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ABSTRACT

This study compared the immunogenicity of the measles-mumps-rubella (MMR) vaccine when adminis-
tered alone versus when co-administered with the rotavirus vaccine in infants aged 8-9 months. In this
prospective cohort study, 1,198 infants were enrolled: 800 received combined MMR and rotavirus
vaccines (experimental group), while 398 received the MMR vaccine alone (control group). A Hurdle
Gamma model analyzed vaccination impact on antibody levels in both groups and the correlation
between antibody responses. Geometric mean concentrations of measles, rubella, and mumps IgG
antibodies increased significantly in both groups after vaccination. The experimental group demon-
strated 209-fold, 25-fold, and 12-fold increases, respectively, with comparable increases in the control
group. Hurdle Gamma model analysis revealed significant positive effects of vaccination on all three
antibody levels, with no significant differences between MMR-rotavirus combined vaccination and MMR
vaccination alone. Random effects analysis showed strong negative correlations for measles and rubella
IgG antibodies (correlation coefficients: —1.00 and —0.99, respectively) and a moderate negative correla-
tion for mumps IgG antibodies (correlation coefficient: —0.56). This study represents the first application
of a Hurdle Gamma model to compare immunogenicity between standalone MMR vaccination and
combined MMR-rotavirus vaccination. The results demonstrate equivalent MMR antibody responses
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between these two vaccination approaches.

Introduction

The measles-mumps-rubella (MMR) vaccine plays a crucial
role in preventing three severe infectious diseases: measles,
mumps, and rubella. Its global implementation has dramati-
cally reduced disease incidence and mortality." In China,
healthcare providers annually administer one dose of Chinese-
manufactured monovalent oral rotavirus vaccine to children
aged 2 months to 3 years.” This schedule frequently overlaps
with the 8-month MMR vaccination schedule, creating numer-
ous opportunities for concurrent administration.” As vaccina-
tion programs evolve, public health priorities must focus on
optimizing vaccination strategies to enhance both individual
immune responses and population-level immunity.

The rotavirus vaccine effectively prevents rotavirus diarrhea
and has increasingly prompted investigation into the feasibility
and immune outcomes of co-administration with MMR
vaccine.* Combining these vaccines in a single administration
may offer more comprehensive protection for children and
simplify the vaccination process, reducing the burden on
families and the healthcare system. However, interactions
between co-administered vaccines may affect the immuno-
genicity of individual vaccine components,” which can subse-
quently influence overall protective efficacy.®

Our study compares the immunogenicity between standa-
lone MMR vaccination and concurrent MMR-rotavirus vacci-
nation for first-dose administration. By analyzing immune

responses under these two vaccination regimens, we aim to
provide evidence for optimizing childhood vaccination sche-
dules and developing more evidence-based immunization
strategies.

Materials and methods
Study participants

We conducted this study across five regions in Gansu
Province: Liangzhou District, Anding District, Qin’an
County, Longxi County, and Lintao County. We selected
healthy children aged 8-9 months based on two data sources:
the three-year disease incidence data from the “China Disease
Prevention and Control System” for measles, rubella, and
mumps, and the rotavirus diarrhea records from county-level
general hospitals’ outpatient and inpatient departments. All
participating children had no previous rotavirus, MMR, or
measles vaccinations, and no history of confirmed rotavirus
diarrhea, measles, rubella, or mumps infections. We obtained
written informed consent from all participants’ legal guardians
in accordance with ethical principles.

Study groups

We employed a randomized approach to assign participants to
study groups. We first numbered eligible participants
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according to their arrival time and then assigned random
numbers to divide them into two groups. The experimental
group (Rotavirus + mmR group) received concurrent admin-
istration of MMR and rotavirus vaccines, while the control
group (MMR group) received the MMR vaccine alone.

