study using
the arbitrarily chosen FIAX test in order to
provide a note of realism.

MATERIALS AND METHODS
Preselected, healthy human donors volunteered

sera that were either HI positive or HI negative for
rubella virus antibodies as determined by replicate
testing in the Center for Disease Control rubella he-
magglutination test (2). An automated fluoroimmu-
noassay system (FIAX, International Diagnostic
Technology, Santa Clara, Calif.) was used by a single
laboratorian, in accordance with the manufacturer's
instructions, to assay 16 sera in three separate runs
per day for 30 days within a 2-month period. The sera

541



542 WOOD AND DURHAM

were initially divided into 30 sets of 16 sera each, and
a different set was used each day. All sera were stored
at -,700C.
A 1:41 dilution of each sample (sera and FIAX

calibrator) was made with an automatic pipetter-di-
luter, and the dilutions were incubated with dual-sur-
face (rubella virus-coated/control) polymeric immu-
noabsorbent samplers. The samplers were then
washed and stained with fluorescein isothiocyanate-
labeled goat anti-human globulin (polyvalent). After
a final wash, the fluorescence emission of each sampler
was read in a fluorometer interconnected to a micro-
computer that printed out the digital HI-analogous
rubella titers. Because of the automated nature of this
serological technique, blind coding of the specimens
was not considered necessary. The same lot of rubella
FIAX test kits was used throughout the study.

RESULTS

For each run with the FIAX system, a calibra-
tion curve is determined from results obtained
with three calibrators. Antibody titers of the test
specimens are obtained by interpolation from
this curve. Consequently, titers do not come

truncated (in this paper, truncated titer [TT]
refers to a titer obtained by reducing an integer
titer to the nearest lower integer power of 2) to
the next lower integer power of 2 as do conven-

tional HI serum dilution titers; they are free to
take on any of a continuum of values.
The proposed method of estimating the repro-

ducibility of a serological test is demonstrated
with data from the 30 afternoon runs for 2 sera

selected from the 16 included in the designed
study. For the first two examples, the data used
were obtained by truncating the test kit titers to
the next lower integer power of 2 to simulate
conventional HI serum dilution titers. In the
third and final example, the data from the sec-

ond example are used in the form of the actual
untruncated test kit titers rounded to integers.

Since the titers for the two sera used in these
examples were obtained on 30 different days, the
results computed can only estimate among-day
reproducibility in contrast to among-run-within-
day or within-run reproducibility. Estimates of
these latter two would require data having the
proper among-run or within-run structure.
Example 1. The data in Table 1 are the TTs

obtained for a single serum specimen in the 30
afternoon runs. The first set of 10 TTs was

obtained on the first and each successive third
day of the 30-day period. Approximately 5 days
elapsed between each 2 adjacent days in this
sequence. The second set of TTs was obtained
on the second and each successive third day, and
the third set was obtained on the third and each
successive third day of the 30-day period. The
data are split into these three independent sub-
samples of 10 to show variability among inde-

pendent estimates of the unknown reproducibil-
ity parameter.

In computing the estimate of reproducibility,
the sample relative frequencies are used as

though they are the probabilities of observing
the corresponding TTs on repeated assays of the
same serum specimen. The estimate is computed
as the probability of observing a pair of TTs
whose maximum ratio does not exceed 2, that is,
whose positive difference in log2 (TT) does not
exceed 1. This can be done by listing the possible
ways of selecting (with replacement) a pair of
log2 (TT) from the observed sample frequency
distribution. This list for set 1 from Table 1 and
the associated probabilities are given in Table 2.
The nine possible ordered pairs are listed in

the second column of Table 2. The seven pairs
numbered 1, 2, 3, 6, 7, 8, and 9 each have a

positive difference in log2 (TT) that does not
exceed 1. The estimate of among-day reproduc-
ibility is the sum of the probabilities associated
with these seven pairs. The estimate is (25 + 15
+ 15 + 9 + 6 + 6 + 4)/(10)2 = 80/100 = 0.80.
Because the sum of the probabilities in Table

2 is 1, the estimate of reproducibility can also be
obtained from the probabilities associated with
those pairs whose positive difference in log2 (TT)
exceeds 1. In this example, only pairs 4 and 5
qualify, and the estimate of reproducibility is 1
- [(5 x 2 x 2)/(10)2] = 0.80. This is usually the

TABLE 1. Frequency distribution of TTs obtained
on 30 distinct days with a single serum specimen:

example 1

TT Log2 Set 1 Set 2 Set 3 Total(TT)

64 6 0 0 1 1
128 7 5 5 4 14
256 8 3 4 3 10
512 9 2 1 2 5
Frequency total 10 10 10 30

