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ABSTRACT ARTICLE HISTORY
Vaccination at age-appropriate intervals increases protection against morbidity and mortality; however, Received 11 April 2017
compliance rates among children remain low partly due to a complicated vaccination schedule. Use of Revised 7 July 2017
combination vaccines reduces the number of injections per visit; however, there is limited evidence Accepted 28 July 2017
quantifying the effect of combination vaccines on vaccination rates. To examine how combination KEYWORDS

vaccines impact childhood completion (receipt of recommended doses) and compliance (receipt of age- adherence: immunization;
appropriate vaccinations) rates, this study analyzed vaccination data from the 2012 National Immunization infectious disease; pediatrics;
Survey (NIS), a nationally representative cross-sectional survey of caregivers of children aged 24 to United States; vaccines
35 months in the United States. Vaccines were categorized as combination or single antigen. Vaccine

completion was measured at ages 8, 18, and 24 months. Vaccine compliance and time undervaccinated

were measured at 24 months. Children who received at least 1 combination vaccine (86%) had a higher

completion rate (69%) and compliance with the full vaccine series (4:3:1:3:3:1:4 series) at 24 months (24%)

than those who received only single-antigen vaccines (50% and 13%, respectively). Receipt of

combination vaccine was associated with an increased likelihood of completing all recommended

vaccinations at 24 months (odds ratio [OR] = 2.5; P < 0.001), receiving all vaccinations at age-appropriate

times (OR = 2.2; P < 0.001), and less than 7 months undervaccinated (OR = 2.4; P < 0.001). Combination

vaccines were associated with improved completion and compliance and should be encouraged among

children who are undervaccinated or who received single-antigen vaccines only.

Introduction (recombinant), and inactivated poliovirus (DTaP-HepB-IPV)
combination vaccine and children who received no doses of
combination vaccine.'” Results showed that children in the
combination cohort had a higher completion rate for the rec-
ommended vaccination series as well as higher rates of individ-
ual antigens (i.e., DTaP, HepB, and IPV) compared with
children in the reference cohort. Additionally, 45% of the com-
bination cohort received all the recommended vaccinations at
age-appropriate times, compared with 38% of the reference
cohort. However, evidence related to the effect of other combi-
nation vaccines compared with single-antigen vaccines on
completion and timeliness rates remains limited.

The objective of this study was to examine the effect of all
currently available combination vaccines on completion of the
recommended number of vaccine doses between birth and 2 y
of age and to determine the age-appropriate receipt of each
dose of childhood vaccination (compliance) among a nationally
representative sample of children in the US.

Despite the Advisory Committee on Immunization Practices’
(ACIP’s) recommendation that children receive numerous vac-
cinations by 2 y of age,' compliance with the recommended
vaccination schedule remains low.>” Evidence suggests the
potentially large number of injections per visit and the compli-
cated timing of each dose in the recommended childhood vac-
cination schedule can be cumbersome for parents and may lead
to vaccination delay.*” For providers, developing a modified or
catch-up schedule for children with delayed vaccination can be
difficult due to the complicated timing of doses, thus resulting
in missed opportunities for vaccination and further vaccination
delay.® Therefore, the ACIP suggests the use of combination
vaccines (multiple antigens administered in the same syringe)
as an effective strategy to simplify vaccination administration,
thusly reducing barriers associated with simultaneous injec-
tions and the complicated dosing schedule.’