Inclusion and exclusion criteria

Inclusion Criteria: (1) Children aged 8-9 months whose guar-
dians provided informed consent; (2) Children who demon-
strated good health on physical examination and met
vaccination criteria; (3) Participants able to comply with study
protocol requirements; (4) Children without prior administra-
tion of relevant vaccines or prophylactic products in the past
month; (5) Children with axillary temperature <37°C.
Exclusion Criteria: (1) Children who had any known allergies
to vaccine components were excluded from the study. (2)
Children who presented with active acute illness, severe chronic
disease, or acute exacerbation of chronic conditions were not
eligible. (3) Children who had any bleeding disorders or pro-
longed bleeding time could not participate. (4) Children who
had a history of exanthematous disease infection within the past
month were excluded. (5) Children who had received other
vaccines, immunoglobulin injections, or investigational drugs
within the past 4 weeks were not included. (6) Children who had
immunodeficiency or were undergoing immunosuppressive
therapy were excluded. (7) Children who had encephalopathy,
uncontrolled epilepsy, or other progressive neurological disor-
ders were not eligible. (8) Children who had any acute illness or
infection requiring systemic antibiotic/antiviral treatment
within the past 7 days were excluded. (9) Children who had
experienced fever (axillary temperature > 38°C) within the past
3 days could not participate. (10) Children who were participat-
ing in other clinical studies were excluded. (11) Children who
had ongoing rotavirus infection or persistent watery diarrhea
lasting more than 3 days were not eligible.

Sample size estimation

This study utilized a 2:1 non-inferiority design. The formula
for sample size estimation is shown below:
2
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Where: n, represents the sample size of the control group; nz
represents the sample size of the experimental group; k is the
allocation ratio (k = 2, indicating twice as many subjects in the
experimental group); Z;_,is the standard normal deviate at
one-sided significance level a = 0.05 (Z,_, = 1.645); Z;_g is the
standard normal deviate at power 1-B, where $=0.20 (Z; 5=
0.842);0represents the non-inferiority margin for the differ-
ence in seroconversion rates; 1 is the weighted average sero-
conversion rate, calculated as =(2mt,+72)/3,” where 7; and 72
are the expected seroconversion rates in the experimental and
control groups, respectively. Based on previous literature, the
seroconversion rates of serum IgG antibodies following MMR

vaccination are: 99.10% for measles, 93.20% for rubella, and
89.83% for mumps.® Assuming that the seroconversion rate of
the combined vaccination group is no lower than 90% of the
single vaccination group, the control group requires approxi-
mately 396 participants, and the experimental group requires
approximately 794 participants.

Study vaccines

The vaccines used in this study were Chinese produced and
approved products that passed inspection by the China National
Institutes for Food and Drug Control, possessing “Biological
Product Batch Release Certificates.” The CCID50 (Cell Culture
Infectious Dose 50%) represents a 50% cell culture infection dose.
The MMR vaccine was manufactured by Beijing Tiantan
Biological Products Co., Ltd., formulated as a lyophilized powder,
with a specification of 0.5mL/vial. The active ingredients are:
measles live virus>1000 CCID50, mumps live virus>5000
CCID50, rubella live virus = 1000 CCID50, with a batch number
of *12190. The oral rotavirus vaccine was manufactured by
Lanzhou Biological Products Institute Co., Ltd., formulated as
an oral liquid, with a specification of 3.0 mL/vial. The dosage was
3 mL per administration, and the active ingredient was live virus
content > 5.5 Ig CCID50/mL, with a batch number of * 04042.

Sample collection and testing methods

Blood Sample Collection: We collected blood samples from all
participants through venipuncture at two time points: before
vaccination and 5 weeks post-vaccination. We followed strict
standard operating procedures for blood collection: control-
ling needle insertion depth to within 2 mm (not exceeding
2.5 mm) and ensuring the collection site showed no inflamma-
tion or edema. Using sterile techniques, we drew 3 mL of
venous blood into 5 mL collection tubes.

Serum separation and storage

We processed blood samples using the following protocol:
First, we allowed samples to sit at room temperature for 2-3-
hours (extending this time when serum volume was insuffi-
cient, or placing samples in a 37°C water bath for 30 minutes if
needed). We then centrifuged samples at 3500-4000 r/min for
3-5minutes, repeating centrifugation when necessary to
achieve adequate serum separation. We aliquoted the sepa-
rated serum into two storage tubes (labeled A and B), ensuring
tube numbers matched participant numbers and the randomi-
zation list. Finally, we stored all serum samples at —20°C.

Antibody Testing Method: We used enzyme-linked immu-
nosorbent assays (ELISA) to detect specific serum antibodies:
Measles IgG, Mumps IgG, and Rubella IgG antibodies. We
performed all tests using quantitative assay kits from Virion-
Serion Biotechnology Co., Ltd. (Germany), which included:
Measles Virus IgG Antibody Test Kit (batch number: SAE.
CA), Mumps Virus IgG Antibody Test Kit (batch number:
SGD.DI) Rubella Virus IgG Antibody Test Kit (batch number:
SHD.BN),We used all test kits within their expiration dates
and strictly followed the kit instructions. We expressed all
results in AU/mL.



