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ABSTRACT: Personalized and precision vaccination requires consideration of an individual’s sex and age. This article proposed systematic
methods to study individual differences in adverse reactions following vaccination and chose trivalent influenza vaccine as a use case. Data
were extracted from the Vaccine Adverse Event Reporting System from years 1990 to 2014. We first grouped symptoms into the Medical
Dictionary for Regulatory Activities System Organ Classes (SOCs). We then applied zero-truncated Poisson regression and logistic regression
to identify reporting differences among different individual groups over the SOCs. After that, we further studied detailed symptoms of 4 selected
SOCs. In all, 19 of the 26 SOCs and 17 of the 434 symptoms under the 4 selected SOCs show significant reporting differences based on sex
and/or age. In addition to detecting previously reported associations among sex, age group, and symptoms, our approach also enabled the

detection of new associations.
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Introduction

Vaccination is one of the most effective methods to protect
the public against various infectious diseases.! Although their
benefits far overweigh risks and costs, vaccines are accompa-
nied by specific adverse events (AEs). Although most of the
adverse effects are very mild, rare but severe problems do hap-
pen, including serious allergic reactions, long-term seizures,
coma or lowered consciousness, deafness or permanent brain
damage, and even death.?

As required by the US Food and Drug Administration
(FDA), vaccines are tested for safety before they are allowed to
enter the market, and their performance is continuously evalu-
ated over time to identify any risks.> An assessment of vaccine
safety usually starts at the preapproval stage when the informa-
tion about AEs is collected during clinical trials. Due to rela-
tively small sample sizes, short follow-up periods, and
homogeneous testing populations, rare AEs and AEs more
prevalent in subpopulations (eg, different sex and age groups)
are likely missed during clinical trials.*

Vaccine Adverse Event Reporting System (VAERS) was
created in 1990 as a postmarketing surveillance system to
accept reports of possible AEs following vaccinations in the
United States.” Although there may not be a cause-and-effect

*J.D. and Y.C. contributed equally to this work.

relationship between vaccines and AEs reported in VAERS, it
can be used to detect signals of potential safety problems with
more rigorous methods.® Although VAERS can serve as a
postlicensure surveillance system to assess vaccine safety, it has
several limitations, including underreporting, lack of verifica-
tion of reported signals, wide range of data quality, and absence
of an unvaccinated control group.”

To address some of the above limitations, various statisti-
cal and data mining approaches have been developed to iden-
tify potential safety signals using VAERS data. These studies
use methods such as empirical Bayesian,® proportional report-
ing ratio,»!® and Delphic approach!! to detect the signal
between AEs and vaccines such as those for influenza, rotavi-
rus, typhoid fever, and anthrax. Most existing analyses focus
on identifying safety signals and causal relationships of vac-
cine AEs. To improve vaccine safety, however, individual dif-
ferences (especially age and sex) also need to be considered in
the context of precision vaccination.

As the most common vaccine type reported in VAERS, triva-
lent influenza virus vaccine (FLU3) was chosen in this study as a
use case due to its prevalence. Trivalent influenza virus vaccine is
the traditional flu vaccine to protect people against 3 different flu
viruses.”? Our previous work proposed a novel method that
combines terminology-based and statistical analyses to study the
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Figure 1. General project workflow. (A) Import VAERS records data to MySQL server and map symptoms to MedDRA SOC level. (B) Statistical analysis
of VAERS data using the symptoms to MedDRA SOC map. FLUS indicates trivalent influenza virus vaccine; MedDRA, Medical Dictionary for Regulatory
Activities; NCBO, National Center for Biomedical Ontology; SOCs, System Organ Classes; VAERS, Vaccine Adverse Event Reporting System.

differences in postvaccination reactions among age groups and
between sexes.!31* Our preliminary study using 1-year VAERS
data (year 2011) indicated that 15 of the 26 System Organ
Classes (SOCs) showed significant association with the age
groups or between sexes.!* In this study, we extended the pre-
liminary work to conduct a more comprehensive analysis on the
whole VAERS data set (1990-2014) and extended the methods
to further analyze the individual difference at the symptoms
level. We also did a detailed literature search to validate our
results and highlighted new findings detected by our methods.

