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LETTER

Large discrepancy between the two-way rNHT distances in
hemagglutinin-inhibition assay

Dear Editor,

The influenza viruses cause continual epidemics in hu-
man society. As is reported by the World Health Organi-
zation (WHO), each year the seasonal influenza viruses,
i.e., human influenza A (H1N1), A (H3N2) and B vi-
ruses, infected 5%~15% of the world’s population, lead-
ing to about 3 to 5 million cases of severe illness and
about 250000 to 500000 deaths worldwide (WHO,
2014). Vaccination is currently the most effective way to
fight against it. Due to the frequent mutations on the HA
protein, the virus often changes its antigen, which may
lead to the ineffectiveness of the influenza vaccines (Car-
rat and Flahault, 2007; Taubenberger and Kash, 2010).

Understanding the antigenic changes of the virus is
helpful in developing vaccines against the influenza vi-
rus. Currently, the hemagglutinin-inhibition (HI) assay is
most widely used in determining the antigenic character-
istics of influenza virus (Hirst, 1941; Ndifon et al., 2009;
Ndifon, 2011). In each HI assay, a HI table is generated,
each entry Hij of which represents the HI titer of strain i
relative to antisera raised against strain j (Figure 1A).
The standard measure of the antigenic difference
between virus strains i and j is the reciprocal of the nor-
malized HI titer of i relative to antisera raised against j:
rNHTij = Hjj /Hij, or vice versa, rNHTji (Ndifon et al.,
2009). Usually, only one-way rNHT distance (either
rNHTij or rNHTji) is used in determining the antigenic
variant in influenza surveillance. Few studies have in-
vestigated the relationship between the pairwise two-way
rNHT distances (Ndifon et al., 2009), i.e., the rNHTij and
rNHTji distance. Here, by collecting large amounts of HI
data of seasonal influenza virus, i.e., influenza A (H1N1),
A (H3N2) and B virus (Supplementary Materials), we
systematically analyzed the relationship between the
pairwise two-way rNHT distances for influenza viruses.

Although there are median correlations between the
pairwise two-way rNHT distances for all three (sub)
types (with Pearson Correlation Coefficient (PCC) ran-
ging from 0.61 to 0.68, Supplementary Figure S1), sur-
prisingly, large discrepancies were observed between the
pairwise two-way rNHT distances, as is shown in Figure
1B. The median differences between the pairwise two-

way rNHT distances all equal to 4, while the mean dif-
ferences range from 11 to 12 for all three (sub)types.

Generally, a strain is said to be antigenically drifted
relative to another strain if the rNHT distance is greater
than or equal to 4 (WHO, 2002; Ndifon et al., 2009). We
found that among a total of 456, 1286 and 753 pairs of
two-way rNHT distances for A (H1N1), A (H3N2) and B
virus, 72%, 59% and 70% of these pairs agree with each
other for the three (sub)types respectively. For the other
pairs of two-way rNHT distances, one rNHT distance is
greater than or equal to 4, but the other rNHT distance is
less than 4, or vice versa. In some cases, the larger rNHT
distance is much larger than the smaller one (Figure 1B
and Supplementary Figure S1). This suggests that one
should be cautious to determine the antigenic variant
based on one-way rNHT distance only, which was usu-
ally done in routine influenza surveillance.

We next attempted to investigate the factors behind
the difference of the pairwise two-way rNHT distances.
The fold difference in rate of homogenous titers (the HI
titer of a strain relative to the antisera raised against it-
self) for virus strains i and j was found to correlate most
strongly with the differences between the pairwise two-
way rNHT distances in all three subtypes (Figure 1C).
To some extent, the homogenous titer for a strain re-
flects its ability of binding to the red blood cells, which
was reported to significantly influence the titers of the
virus in HI assays. Therefore, the difference of homoge-
nous titers for strain i and j could in part represent the
different ability of the viruses binding to the red blood
cells, which further influenced the difference between
the pairwise two-way rNHT distances. Moreover, this
could be validated by the significantly positive correla-
tions between the differences of receptor-binding sites
and that of the pairwise two-way rNHT distances (Fig-
ure 1C).

In addition, we found the differences between the pair-
wise two-way rNHT distances for a pair of virus strains i
and j correlated positively with the length of the time
period between the isolation time of this pair of viruses
(Figure 1C). Interestingly, we found that for all three
(sub)types of influenza viruses, the rNHT distance with
the virus generating homogenous titer isolated in earlier
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time is significantly larger than that with the virus gener-
ating homogenous titer isolated later (Supplementary
Figure S2). This suggests that more antisera raised
against the virus isolated in earlier time are needed to
neutralize the virus isolated later than the reverse.