Statistical analysis

We processed and analyzed data using R 4.4.2. We calculated
the geometric mean concentration (GMC) of antibodies using
the formula: GMC = exp(mean(In(x))), where x represents
antibody concentration values greater than zero.” We
employed a Bayesian mixed-effects model for statistical infer-
ence. Due to the presence of zero values or below-detection-
limit data for IgG antibody activity, we applied a hurdle
gamma distribution.'® We included a random slope term in
the model to account for individual differences in vaccination
response. The model construction is as follows:
For non-zero observations:

yi~Gamma (yi, (x)

log(/“‘i) = By + B, trti + P,time; + Pyage; + f,gender;
=+ (bOi =+ bl,-timei)

For zero observations:

P(y; = 0) = logit™" (y, + y,trt; + y,time; + y;age; + y,gender;)

Random effects

boi ~N 0 g pOOL
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Where: y; represents the IgG antibody activity of the i-th
participant, y; is the mean parameter of the Gamma distribu-
tion, « is the shape parameter of the Gamma distribution, trt; is
the treatment variable, time; is the time variable (representing
pre-vaccination/post-vaccination), age; is the age, gender; is
the gender, by; is the random intercept (representing indivi-
dual baseline differences), by; is the random slope (represent-
ing individual heterogeneous response to time),
Bo:B1>Bys By By are the fixed-effect coefficients for the
Gamma part, y,, ¥, ¥, V3, V4 are the fixed-effect coefficients
for the zero inflation part, o) and o? are the variances of the
random intercept and the random slope, respectively, and p is
the correlation coefficient between the random effects.

Link function: y: uses the log link log(y;), the shape para-
meter a: uses an identity link, and a logit link for zero-inflation
probability. Bayesian statistical modeling was performed using
the brms package (version [2.22.0]) in R 442M

Posterior inference was based on the Markov Chain Monte
Carlo (MCMC) method, generating posterior samples. To
improve computational efficiency and diagnose model conver-
gence, each model was run with four independent MCMC
chains, each chain iterated 2000 times, and the first 1000
iterations were discarded as a burn-in period. The default

HUMAN VACCINES & IMMUNOTHERAPEUTICS e 3

priors of the brms package were used, and the 95% highest
density interval (HDI) was calculated from the posterior sam-
ples to serve as the credible interval (CI) of parameter esti-
mates. The practical significance of the effect was evaluated
using the region of practical equivalence (ROPE) and HDI. If
the 95% HDI of a parameter fell entirely outside the ROPE, the
effect was considered statistically significant and practically
meaningful. If the 95% HDI of a parameter fell completely
within the ROPE, the effect was considered practically negli-
gible. If the 95% HDI partially overlapped with the ROPE, the
results were considered uncertain and required assessment in
combination with other evidence.'” When the Region of
Practical Equivalence (ROPE) interval in Bayesian analysis
could not be automatically determined using the bayestestR
package, we adopted a standardized effect size of [0, 0.2] as the
ROPE threshold, referencing Cohen’s recommendations for
effect sizes and Kruschke’s research.'>'* The ROPE intervals
for measles, rubella, and mumps antibodies were calculated
based on the median of their respective pre-immunization
antibody titers: [0, 0.2] x Median, resulting in [0, 1.00], [0,
0.18], and [0, 2.38], respectively. Model diagnostics included:
checking MCMC trace plots to evaluate chain mixing and
convergence; calculating the Rhat statistic, with an Rhat value
close to 1 (typically considered less than 1.1) indicating good
convergence between chains'’; and calculating the effective
sample size (ESS) to assess the precision of posterior estimates.
The smallest ESS value was reported, and all parameters had an
ESS value that was sufficiently large (typically considered
greater than 200).'°

Quality control

We ensured all researchers completed required training and
obtained necessary qualifications. Before initiating the study,
we developed standard operating procedures covering
informed consent, blood collection, and vaccine administra-
tion. Our dedicated monitors supervised study implementa-
tion to ensure protocol compliance. We clarified questionable
data through written documentation and conducted on-site
verification when necessary.