Materials and Methods

Method overview

In this study, instead of considering several single vaccine-AE
associations, we took advantage of all the adverse symptom
information. Figure 1 shows our workflow. In step A, we first
imported all the VAERS reports (from years 1990 to 2014) to a
MySQL relational database on our server and then extracted all
the unique symptoms from FLU3 reports with serious reactions.
As VAERS contains thousands of different types of symptoms,
we sought to improve computational efficiency and avoid using
sparse data by grouping symptoms to the Medical Dictionary for
Regulatory Activities (MedDRA) SOC level using the mapping

methods described in our previous studies.!314

In step B, after grouping the symptoms into 26 SOCs, we

identified differences among different age groups and between

sexes over the SOCs using zero-truncated Poisson regression
and logistic regression. As the SOCs only cover high-level
classification of the symptoms, we went one step further to
study detailed symptoms for selected SOCs of interests.

Data source and descriptive analysis

The VAERS database currently contains more than 400 000
vaccine AE reports. Each VAERS report has been manually
annotated with MedDRA Preferred Terms (PT) by domain
experts.”> We searched the VAERS for US reports submitted
after FLU3 vaccination from 1990 to 2014 and extracted reports
with serious reactions (ie, death, life-threatening illness, hospi-
talization, prolonged hospitalization, or permanent disability).”
We calculated certain descriptive statistics, including the
total number of cases, the number of cases for each sex, and the
number of cases for different age groups. We grouped the case
reports into 5 age groups based on cut points (below 0.5 years,
0.5-17 years, 18-49 years, 50-64 years, and 65+ years) suggested
by the Centers for Disease Control and Prevention (CDC).1®
As the number of reports from age group 0 to 0.5 years is very
small (around 4% of all reports), we excluded these reports.

Mapping symptoms to MedDRA SOC level

According to the MedDRA user guide,'” each PT must be
linked to at least 1 SOC, and a PT can be linked to as many
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SOCs as appropriate. This indicates that each PT could be
grouped under more than 1 SOC. It results from the lack of a
well-defined hierarchical structure in MedDRA.18 Therefore,
double counting might happen when we group 1 PT to multi-
ple SOCs. To avoid this problem, we applied a mapping
method that was described in our previous work!* by leverag-
ing National Center for Biomedical Ontology (NCBO) web
services'” and the Depth-First Search (DFS) algorithm,?® we
first used a recursive tree-traversing method to retrieve all the
SOC:s that are linked by a symptom (PT term). Then, we
assigned a “primary SOC” to each term using an internation-
ally agreed order SOC list (see Table 1). If 1 PT term belongs
to several SOCs, we chose the SOC that is ranked the highest
in this internationally agreed order SOC list to be its primary
SOC.The order of the SOCs was based on the relative impor-
tance of each SOC in adverse drug reaction/AE reports.?!

Statistical methods

To further investigate the grouped results, we conducted statis-
tical analyses to explore the associations of SOCs with demo-
graphic factors, such as age and sex, and the correlations among

individual SOCs.

Zero-truncated Poisson regression model. As all the subjects
included in the data set have at least 1 SOC (ie, the number of
reported SOCs are nonzero), we used zero-truncated Poisson
regression instead of regular Poisson regression?? to fit the data.
First, an intercept-only regression model was fitted to estimate
the average number of symptoms for all subjects. After that, 2
covariates of age category and sex were added to the model to
estimate and compare the number of symptoms across differ-
ent age and sex strata. The goodness of fit for the zero-trun-
cated regression model was then evaluated by residual plots.

Logistic regression model. To explore the association of age and
sex with the occurrence of individual SOCs, we dichotomized
the original count number of SOCs to binary outcomes (0:
SOC = 0; 1: SOC = 0). For each SOC, we then conducted a
logistic regression analysis,?® with covariates being sex and age
category in the model. The women in age group 1 (0.5-17
years) were considered the reference group. To avoid multiple
testing problems, we used Bonferroni correction for hypothesis
testing.?* As we had 26 SOC:s in total, we set ; if the P value of
the Wald test for regression coefficient was less than .0019
(.05/26), we concluded that the covariate is statistically signifi-
cantly associated with the occurrence of SOC. The Hosmer-
Lemeshow test statistics were calculated to evaluate the
goodness of fit for each logistic regression model.

For the association of age and sex with the occurrence of
AEs at symptom level, we followed the steps of the SOC level
and used Bonferroni correction for hypothesis testing for each

selected SOC.