TABLE 2. All possible ordered pairs of log2 (TT)
selected from the set 1 sample frequency distribution

of Table 1

Pair Log2 (T)
nao. ordered Probability of selecting the pair

pair

1 7 and 7 (5/10) x (5/10) = 25/(10)2
2 7 and 8 (5/10) x (3/10) = 15/(10)2
3 8 and 7 (3/10) x (5/10) = 15/(10)2
4 7 and 9 (5/10) x (2/10) = 10/(10)2
5 9 and 7 (2/10) x (5/10) = 10/(10)2
6 8 and 8 (3/10) x (3/10) = 9/(10)2
7 8 and 9 (3/10) x (2/10) = 6/(10)2
8 9 and 8 (2/10) x (3/10) = 6/(10)2
9 9 and 9 (2/10) x (2/10) = 4/(10)2

100/(10)2= 1
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simplest way to compute the estimate of repro-

ducibility.
The estimate is interpreted as follows. The

sample of 10 replicate TTs, shown as set 1 in
Table 1, contains information about the among-
day reproducibility of the test system with this
specimen. The information indicates that if the
specimen were assayed on 2 distinct days, there
would be approximately an 80% chance that the
two TTs would not differ by more than a factor
of 2; conversely, there would be approximately
a 20% chance that the TTs would differ by more
than a factor of 2.
The simplest way to estimate the reproduci-

bility is to focus on the pairs whose log2 (TT)
differences exceed 1. For set 2 in Table 1, the
estimate is 1 - (5 x 1 x 2)/(10)2 = 0.90. Note
that this second independent estimate is higher
than the first estimate.
For set 3 in Table 1, 16 ordered pairs are

possible (6-6, 6-7, 7-6, 6-8, 8-6, 6-9, 9-6, 7-7, 7-8,
8-7, 7-9, 9-7, 8-8, 8-9, 9-8, and 9-9). Six of these
(6-8, 8-6, 6-9, 9-6, 7-9, and 9-7) have a difference
in log2 (TT) that exceeds 1. Thus, the estimate
of among-day reproducibility from these data is
1 - 2 x [(1 x 3) + (1 x 2) + (4 x 2)]/(10)2 =

0.74. This independent estimate is lower than
the first two.

If the results from the three sets for all 30
days are combined, a fourth estimate, based on

more data than either of the first three esti-
mates, can be computed. This estimate can be
expected to be somewhat closer to the real un-

known reproducibility of the test system with
this specimen. The combined data from the final
column of Table 1 lead to the consolidated esti-
mate 1 - 2 x [(1 x 10) + (1 x 5) + (14 x 5)]/
(30)2 = 0.811.
Example 2. The example in Table 3 is in-

tended to provide additional experience with the
computation procedure for the proposed esti-
mate of reproducibility. This example will be
followed by a final, more general example which
should fully acquaint the reader with this com-
putation method. All assay results are from the
study previously described. They differ only in
having been obtained with different specimens.
As in Table 1, the data in Table 3 have been
subdivided into three 10-day sets.
With the previous estimating method, the re-

producibility estimates for the three independ-
ent sets of data in Table 3 are 0.90, 0.96, and
0.92, respectively. The estimate using all 30 data
points is 1 - 2 x (3 x 11)/(30)2 = 0.926.
The composite data in Table 1 have a geo-

metric mean TT of approximately 199 and a

reproducibility estimate of 0.811. The corre-

sponding statistics for the second specimen from

TABLE 3. Frequency distribution of TTs obtained
on 30 distinct days with a single serum specimen:

example 2

TT Log2 Set I Set 2 Set 3 Total(TI')
8 3 1 1 1 3
16 4 4 7 5 16
32 5 5 2 4 11
Frequency total 10 10 10 30

Table 3 are approximately 19 and 0.926. The
difference in these two reproducibility estimates
reflects, in addition to sampling error, a higher
variability inherent in assay results for speci-
mens with higher levels of antibody. Evidence
of this difference in variability can be seen by
contrasting the variation among the three sub-
estimates from Table 1 with that from Table 3.
These estimates are 0.80, 0.90, and 0.74 for the
high-titered specimen in Table 1 and 0.90, 0.96,
and 0.92 for the low-titered specimen in Table 3.
The greater variation in the first three estimates
is due to a greater inherent variability among
repeated assay results for this specimen. Not
only is this increased variability associated with
a lower reproducibility parameter, it also leads
to greater variability in sample estimates of that
parameter. At the same time, this variability
decreases as the number of replicate titers on
the same specimen increases. This subject will
be pursued more specifically in a future report.
Example 3. Data for the final example are

given in Table 4. They are the composite data
from Table 3, except that they are the actual
untruncated test kit titers rounded to integers.
From Table 4 the number of pairs whose maxi-
mum ratio exceeds 2 can be obtained as follows.
The number of such pairs with 10 as the lowest
integer titer (LIT) is 1 x 26, the number with 14
as the LIT is 2 x 14, the number with 19 as the
LIT is 1 x 4, etc. The first number in each
product is the frequency observed for that LIT.
The second number is the total ofthose observed
frequencies of integer titers that exceed twice
the subject LIT. These results for the example
in Table 4 are given in Table 5.
From Table 5 the estimate of among-day re-