Results
Baseline characteristics of study participants

We included 800 participants in the experimental group and
398 in the control group. The experimental and control groups
showed no significant differences in age and gender distribu-
tion (Table 1). Table 2 shows the GMC levels and their 95% CI
of measles, rubella, and mumps antibodies before and after
vaccination in both experimental and control groups. For the

Table 1. Baseline characteristics of children in the experimental and control groups (Bayesian analysis).

Group Experimental Group (n = 800) % Control Group (n=396) % 95% CI ROPE %in ROPE
Age -0.01 ~.07 -0.10~0.10 100%

8 Months 357 (44.63%) 159 (40.15%)

9 Months 443 (55.37%) 237 (59.85%)

Gender —0.03~.12 —-0.18~0.18 100%
Male 402 (20.25%) 186 (46.96%)

Female 398 (49.75%) 210 (53.03%)
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Table 2. GMC levels and 95% Cl of measles, rubella and mumps antibodies Pre- and Post-vaccination vaccination in different age groups between experimental and

control groups.

Experimental Group GMC (95% Cl)

Control Group GMC (95% CI)

I9G Antibody Time Point Age Male Female Male Female
Measles Pre-Vaccination 8 Months 0.04 (0.03 ~ 0.04) 0.03 (0.02 ~ 0.04) 0.04 (0.03 ~ 0.05) 0.03 (0.03 ~ 0.04)
Pre-Vaccination 9 Months 0.04 (0.03 ~ 0.04) 0.04 (0.03 ~ 0.05) 0.04 (0.03 ~ 0.06) 0.04 (0.03 ~ 0.05)
Post-Vaccination 8 Months 1.44 (1.37 ~1.51) 1.43 (1.35~ 1.49) 1.41 (1.33 ~ 1.49) 1.32 (1.22~1.43)
Post-Vaccination 9 Months 1.43 (1.32~1.55) 1.40 (1.26 ~ 1.55) 1.37 (1.19 ~ 1.58) 1.43 (1.25~1.63)
Rubella Pre-Vaccination 8 Months 0.06 (0.05 ~ 0.08) 0.06 (0.05 ~ 0.07) 0.07 (0.06 ~ 0.09) 0.07 (0.05 ~ 0.09)
Pre-Vaccination 9 Months 0.06 (0.05 ~ 0.07) 0.07 (0.06 ~ 0.09) 0.06 (0.05 ~ 0.08) 0.07 (0.06 ~ 0.09)
Post-Vaccination 8 Months 1.13 (0.96 ~ 1.32) 1.07 (0.94 ~ 1.24) 0.93 (0.72~1.18) 1.02 (0.81 ~ 1.28)
Post-Vaccination 9 Months 1.12 (0.98 ~ 1.27) 1.08(0.95 ~ 1.23) 1.04 (0.87 ~ 1.26) 1.16 (1.00 ~ 1.36)
Mumps Pre-Vaccination 8 Months 0.02 (0.02 ~ 0.03) 0.02 (0.02 ~ 0.03) 0.02 (0.01 ~0.02) 0.03 (0.02 ~ 0.03)
Pre-Vaccination 9 Months 0.02 (0.02 ~ 0.03) 0.03 (0.02 ~ 0.03) 0.02 (0.02 ~ 0.03) 0.03 (0.02 ~ 0.03)
Post-Vaccination 8 Months 0.39 (0.34 ~ 0.46) 0.33 (0.26 ~ 0.41) 0.39 (0.30 ~ 0.48) 0.32 (0.22 ~ 0.46)
Post-Vaccination 9 Months 0.33 (0.29 ~ 0.38) 0.35 (0.29 ~ 0.40) 0.31 (0.25~0.38) 0.40 (0.33 ~0.47)