We further analyzed whether the differences on HA1
protein between virus strains contributed to the discre-
pancies of pairwise two-way rNHT distances. The num-
ber of amino acid mutations on HA1, antigenic epitopes,
receptor-binding sites and N-glycosylation sites were all
observed to correlate positively with the differences
between the pairwise two-way rNHT distances (Figure
1C). Moreover, the changes of 60, 72 and 50 amino acid
positions  on  HA1  protein  for  influenza  A (H1N1),
A (H3N2) and B virus respectively also correlated signif-
icantly with the differences between the pairwise two-
way rNHT distances (Supplementary Table S2). Most of
them were located in antigenic epitopes for influenza
A (H1N1) and A (H3N2) viruses. Taken together, the

differences on HA1 protein could explain 46%, 45% and
42% of the variance of the differences between the pair-
wise two-way rNHT distances for influenza A (H1N1),
A (H3N2) and B virus, respectively (Supplementary
Table S3).

To facilitate its usage in influenza surveillance, we
next determined the confidence level of one-way rNHT
distances in determining the antigenic variant of influ-
enza virus. The rAHM distance, which integrated the
pairwise rNHT distances (Archetti et al., 1950; WHO,
2002) (see Supplementary Materials), was reported to be
more accurate in measuring the antigenic difference.
When the rAHM distance between a pair of viruses is
greater than or equal to 4, they were regarded as antigenic
variants. Using this definition, we determined the ratio of
antigenic variants for different bins of rNHT distance
(Figure 1D). When the rNHT distance is less than 4, or
greater than or equal to 8, the ratio of antigenic variants
is mostly larger than 80%. While in the bin of 4~8 ( ≥ 4

Figure 1.  The discrepancies of pairwise two-way rNHT distances for influenza A (H1N1), A (H3N2) and B virus. (A) The
HI table and the calculation of pairwise two-way rNHT distances. (B) The distribution of the differences between the
pairwise two-way rNHT distances in influenza A (H1N1), A (H3N2) and B viruses. (C) Correlations (Spearman Correla-
tion Coefficient) between the differences of pairwise two-way rNHT distances and fold differences in rate of the homo-
logous titers (Homo-titer), the length of isolation time interval (Time period), the number of amino acid mutations on HA1
protein (HA1), antigenic epitopes, receptor-binding sites (RBS) and N-glycosylation sites (N-gly) between pairs of vi-
ruses for influenza A (H1N1), A (H3N2) and B virus. (D) The ratio of antigenic variant in different bins of rNHT distance.
The dashed box refers to the bin with the largest uncertainty in determining the antigenic variant for influenza virus.
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& < 8), the rNHT distance has the least confidence in de-
termining the antigenic variants for all three (sub) types.
We next attempted to improve the confidence of antigenic
variants determination for the rNHT distances in this bin
using the HA protein sequences. For influenza A (H3N2)
virus, we found the HA protein sequence-based compu-
tational method PREDAC-H3 (Du et al., 2012; Peng et
al., 2016) achieved a higher accuracy than the rNHT did
(0.65 vs 0.54) (Supplementary Table S4).

Considering the large discrepancy between the pair-
wise two-way rNHT distances in the HI assay, determin-
ing the antigenic variants using one-way rNHT distance
may be misleading. The better way is to determine the
pairwise two-way rNHT distances between a pair of vi-
ruses. Considering the substantial amount of experimen-
tal effort involved in HI assays, an alternative way is to
improve the quality of HI data by computational meth-
ods. For example, the methods developed by Ndifon
could be used to recover unmeasured HI data from the
measured data and to minimize noise and non-antigenic
variation in the HI data (Ndifon, 2011). Besides, since
the influenza virus is reported to evolve at population
level, the population-based methods, such as the antigenic
map, antigenic cluster or antigenic cartography (Smith et
al., 2004; Barnett et al., 2012; Du et al., 2012; Peng et
al., 2016), may improve the confidence level of individ-
ual one-way rNHT distance. This is particular useful
when determining the antigenic relationships for lots of
viruses. Last but not the least, the sequence-based com-
putational methods (Liao et al., 2008; Deem and pan,
2009; Du et al., 2012) developed recently, such as the
PREDAC-H3 mentioned above (Supplementary Table
S4), could also help determine the antigenic relationship
between viruses when there is a lack of two-way rNHT
distances.
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