Several studies have quantified the effects of hepatitis B
combination vaccines on the timely receipt of childhood vacci-
nations in the United States (US).'®'" A retrospective study of
administrative Medicaid claims compared completion rates
between children who received at least 1 dose of the diphtheria, A description of the study sample is presented in Table 1. The
tetanus toxoid and acellular pertussis adsorbed, hepatitis B majority (86%) of children received at least 1 combination

Results
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Table 1. Background child, family, and vaccination provider characteristics.
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Vaccine Type

Received at Least

No Combo Vaccines

Total 1 Combo Vaccine (Single-Antigen Only)
Characteristic n % n % n % P Value
Vaccine type No combination vaccines 576 563 14.26
Had at least 1 3466 596 85.74
combination vaccine
Maternal age, years <20 70 396 1.74 61283 177 9113 1.58 0.007
20-30 1674987 4143 1474115 4252 200 873 34.84
> 30 2297776 56.83 1931198 55.71 366 577 63.58
Maternal marital status Married 2534567 62.69 2140 025 61.73 394 542 68.43 0.015
Maternal education < High school 749 284 18.53 647 610 18.68 101 674 17.63 < 0.001
High school 1082417 26.77 945 624 27.28 136 793 23.73
> High school 943 370 23.33 834 419 24.07 108 951 18.90
College graduate 1268 088 31.36 1038943 29.97 229 145 39.74
Census region Northeast 651732 16.12 537510 15.51 114 222 19.81 0.090
South 1552917 38.41 1351164 38.98 201 754 34.99
Midwest 842 851 20.85 718 811 20.74 124 040 21.52
West 995 659 24.63 859 111 24.78 136 548 23.68
Poverty status At or below poverty line 1458 429 36.07 1271180 36.67 187 249 3248 0.007
Above poverty line 2400123 59.36 2025724 58.44 374399 64.94
Unknown 184 607 4.57 169 692 4.90 14915 2.59
Number of children in 1 1017 465 2517 877 675 25.32 139790 24.25 0.856
household 20r3 2428384 60.06 2081 045 60.03 347 340 60.24
4 or more 597 310 14.77 507 876 14.65 89 434 15.51
Child's race/ethnicity Non-Hispanic white 1884 858 53.01 1606 451 52.61 278 407 55.46 0.569
Hispanic 1113 340 27.54 957 999 27.64 155 341 26.94
Non-Hispanic black 557 206 13.78 488 968 14.11 68 238 11.84
Other 487 754 12.06 413177 11.92 74 577 1293
Child’s sex Male 2041272 50.49 1754769 50.62 286 502 49.69 0.719
Number of vaccination 1 2693774 66.63 2324756 67.06 369 019 64.00 0.024
providers for child 2 1099 518 27.19 920 049 26.54 179 469 31.13
3+ 249728 6.18 221652 6.39 28 076 4.87
Type of vaccination All public 494 927 12.24 437 386 12.62 57 541 9.98 < 0.001
providers for child All private 2349 410 58.11 1970 467 56.84 378 944 65.72
Other/mixed 1198 822 29.65 1058743 30.54 140 078 24.30
Had Medicaid or SCHIP Yes 2020 460 49.97 1774113 51.18 246 348 42.73 0.002

SCHIP = State Children’s Health Insurance Program.

vaccine. Most of the mothers of the sampled children were aged
30 y or older (57%), married (63%), residing in the South
(38%), and educated beyond high school (55%). About half of
children were male, 53% were non-Hispanic white, and 75%
had siblings in the household. Most children had 1 vaccine pro-
vider (67%), and most providers were based in private practice
(58%). About half of children were enrolled in Medicaid or the
SCHIP.

Demographic differences were observed between children
who received at least 1 combination vaccine compared with
those who received single-antigen vaccines only. Among chil-
dren who received single-antigen vaccines only, a greater per-
centage of mothers were aged over 30 y (64% vs. 56%; P =
0.007), were married (68% vs. 62%; P = 0.015), graduated col-
lege (40% vs. 30%; P < 0.001), and had household incomes
above the poverty line (65% vs. 58%; P = 0.007).