8-month age group, before vaccination, the measles antibody
GMC in the experimental group was 0.04 (95% CI: 0.03-0.04)
for males and 0.03 (95% CI : 0.02-0.04) for females, while in
the control group, it was 0.04 (95% CI: 0.03-0.05) for males
and 0.03 (95% CI: 0.03-0.04) for females. After vaccination,
the measles antibody GMC significantly increased to 1.44 (95%
CI : 1.37-1.51) and 1.43 (95% CI: 1.35-1.49) for males and
females in the experimental group, and to 1.41 (95% CI:
1.33-1.49) and 1.32 (95% CI: 1.22-1.43) for males and females
in the control group, respectively. Regarding rubella antibodies
in the 8-month age group, the pre-vaccination GMC in the
experimental group was 0.06 (0.05-0.08) for males and 0.06
(95% CI : 0.05-0.07) for females, while the control group
showed 0.07 (95% CI: 0.06-0.09) for males and 0.07 (95%
CI:0.05-0.09) for females. Post-vaccination levels increased to
1.13 (95% CI: 0.96-1.32) and 1.07 (95% CL: 0.94-1.24) for
males and females in the experimental group, and to 0.93
(95% CI: 0.72-1.18) and 1.02 (95% CI: 0.81-1.28) in the con-
trol group, respectively. Mumps antibody levels were generally
low before vaccination in the 8-month age group, with GMC of
0.02 for both males and females in the experimental group.
After vaccination, levels increased to 0.39 (95% CI: 0.34-0.46)
and 0.33 (95% CI: 0.26-0.41), respectively. In the control
group, pre-vaccination GMC was 0.02 (95% CI: 0.01-0.02)
for males and 0.03 (95% CI: 0.02-0.03) for females, rising to
0.39 (95% CI: 0.30-0.48) and 0.32 (95% CI: 0.22-0.46) post-
vaccination, respectively. The 9-month age group showed
similar trends in antibody level changes as the 8-month age

group.

Analysis of results in the experimental and control groups

Our analysis revealed significant increases in antibody GMCs
across both groups. In the experimental group, measles IgG
antibody GMC increased from 6.96 to 1457.43, rubella IgG
antibody GMC rose from 1.13 to 28.11, and mumps IgG anti-
body GMC increased from 13.87 to 163.04. Similarly, the control
group showed increases from 7.45 to 1504.75 for measles, 7.45 to
26.78 for rubella, and 13.73 to 164.25 for mumps. The Hurdle
Gamma model’s fixed-effect analysis demonstrated vaccina-
tion’s positive impact on all three antibody levels. After adjust-
ing for age, sex, and grouping variables, we observed the
following increases in log mean antibody levels, Measles: 5.31
(95% CI: 5.15-5.47); Rubella: 3.24 (95% CI: 3.14-3.34); Mumps:

2.45 (95% CI: 2.35-2.54). Comparing the experimental and
control groups, the median between-group difference in
measles-specific IgG antibody levels was 0.01 (95% CI: —0.02
to 0.03), with a probability of direction of 70.75% and 71.84% of
the posterior distribution falling within the ROPE (0-1.00); for
rubella-specific IgG antibody levels, the median between-group
difference was 0.00 (95% CI: —0.04-0.03), with a probability of
direction of 56.33% and 43.34% of the posterior distribution
falling within the ROPE (0-0.18); for mumps-specific IgG anti-
body levels, the median between-group difference was 0.00 (95%
CI: -0.03-0.03), with a probability of direction of 58.79% and
40.74% of the posterior distribution falling within the ROPE
(0-2.38). The 95% CI and ROPE analysis indicated no statisti-
cally significant differences between the two groups regarding
measles, rubella, and mumps-specific IgG antibody levels. The
median post-vaccination IgG antibody levels were 5.31 (95% CI:
5.15-5.47) for measles, 3.24 (95% CI: 3.14-3.34) for rubella, and
2.45 (95% CI: 2.35-2.54) for mumps. Analysis of the 95% CI and
ROPE results demonstrated significant increases in measles and
rubella antibody levels post-vaccination compared to pre-
vaccination levels, with 0% and 0.00% of the posterior distribu-
tion falling within the ROPE, respectively. In contrast, mumps
antibody levels showed no significant change post-vaccination,
with 6.24% of the posterior distribution falling within the ROPE.
These findings indicate that vaccination effectively boosted
measles and rubella IgG antibody responses, while the mumps
component elicited no statistically significant change in anti-
body levels (Table 3). Random effects analysis from the Hurdle
Gamma Model revealed strong negative correlations between
pre- and post-vaccination levels of measles and rubella IgG
antibodies (correlation coefficients: —1.00 and -0.99, respec-
tively), while mumps IgG antibodies exhibited a moderate nega-
tive correlation between pre- and post-vaccination levels
(correlation coefficient: —0.56).