Spearman rank correlation coefficient. 'To measure the correla-
tions among all SOCs, we calculated the correlation coefficients

Table 1. MedDRA terminology SOC list based on internationally
agreed order.

SOoC ORDER
Infections and infestations 1
Neoplasms benign, malignant, and unspecified 2
(including cysts and polyps)

Blood and lymphatic system disorders 3
Immune system disorders 4
Endocrine disorders 5
Metabolism and nutrition disorders 6
Psychiatric disorders 7
Nervous system disorders 8
Eye disorders 9
Ear and labyrinth disorders 10
Cardiac disorders 11
Vascular disorders 12
Respiratory, thoracic, and mediastinal disorders 13
Gastrointestinal disorders 14
Hepatobiliary disorders 15
Skin and subcutaneous tissue disorders 16
Musculoskeletal and connective tissue disorders 17
Renal and urinary disorders 18
Pregnancy, puerperium, and perinatal conditions 19
Reproductive system and breast disorders 20
Congenital, familial, and genetic disorders 21

General disorders and administration site conditions 22

Investigations 23
Injury, poisoning, and procedural complications 24
Surgical and medical procedures 25
Social circumstances 26

Abbreviations: MedDRA, Medical Dictionary for Regulatory Activities; SOC,
System Organ Class.

of reported number of SOCs. As the number of SOCs is highly
right-skewed and non-normally distributed, we used the rank-
based Spearman p statistic to better estimate the correlation
coefficient.?> A correlation coefficient matrix was constructed to
present the pairwise correlation among SOCs.

Results
Descriptive results
For the study period (1990-2014), we imported 440 663 VAERS

reports to our local database. Among all 83 857 reports for FLU3
AEs, 7331 were serious. Of these serious reports, 3966 were for
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Figure 2. Sex distribution of serious trivalent influenza virus vaccine reports, from 1990 to 2014: (A) sex distribution for each year and (B) cumulative

distribution per sex group between 1990 and 2014.

W 0517 W 1840 W 50-64

1098 2000 2002

A

2004 2006 2008

2010 2012 2014

Figure 3. Age distribution of serious trivalent influenza virus vaccine reports, from 1990 to 2014: (A) age distribution for each year and (B) cumulative

distribution per age group between 1990 and 2014.

female patients, 3169 were for male patients, and 196 were with
unknown sex (Figure 2). There were 2230 patients older than 65
years (rounded to 32%), followed by age group 2 (18-49 years)
which included 1922 patients (rounded to 28%) (Figure 3). These
serious reports contained 72 076 symptom terms (not unique)
and 3904 symptoms (unique). Among those unique symptoms,
189 cannot be mapped to any SOC, 2721 can be mapped to one
of the SOCs, and 994 can be mapped to multiple SOCs. Three of
the most frequent SOCs in these serious reports are Investigation,
Nervous system disorders, and Infections and infestations. As
MedDRA versions continue to change, some symptom terms

cannot be assigned to the current MedDRA SOCs.

General results on SOC level

By applying the zero-truncated Poisson model with inter-
cept only, the result showed that the average number of

symptoms per subject from 1990 to 2014 was 9.818 (SE =
1.01). We found statistically significant differences in the
number of symptoms among age groups and between sexes.
Specifically, age group 4 (65+ years) showed the least number
of symptoms, 10.1% lower than the reference age group
(0.899 compared with intercept). Age group 3 (50-64 years)
showed the highest number of symptoms, which was 5%
higher than the reference age group (1.050 compared with
intercept). For difference in sex, men experienced 6.2%
higher number of symptoms than women, after adjusting for
age (1.062 compared with intercept).

Logistic regression on individual SOC level showed differ-
ences in SOC among age groups and between sexes. There
were a total of 13 SOCs that showed statistically significant
differences among age groups or sexes. Six SOCs showed sex
difference and 12 SOCs showed age group difference. Detailed
logistic regression results can be seen in Table 2.
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To study the correlation between SOCs, we calculated the
pairwise correlation matrix of the SOCs by applying the
Spearman method (see Figure 4). The color and size of spots
represent the strength of correlation among SOCs. The
detailed correlation coefficient matrix is given in Supplementary
Table E. As shown in the correlation coefficient matrix, there
was a moderate correlation (correlation coefficient = 0.3,
according to Cohen’s (1988) convention) between SOC 25
(Surgical and medical procedures) and SOC 23 (Investigations).
Other pairs showing moderate correlation include SOC 25
with SOC 8 (Nervous system disorders), SOC 23 with SOC 8,
and SOC 13 (Respiratory, thoracic and mediastinal disorders)
with SOC 11 (Cardiac disorders).