Vaccine completion

For the majority of vaccines, children who received at least 1
combination vaccine had significantly (P < 0.001) higher com-
pletion rates compared with those who received single-antigen
vaccines only (Table 2). Differences ranged from a low of a 16
percentage point difference for completion of pneumococcal
conjugate vaccine (PCV) at 24 m to a high of a 20 percentage

point difference for completion of IPV at 24 months. Comple-
tion of IPV, MMR, Hib, HepB, varicella, rotavirus, and PCV at
24 months was significantly lower among children who
received single-antigen vaccines only compared with those who
received combination vaccines. Completion of the full vaccine
series (4 DTaP, 3 IPV, 1 MMR, 3 or 4 Hib, 3 HepB, 1 varicella,
and 4 PCV) (4:3:1:3:3:1:4) was lower among those who received
single-antigen vaccine only (50%) compared with children
receiving combination vaccines (69%).

Vaccine compliance

Compliance rates for children who received combination vac-
cines was significantly (P < 0.001) higher from those who
received single-antigen vaccines only (Table 3). For all vaccines,
the proportion of children who received all doses on time was
higher among those receiving combination vaccines compared
with those who received single-antigen vaccines only. For exam-
ple, 58% of those receiving combination vaccines received 4
doses of DTaP on time compared with 45% of those who
received single-antigen vaccines only (P < 0.001). The largest
statistically significant differences were observed for IPV (22%),
HepB (22%), and varicella (19%). Children receiving combina-
tion vaccines had a higher compliance rate for the 4:3:1:3:3:1:4
series compared with those receiving single-antigen vaccines
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Table 3. Vaccine compliance: doses received by 24 months.
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Compliance Measure®