Discussion

Our study demonstrates that concurrent MMR-rotavirus
vaccination achieves equivalent measles, rubella, and
mumps IgG antibody responses compared to MMR vaccina-
tion alone. This finding carries significant clinical and public
health implications, supporting the implementation of com-
bined vaccination strategies without compromising indivi-
dual vaccine immunogenicity. Methodologically, we
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Table 3. Fixed-effect analysis results of the Hurdle Gamma model in the experimental and control groups.

IgG Antibody Parameter Median 95% Cl Probability of Direction ROPE % in ROPE Rhat ESS
Measles Intercept 1.1 0.38 ~1.81 99.85% 0~1.00 38.87% 1.00 5294.00
Group 0.01 -0.02 ~0.03 70.75% 0~1.00 71.84% 1.00 6603.00
Vaccination 5.31 5.15~5.47 100.00% 0~1.00 0% 1.00 958.00
Age 0.1 0.03 ~0.20 99.75% 0~1.00 100% 1.00 5750.00
Gender 0.05 —-0.03 ~0.12 88.12% 0~1.00 90.13% 1.00 5395.00
Rubella Intercept -0.45 -132~043 84.82% 0~0.18 8.24% 1.00 2855.00
Group 0.00 —0.04 ~ 0.03 56.33% 0~0.18 43.34% 1.00 2654.00
Vaccination 3.24 3.14~3.34 100.00% 0~0.18 0.00% 1.00 2314.00
Age 0.09 -0.01~0.19 96.08% 0~0.18 95.82% 1.00 2818.00
Gender 0.02 —-0.08 ~0.11 63.62% 0~0.18 64.34% 1.00 2647.00
Mumps Intercept 1.87 1.21~2.55 100.00% 0~238 95.59% 1.00 751.00
Group 0.00 —-0.03 ~0.03 58.79% 0~238 40.74% 1.01 584.00
Vaccination 2.45 235~254 100.00% 0~238 6.24% 1.00 499.00
Age 0.09 0.01~0.16 98.39% 0~238 100% 1.01 753.00
Gender 0.07 —-0.01~0.14 95.25% 0~238 97.63% 1.00 608.00

advanced beyond traditional antibody GMC calculations,
which typically substitute zero values or below-detection-
limit values with half of the lower limit of detection
(LLOD). Instead, we employed a Hurdle Gamma Bayesian
model to analyze the relationship between antibody activity
and other variables. This approach eliminates potential data
bias from variable data transformation and provides a more
accurate representation of antibody level distribution, parti-
cularly for low-level antibodies ."”

Our Hurdle Gamma model analysis demonstrates that vac-
cination significantly enhanced all three antibody levels, with
no significant differences between groups. This finding con-
firms that concurrent MMR-rotavirus vaccination maintains
MMR vaccine immunogenicity, providing crucial evidence for
optimizing childhood immunization programs and supporting
same-time-point vaccination strategies. We observed signifi-
cant post-vaccination increases in all three antibodies, with
measles IgG showing the most robust response (p=5.31,
95% CI: 5.15-5.47), followed by progressively lower increases
in rubella and mumps IgG levels. These findings align with
Sedigheh et al.‘s results.>” The random effects analysis demon-
strated a strong negative correlation between measles and
rubella IgG antibody random effects. Mumps IgG antibodies
showed a moderate negative correlation. These findings indi-
cate that initial IgG antibody levels inversely relate to immune
response intensity. Brith Christenson et al.'® found that
measles vaccine re-vaccination did not significantly boost
immunity in children who had acquired natural immunity.
Claire-Anne Siegrist'” demonstrated that high maternal
measles antibody levels significantly suppress infant antibody
responses after immunization, resulting in lower seroconver-
sion rates and/or geometric mean antibody titers compared to
infants with low maternal antibody levels. These findings align
with our study’s results, which show that higher initial IgG
antibody levels correlate with weaker immune responses. The
mumps IgG antibody levels increased less markedly than
measles and rubella IgG antibodies, consistent with Yang
et al.'s*® previous findings in Shanghai. J. Schenk et al.*' also
reported significant antibody level increases after MMR vacci-
nation. Our results not only confirm these previous findings
but also expand current knowledge by showing that rotavirus
vaccine co-administration maintains MMR vaccine
immunogenicity.