Analyses at the symptom level for 4 selected SOCs

To further explore individual SOCs, we focused on 4 SOCs of
interests and applied logistic regression model on the symptom
level within these 4 SOCs: Blood and lymphatic system disor-
ders (SOC 3), Immune system disorders (SOC 4), Cardiac dis-
orders (SOC 11), and Vascular diseases (SOC 12).
Blood-system-related SOC 3, SOC 11, and SOC 12 were
selected due to the fact that cardiac and vascular diseases are
reported as leading causes of death globally,?® which together
resulted in 17.3 million deaths in 2013.27 SOC 4 was chosen
due to its relatively larger occurrence and significant difference
in sexes detected by previous step (0.648 in men compared
with intercept).

The total occurrence of Immune system disorders was
2059, and there were 106 unique symptoms under this group.
The most frequent symptoms under this SOC were “Urticaria,”
“Hypersensitivity,” and “Asthma.” Due to the nonreported
occurrence of one or more subpopulation groups for some
symptoms, 33 models were fit for 33 unique symptoms. As we
set @ =0.05, if the P value of the Wald test for regression
coefficient is less than .0015 (.05/33), we concluded that the
covariate is statistically significantly associated with the occur-
rence of this symptom. Four symptoms were significantly dif-
ferent among age groups or between sexes. Specifically, 1
symptom showed differences in different sex and 3 showed
differences among different age groups. Detailed results of the
symptoms showing difference at sex or age can be seen in
Supplementary Table A.

For Blood and lymphatic system disorders, 87 unique symp-
toms were found. The total occurrence for those symptoms was
969. “Leukocytosis,” “Anemia,” and “Thrombocytopenia” were
the most frequent symptoms for this SOC. In all, 18 logistic
regression models were fit for 18 unique symptoms. If the P
value regression coefficient is less than .0028 (.05/18), we
concluded that the covariate is statistically significantly asso-
ciated with the occurrence of this symptom. Only 2 symp-
toms were found with significantly different prevalence
among different age groups. Detailed results can be seen in
Supplementary Table B.

For Cardiac disorders, there were 122 unique symptoms
found, and the total occurrence of these symptoms was 3287.
“Dyspnea,” “Chest pain,” and “Tachycardia” were the most fre-
quent symptoms for Cardiac disorders. In all, 31 logistic regres-
sion models identified 8 symptoms with significantly different
prevalence among different sex or different age groups (P <
.0016 [.05/31]). Detailed results can be seen in Supplementary
Table C.

The total occurrence of Vascular disorders was 1471,and 119
unique symptoms were found. “Hypertension,” “Hypotension,”
and “Pallor” were the most frequent symptoms for Vascular
Disorders. In all, 26 logistic regression models identified 3
symptoms with significantly different prevalence among differ-
ent age groups (P < .0019 [.05/26]). Detailed results can be seen
in Supplementary Table D.

Evaluation

Findings which are consistent with previous studies

Many of our results are consistent or partially consistent with
previous studies. This can be an indication that our methods
can be used to identify personal differences among age groups
and between sexes. In terms of sex differences, our method
detected that women have a higher probability of reporting
immune system disorders after vaccination, which is consistent
with previous studies that women have higher responses to
various types of vaccination.?® In addition, our finding indi-
cates that men have a higher probability of reporting renal and
urinary disorders after vaccination. Previous studies have shown
that there are sex differences in urinary disorders, such as uri-
nary tract infection,?’ interstitial cystitis,® and kidney dis-
eases.’! These sex differences may also cause different reactions
of the urinary system toward FLU3. In terms of age differ-
ences, our results indicate that age group 4 (65+ years) reported
the least number of symptoms among all age groups. Previous
studies have shown that aging may decrease the immune
response to vaccination,3? which may also be relevant to adverse
reactions. Age group 3 (50-64 years) showed a higher number
of reported symptoms than age group 2 (18-49 years), which is
consistent with the CDC National Health Interview Survey
showing that persons above 45 years experienced a larger num-
ber of diseases than persons below 44 eyars.33