Vaccinated Late  Severe Undervaccination®

Total Number of Days Undervaccinated®

No Doses  All Doses
Compliance Measure on Time, % on Time, % P Value % P Value % P Value Mean SE Median P Value
4 DTaP Total 7.94 56.47 43.53 13.92 204.32 5.67 150.24
At least 1 combo vaccine 5.59 58.34 < 0.001 41.66 < 0.001 11.54 < 0.001 17834 5.21 150.04 < 0.001
No combo vaccines 22.03 4517 54.83 28.19 322.96 17.54 186.69
3PV Total 5.56 76.92 23.08 7.60 204.32 5.67 80.32
At least 1 combo vaccine 2.69 80.06 < 0.001 19.94 < 0.001 4.68 < 0.001 144.06 7.93 62.68 < 0.001
No combo vaccines 22.83 58.05 41.95 25.17 364.92 18.18 399.16
1 MMR Total 21.14 78.86 21.14 9.80 147.59 3.48 168.39
At least 1 combo vaccine 18.56 81.44 < 0.001 1856 < 0.001 7.37 < 0.001 13527 3.91 116.96 < 0.001
No combo vaccines 36.65 63.35 36.65 24.36 185.09 7.44 236.52
Hib Total 10.19 41.86 58.14 27.17 22137 4.72 157.71
At least 1 combo vaccine 7.62 43.38 < 0.001 56.62 < 0.001 24.83 < 0.001 20273 473 14296 < 0.001
No combo vaccines 25.65 32.75 67.25 41.25 315.73 15.24 241.70
4 Hib Total 8.13 43.25 56.75 24.90 203.20 4.66 130.97
At least 1 combo vaccine 7.32 44.04 < 0.001 5596 < 0.001 23.80 0.113  197.76 4.95 12635 < 0.001
No combo vaccines 13.93 37.66 62.34 32.70 237.93 14.08 198.45
3 Hib Total 14.33 31.51 68.49 42.27 271.83 11.01 24538
At least 1 combo vaccine 12.78 30.03 < 0.001 69.97 < 0.001 4542 0.569  278.99 11.85 246.16 < 0.001
No combo vaccines 21.12 37.98 62.02 28.48 236.51 28.01 162.77
3 HepB Total 7.48 61.34 38.66 11.94 207.34 6.79 106.65
At least 1 combo vaccine 5.96 64.45 < 0.001 3555 < 0.001 8.95 < 0.001 171.88 6.48 99.26 < 0.001
No combo vaccines 16.62 42.62 57.38 29.92 339.40 19.64 197.36
1 varicella  Total 21.54 78.46 21.54 10.27 150.09 3.44 169.02
At least 1 combo vaccine 18.78 81.22 < 0.001 1878 < 0.001 7.70 < 0.001 137.55 3.78 11725 < 0.001
No combo vaccines 38.14 61.86 38.14 25.72 187.23 7.15 241.23
Rotavirus Total 21.47 59.09 4091 31.90 470.56 7.02 576.80
At least 1 combo vaccine 18.24 61.73 < 0.001 3827 < 0.001 29.05 < 0.001 45436 7.93 57634 < 0.001
No combo vaccines 40.85 43.20 56.80 49.06 536.17 13.99 637.21
3 rotavirus  Total 5.71 69.94 30.06 19.52 364.66 10.32 504.73
At least 1 combo vaccine 5.44 70.22 < 0.001 29.78 0.445 19.36 0.197  364.21 10.95 504.60 < 0.001
No combo vaccines 7.75 67.78 32.21 20.75 367.85 30.15 468.21
2 rotavirus  Total 7.05 76.66 23.34 10.81 287.91 25.94 74.11
At least 1 combo vaccine 6.50 78.16 < 0.001 21.84 < 0.001 9.71 0507  277.29 27.53 7298 < 0.001
No combo vaccines 13.46 59.37 40.63 23.48 354.10 79.02 200.66
4 PCV Total 11.35 50.47 49.53 50.48 250.73 5.99 189.79
At least 1 combo vaccine 8.63 52.47 < 0.001 47.53 < 0.001 47.53 < 0.001  229.78 6.34 152.61 < 0.001
No combo vaccines 27.68 38.44 61.56 64.19 348.03 16.22 292.05
43:1:33:1Y  Total 3.06 25.86 74.14 38.25 254.44 452 205.70
At least 1 combo vaccine 0.93 27.56 < 0.001 7244 < 0.001 35.37 < 0.001  233.09 445 17463 < 0.001
No combo vaccines 15.86 15.66 84.34 55.53 364.72 14.93 322.06
4:3:1:3:3:1:4° Total 3.06 22.89 77.11 42.65 276.06 4.64 241.13
At least 1 combo vaccine 0.93 24.46 < 0.001 7554 < 0.001 39.85 < 0.001 25561 4.72 220.88 < 0.001
No combo vaccines 15.86 13.43 86.57 59.48 383.36 14.72 349.37

DTaP = diphtheria, tetanus toxoid, and acellular pertussis vaccine; HepB = hepatitis B vaccine; Hib = Haemophilus influenzae type b vaccine; IPV = inactivated poliovirus
vaccine; MMR = measles, mumps, and rubella vaccine; PCV = pneumococcal conjugate vaccine; SE = standard error of the mean.

*Compliance is an assessment of receipt of doses at age-appropriate intervals.

PSevere undervaccination is defined as having 7 months or more of cumulative undervaccination.

“Total number of days undervaccinated is the total count of cumulative days undervaccinated.

9The 4:3:1:3:3:1 series includes 4 DTaP, 3 IPV, 1 MMR, 3 or 4 Hib, 3 hepatitis B, and 1 varicella recommended by age 24 months.

The 4:3:1:3:3:1:4 series includes 4 DTaP, 3 IPV, 1 MMR, 3 or 4 Hib, 3 hepatitis B, 1 varicella, and 4 PCV recommended by age 24 months.

only (24% vs. 13%; P < 0.001). For most vaccines, the mean
number of days undervaccinated among children who received
combination vaccines was significantly lower than among those
who received single-antigen vaccines only.