Despite providing significant evidence, this study has sev-
eral limitations: The study was conducted only in certain
regions of Gansu Province and may not fully represent the
overall situation. Antibody levels were measured only 5 weeks
post-vaccination, and data on long-term immune persistence
are lacking. The study focused on immunogenicity, with rela-
tively limited assessment of the safety of combined vaccina-
tion. The study did not measure rotavirus antibody levels and
could not assess the impact of combined administration on the
immunogenicity of the rotavirus vaccine.

Conclusion

This study pioneers the application of a Hurdle Gamma model
to analyze and compare MMR vaccine immunogenicity
between standalone and combined MMR-rotavirus vaccina-
tion. Our findings demonstrate comparable MMR antibody
responses between these two vaccination approaches.
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Abbreviations

MMR

Measles-Mumps-Rubella

CCID50  Cell Culture Infectious Dose 50%
ELISA Enzyme-linked Immunosorbent Assay
GMC Geometric Mean Concentration
MCMC  Markov Chain Monte Carlo
HDI Highest Density Interval
CI Credible Interval
ROPE Region of Practical Equivalence
ESS Effective Sample Size
LLOD Lower Limit of Detection
References

1. Bankamp B, Hickman C, Icenogle JP, Rota PA. Successes and

challenges for preventing measles, mumps and rubella by
vaccination. Curr Opin Virol. 2019;34:110-116. doi: 10.1016/j.
coviro.2019.01.002.

. Association CPM. Expert consensus on immunological prevention

of rotavirus gastroenteritis in children (2020 edition). Chin
J Epidemiol. 2021;42:44-57. doi: 10.3760/cma.j.cn112150-
20231220-00472.

. LiuY, An J, Jiao YZ, Liang XF, Zhang XS. Risk analysis of simple

febrile seizures within 30 days after measles-mumps-rubella com-
bined live attenuated vaccine in children under 12 years old in real
world. Chin J Pharmacovigil. 2024;21:805. doi: 10.1503/cmaj.140078

. Wang R, Sun XR, Yang F, Wang Q, Wang L, Wei S. Health

economic evaluation of simultaneous administration of domestic
oral rotavirus vaccine and immunization program vaccines in
children under 5 years old. Chin J Dis Control. 2024;28:976-981.
doi: 10.1016/j.vaccine.2020.05.035.

. Gizurarson S. Clinically relevant vaccine-vaccine interactions:

a guide for practitioners. BioDrugs. 1998;9(6):443-453. doi: 10.
2165/00063030-199809060-00002.

. Silva JRN, Camacho LAB, Siqueira MM, de Silva Freire M,

Castro YP, Maria de Lourdes SM, Yamamura AMY, Martins RM,
Maria de Luz FL, Study of Yellow Fever Vaccines CG for the. Mutual
interference on the immune response to yellow fever vaccine and
a combined vaccine against measles, mumps and rubella. Vaccine.
2011;29(37):6327-6334. doi: 10.1016/j.vaccine.2011.05.019.

. Liu YX, Yao C, Chen F. Sample size estimation and power analysis

for non-inferiority/equivalence trials. Chin J Health Stat. 2004;21
(1):33-37.

. Wu ZY, Gao HJ, Hu JJ, Qiu SL, Ling YR. Observation on immu-

nogenicity and safety of domestic measles-mumps-rubella live
attenuated vaccine. Zhejiang ] Preventative Med. 2007;19
(5):14-15.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Tabatabaei

SR, Esteghamati A-R, Shiva F, Fallah F,
Radmanesh R, Abdinia B, Shamshiri AR, Khairkhah M,
Ebrahimabad HS, Karimi A. Detection of serum antibodies
against measles, mumps and rubella after primary measles,
mumps and rubella (MMR) vaccination in children. Archiv
Iran Med. 2013;16:0-0.

Feng CX. A comparison of zero-inflated and hurdle models for
modeling zero-inflated count data. J Stat Distrib App. 2021;8(1):8.
doi: 10.1186/s40488-021-00121-4.

Biirkner P-C. Brms: an r package for bayesian multilevel models
using stan. J Stat Softw. 2017;80(1):1-28. https://www.jstatsoft.org/
index.php/jss/article/view/v080i01.

Kruschke J. Doing bayesian data analysis: a tutorial with r, JAGS,
and stan. 2014.

Cohen J. Statistical power analysis for the behavioral sciences. 2nd
ed. New York: Routledge; 1988 [electronic version 2013].
Kruschke JK. Rejecting or accepting parameter values in bayesian
estimation. Adv Met Pract Psychol Sci. 2018;1(2):270-280. doi: 10.
1177/2515245918771304.