On the symptom level, our study indicated that men had
lower rates of reporting “Dyspnea” than women after vaccina-
tion. This is consistent with previous study indicating that
women were experiencing more dyspnea in the symptoms of
acute coronary syndromes.3* In terms of age difference, our
study also indicated that the adult population (aged =18 years)
showed more responses on some symptoms under Cardiac and
Vascular disorders, such as “Dyspnea,”“Chest pain,”and “Chest
discomfort,” than the younger population. This is consistent
with previous findings reporting that aging can cause changes
in heart and blood vessels, which could increase the probability
of acquiring cardiovascular diseases.3? In addition, a previous
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Figure 4. The pairwise correlation matrix of System Organ Classes
(SOCs) determined by the Spearman method.

study showing that aging causes decreased immune responses
to vaccination®® supports our findings that many symptoms
under immune system disorders show lower probability in the

age groups older than 17 years.

New findings detected by our methods

In addition to the findings that can be confirmed by previous
studies, our methods have also identified some novel informa-
tion for trivalent influenza AEs. Here, we report the results
that are statistically significant but cannot be found, to the best
of our knowledge, from literature review through PubMed.

On the SOC level, for sex differences, we have found that
men have lower probabilities (19.9% lower) of acquiring skin
and subcutaneous tissue disorders after influenza vaccination
than women. To the best of our knowledge, there are no similar
studies on the relationship between influenza vaccinations and
skin disorders. For age differences, we also found that aging
people have more chances of acquiring renal and urinary disor-
ders after influenza vaccinations.

On the symptom level, we have identified some new asso-
ciations between symptoms with influenza vaccination. Our
results showed that men have higher chances of reporting
“Demyelinating polyneuropathy” and “Myocarditis.” We also
found that the younger population (younger than 17 years)
shows higher probabilities of having “Pallor” and “Contusion”
than the elder population.

These new findings can potentially be used to provide direc-
tions for future studies to uncover factors contributing to sex and
age differences in susceptibility to influenza infection, which
may be helpful in adjusting the dose and ingredients of the influ-
enza vaccines for people of different age and sex groups.

As there are few studies on the analysis of SOC level, we
believe most of our results on the correlations of SOCs have
not been reported by other studies. For example, there are cor-
relations between SOC 25 (Surgical and medical procedures)
and SOC 23 (Investigations), SOC 13 (Respiratory, thoracic
and mediastinal disorders) and SOC 11 (Cardiac disorders),
and so on. These newly found correlations might be helpful to
study the complications of FLU3 AEs.

Discussion and Conclusions

Although vaccines are held to the highest standard of safety,
they can cause adverse reactions that can sometimes be serious.
Vaccine Adverse Event Reporting System is one of the biggest
and most comprehensive postmarketing surveillance systems
in the United States to monitor and accept vaccination AE
reports. Using trivalent influenza vaccine as the use case, this
article proposed systematic methods that combined multiple
statistical models to detect potential sex and age AE differ-
ences at SOCs and symptom level for specific vaccines. The
following evaluation on the results showed that our methods
not only provide support for the findings from previous studies
but also identify some novel associations that have not been
reported by other studies.

Our results can provide direction for future studies to
uncover factors contributing to sex and age differences in sus-
ceptibility to influenza infection, which may be helpful in
adjusting the dose and ingredients of the influenza vaccines for
people of different age and sex groups. Our methods could also
be used to provide similar direction for other types of vaccines,
such as human papillomavirus, measles-mumps-rubella, and
typhoid fever vaccines. We can also apply these methods to
other data sets, such as the FDA Adverse Event Reporting
System (FAERS), or data from social networks, such as Twitter
or Facebook, to study the AE individual differences.

A significant limitation of our study is that the differences
in rates of reporting among different subpopulations could also
lead to identified differences in AEs for different subpopula-
tions. Further rigorous clinical studies need to be done to verify
our findings. Another limitation comes from the mapping pro-
cess when we mapped the symptoms to MedDRA SOCs. A
symptom could belong to several SOCs; however, we only
assigned 1 “Primary SOC” to each symptom term based on an
international agreed order. That international agreed order
could lead to biased mapping and thus lead to biased findings.
Due to the deficiencies of MedDRA, such as domain com-
pleteness and lack of well-defined hierarchy, we may consider
using Ontology of Adverse Events (OAE)'® in the future to

group the adverse symptoms more accurately.
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