producibility of the integer titers for this speci-
men is 1 - (2 x 68)/(30)2 = 0.848, which is lower
than the estimate of 0.926 from the correspond-
ing 30 TTs in Table 3. This difference results
from the fact that of the (30)2 = 900 possible
ordered pairings of the 30 titers, only 2 x 33, or
66, of them had a maximum ratio that exceeded
2 after truncation, whereas 2 x 68, or 136, met
this condition before truncation. The difference
consists of those 70 ordered pairs for which the
two characteristics of log2 (integer titer) differed
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TABLE 4. Integer test kit titers obtained on 30
distinct days with a single specimen

Integer titer Frequency Integer titer Frequency

10 1 29 2
14 2 31 1
19 1 32 2
21 1 33 1
22 3 34 1
23 2 36 2
25 2 37 1
26 1 39 2
27 1 40 1
28 2 56 1

TABLE 5. Numbers ofpairs of integer titers (total of
68) from Table 4 having a maximum ratio greater

than 2
Lowest ti- Lowest ti-
ter of the No. of pairs ter of the No. of pairs

pair pair

10 1x26 25 2x1
14 2 x 14 26 1 x 1
19 1 X 4 27 1 x 1
21 lxi 28 2x0
22 3x 1
23 2x 1

by exactly 1 and the mantissa for the larger
member of the pair exceeded that of the smaller
member. Because of this, for a given set of serum
titers the estimate of reproducibility based on
the truncated titers will, in general, be higher
than the estimate based on the untruncated
titers.

DISCUSSION

Since the time of Karl F. Gauss (1777-1855),
the most commonly used quantitative index of
measurement repeatability has been the stan-
dard deviation of repeated measurement results.
This ubiquitous measure is, however, not the
only such index that might be used, nor is it
necessarily the most appropriate one for all ap-
plications.
Bypassing this most common measure of re-

peatability, it is proposed that serologists use an
alternative measure which is to be called "repro-
ducibility." For any distribution of measure-
ments, this useful measure of the repeatability
of serum dilution assays is related to the stan-
dard deviation. The specific nature of this rela-
tionship, together with implications of practical
importance to serologists, will be discussed in a
future report.
Among-day reproducibility is a quantitative

index of a very important aspect of any serum

assay method. It directly reflects the credibility

to be attached to any lone titer result, that is,
the degree to which the reported titer depends
on the day it is obtained. There are situations,
however, in which the among-day reproducibil-
ity is not of primary importance. One such situ-
ation arises when acute-phase and convalescent-
phase specimens from the same patient are as-
sayed together in the same run as an aid in
deciding whether serum conversion has taken
place. Here, it is the within-run reproducibility
that is of concern because it reflects the degree
of reliance that can be placed on the difference
of two titers obtained in a single run.
The proposed estimate of reproducibility can

be used to estimate among-day reproducibility,
among-run-within-day reproducibility, and
within-run reproducibility. One only needs a set
of replicate serum dilution titers, collected (in
the blind) in accordance with a design appropri-
ate to the particular reproducibility to be esti-
mated. When the reproducibility of serum dilu-
tion titers depends on the titer level of the
specimen, an estimate of this reproducibility
based on single pairs of titers from each of any
number of different specimens would only be
advisable if all of the specimens had essentially
the same antibody level.
Given the appropriate replicate titers for a

specimen, the estimate of serum dilution titer
reproducibility is most efficiently computed as
1 - 2 x WIN2, where W is the sum of the
products of the observed frequencies associated
with those titers that can be placed in pairs
having a maximum ratio of titers exceeding 2
and N is the total number of replicate titers of
the subject specimen. If the reproducibility pa-
rameter decreases as the level of antibodies in-
creases, then (with a fixed number of replicate
titers) the variability of the estimate of the pa-
rameter increases. For a given level of antibod-
ies, the variability in the estimate decreases as
the number of replicate titers increases. This
algorithm for estimating serum dilution titer
reproducibility can be readily automated, even
on today's smaller computers.
The proposed reproducibility measure reflects

the degree to which a test repeats itself on a
given specimen. In contrast to this, sensitivity
measures the ability of a test to correctly identify
positive specimens, whereas specificity measures
the ability to correctly identify negative speci-
mens. Consequently, these measures depend
upon reproducibility in addition to the degree to
which the test results average near the correct
target values. Thus, sensitivity and specificity
are somewhat broader measures than reproduc-
ibility. Their assessment, however, requires
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specimens whose state of positivity is known.
This requirement is frequently difficult to sat-
isfy.
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