Fox J. Bayesian estimation of regression models. Hamilton (ON):
John Fox’s Home Page; 2022 [cited 2025]. https://www.john-fox.
ca/Companion/appendices/Appendix-Bayesian.pdf.

Boskova V, Stadler T, Leitner T. PIQMEE: Bayesian phylodynamic
method for analysis of large data sets with duplicate sequences.
Mol Biol Evol. 2020;37(10):3061-3075. doi: 10.1093/molbev/
msaal36.

Hofstetter H, Dusseldorp E, Zeileis A, Schuller AA. Modeling
caries experience: advantages of the use of the hurdle model.
Caries Res. 2016;50(6):517-526. doi: 10.1159/000448197.
Christenson B, Bottiger M. Measles antibody: comparison of
long-term vaccination titres, early vaccination titres and natu-
rally acquired immunity to and booster effects on the measles
virus. Vaccine. 1994;12(2):129-133. doi: 10.1016/0264-410X(94)
90049-3.

Siegrist C-A. Mechanisms by which maternal antibodies influence
infant vaccine responses: review of hypotheses and definition of
main determinants. Vaccine. 2003;21(24):3406-3412. doi: 10.
1016/S0264-410X(03)00342-6.

Yang Y, Tang S, Tang W, Fan ], Li Z, Yang J, Ren ], Li C. [Antibody
levels of measles, rubella and mumps viruses in healthy population
in Shanghai from 2010 to 2020]. Zhonghua yu Fang yi xue za zhi
[Chin ] Preventative Med]. 2022;56(8):1095-1100. doi: 10.3760/
cma.j.cn112150-20211116-01057.

Schenk J, Abrams S, Theeten H, Van Damme P, Beutels P, Hens N.
Immunogenicity and persistence of trivalent measles, mumps, and
rubella vaccines: a systematic review and meta-analysis. Lancet
Infect Dis. 2021;21(2):286-295. doi: 10.1016/S1473-3099(20)
30442-4.


https://doi.org/10.1016/j.coviro.2019.01.002
https://doi.org/10.1016/j.coviro.2019.01.002
https://doi.org/10.3760/cma.j.cn112150-20231220-00472
https://doi.org/10.3760/cma.j.cn112150-20231220-00472
https://doi.org/10.1503/cmaj.140078
https://doi.org/10.1016/j.vaccine.2020.05.035
https://doi.org/10.2165/00063030-199809060-00002
https://doi.org/10.2165/00063030-199809060-00002
https://doi.org/10.1016/j.vaccine.2011.05.019
https://doi.org/10.1186/s40488-021-00121-4
https://www.jstatsoft.org/index.php/jss/article/view/v080i01
https://www.jstatsoft.org/index.php/jss/article/view/v080i01
https://doi.org/10.1177/2515245918771304
https://doi.org/10.1177/2515245918771304
https://www.john-fox.ca/Companion/appendices/Appendix-Bayesian.pdf
https://www.john-fox.ca/Companion/appendices/Appendix-Bayesian.pdf
https://doi.org/10.1093/molbev/msaa136
https://doi.org/10.1093/molbev/msaa136
https://doi.org/10.1159/000448197
https://doi.org/10.1016/0264-410X(94)90049-3
https://doi.org/10.1016/0264-410X(94)90049-3
https://doi.org/10.1016/S0264-410X(03)00342-6
https://doi.org/10.1016/S0264-410X(03)00342-6
https://doi.org/10.3760/cma.j.cn112150-20211116-01057
https://doi.org/10.3760/cma.j.cn112150-20211116-01057
https://doi.org/10.1016/S1473-3099(20)30442-4
https://doi.org/10.1016/S1473-3099(20)30442-4

	Abstract
	Introduction
	Materials and methods
	Study participants
	Study groups
	Inclusion and exclusion criteria
	Sample size estimation
	Study vaccines
	Sample collection and testing methods
	Serum separation and storage
	Statistical analysis
	Random effects
	Quality control

	Results
	Baseline characteristics of study participants
	Analysis of results in the experimental and control groups

	Discussion
	Conclusion
	Disclosure statement
	Funding
	Notes on contributor
	Ethical approval
	Abbreviations
	References