Likelihood of completion and compliance

Findings from multivariable logistic regression on 3 completion
and compliance outcomes (i.e., completed series by 24 months,
received all vaccines on time, and less than 7 months of under-
vaccination) indicated receiving combination vaccines was signif-
icantly associated with improved outcomes after controlling for
individual, household, and provider characteristics (Table 4). For

the 4:3:1:3:3:1:4 series, the likelihood of completing all vaccines
in the series by 24 months was 2.5 times greater for children
receiving combination vaccines compared with those receiving
single-antigen vaccines only (P < 0.001). Similarly, compared
with children receiving single-antigen vaccines only those receiv-
ing at least 1 combination vaccine were 2.2 times more likely to
receive all vaccines on time and 2.4 times more likely to have
less time undervaccinated (less than 7 months).

Discussion

The present study sought to examine the effect of combination
vaccines on completion and compliance of childhood
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Table 4. Factors associated with completion and compliance measured at 24 months.

Completed Series by 24 Months®

All Vaccines on Time®

Time Undervaccinated
(< 7 Months)?

Odds 95%  95% Odds 95%  95% Odds 95%  95%
Completion and Compliance by Series Ratio LCL UCL PValue Ratio LCL UCL PValue Ratio LCL UCL P Value
4:3:1:3:3:1
Vaccine type® Had at least 1 2668 2162 3293 <0.001 2113 1702 2623 <0.001 2437 1984 2995 < 0.001
combination vaccine
Maternal age, years* 20-30 0.855 0497 1471 0412 0730 0405 1318 0335 0792 0467 1342 0.383
> 30 0935 0540 1.619 0.944 0729 0401 1325 0342 0808 0474 1378 0.522
Maternal marital status® ~ Married 0.821 0.679 0.992 0.041 0835 0688 1.013 0.067 0912 0760 1.095 0.324
Maternal education® High school 1238 0962 1.5% 0377 1.065 0826 1374 0229 1155 0903 1.478 0.088
> High school 1375  1.068 1.771 0533 1278 0968 1.687 0219  1.391 1.091 1774 0.301
College graduate 1774 1339 2352 <0.001 1372 1.030 1.829 0.035 1.785 1366 2332 < 0.001
Poverty status’ Below poverty line 1.106 0.892 1372 0.223 0981 0.779  1.236 0524 1.024 0834 1.257 0.396
Unknown 0.903 0622 1312 0407 1.131 0793 1.614 0446 0856  0.600 1.221 0.339
Number of vaccination 2 0.899  0.747 1.082 0.836 0.831 0.683 1.010 0567 0776  0.647 0.930 0.277
providers for child® 3+ 0.771 0.543  1.095 0234 0785 0577 1.068 0331 0759 0557 1.035 0.336
Type of vaccination Other/mixed 1.088 0815 1452 0700 1.016  0.744 1.389 0423 1256 0955 1.653 0.166
providers for child"  Private 1279 0972 1.683 0.027 0870 0.650 1.163 0119 1213 0932 1579 0.375
Had Medicaid or SCHIP'  Yes 0964 0793 1.173 0716 0.833 0675 1.028 0.089 0930 0770 1.124 0.454
4:3:1:3:3:1:4
Vaccine type® Had at least 1 2.501 2029 3.082 <0001 2177 1732 2736 <0.001 2398 1947 2953 < 0.001
combination vaccine
Maternal age, years* 20-30 0.775 0457 1316 0235 0675 0372 1.227 0.206 0906  0.545 1.507 0.581
> 30 0.851 0.498  1.455 0821 0692 0378 1.267 0312 0959 0573  1.605 0.959
Maternal marital status®  Married 0.844  0.699 1.019 0.077 0845 0696 1.025 0.088 0919 0768 1.100 0.356
Maternal education® High school 1.088  0.847 1.398 0269 0998 0.767 1.299 0468 1060 0.832 1.349 0.096
> High school 1164  0.904 1.499 0.871 1.028 0790 1.336 0678 1194 0939 1519 0.925
College graduate 1514 1148 199 <0.001 1218 0917 1619 0.067 1570 1.209 2.040 < 0.001
Poverty status' Below poverty line 1.033 0836 1276 0505 0943  0.744 1.195 0311 0980  0.801 1.197 0.384
Unknown 0.907  0.629 1.306 0525 1154 0804 1.658 0328 0784 0556 1.106 0.169
Number of vaccination 2 0.842 0699 1.013 0.950 0.784  0.648 0.950 0.285 0743 0624 0.885 0.398
providers for child® 3+ 0699 0506 0.965 0089 0782 0568 1.076 0432 0657 0488 0.883 0.066
Type of vaccination Other/mixed 1307 0979 1745 0327 1240 0923 1.666 0.041 1438 1.101 1.876 0.016
providers for child" ~ Private 1407  1.069 1.852 0.023 1.003 0.759 1.325 0271 1327 1026 1717 0.243
Had Medicaid or SCHIP'  Yes 0.855  0.707 1.034 0.106 0762 0612 0.949 0.015 0.881 0.733  1.060 0.181

LCL = lower confidence limit; SCHIP = State Children’s Health Insurance Program; UCL = upper confidence limit.
2All parameter estimates, odds ratios, and confidence intervals are weighted based on National Immunization Survey sampling design.
PCompared to children who did not have a combination vaccine (single-antigen only).

“Compared to children with mothers aged 19 years or younger.
dCompared to children with unmarried mothers.

€Compared to children with mothers with less than 12 years of schooling.
fCompared to children in households living above the poverty line.
9Compared to children with 1 vaccine provider.

"Compared to children with a public vaccine provider.

‘Compared to children without Medicaid or SCHIP insurance.

vaccination in the US using a nationally representative survey
of households with children. Among children who received at
least 1 classifiable vaccine by 24 months of age, we found 86%
received at least 1 combination vaccine. The remaining 14% of
the sample received single-antigen vaccines with no evidence of
a combination vaccine. Children who received combination
vaccines were demographically different than those who
received single-antigen vaccine only. Specifically, children with
single-antigen only vaccines had a significantly higher propor-
tion of mothers who were married, graduated college, and were
living above the poverty level. Prior studies have found that
parents who refuse or intentionally delay vaccines tend to
belong to households with higher income, have married moth-
ers with college educations, and are covered by private health
insurance.'>* This suggests that children who received single-
antigen vaccines are similar to those whose parents inten-
tionally refuse or delay vaccinations.

Factors contributing to parental vaccine hesitancy (i.e.,
concern about whether to vaccinate one’s child) have been

widely examined. Evidence suggests vaccine refusal and
delay may be attributed to perceived risks, perceived bene-
fits, and vaccine safety or efficacy concerns.*> '*'¢ As
described by Salmon and colleagues,'” the impact of vaccine
hesitancy is on a continuum. Vaccine hesitant parents may
intentionally refuse vaccination, delay some or all vaccines
(e.g., use of an alternative schedule), or accept vaccination
for their child despite concerns. A 2012 survey of parents
found that among those with children aged 2 to 6 y, 5.0%
of parents delayed and 5.4% refused at least one recom-
mended vaccine.'® Compared to the same survey conducted
in 2014, researchers found the proportion of parents who
delayed at least one vaccine remained constant (5.5%) while
the proportion of those who refused at least one vaccine
decreased significantly (3.3%, P < 0.05). Although the 2012
NIS does not include variables allowing direct measurement
of vaccine refusal or delay, we anticipate a proportion of
children who were undervaccinated or delayed vaccination
could be attributed to vaccine hesitancy.



The use of combination vaccines is suggested as an effective
strategy for increasing vaccination rates.” In our study, we
found completion rates were higher among children who
received at least 1 combination vaccine. For 4:3:1:3:3:1:4 series,
69% of children receiving combination vaccines completed the
recommended doses compared with only 50% of children
receiving single-antigen vaccines only. A similar effect was
observed in a retrospective study of administrative Medicaid
claims that compared completion rates between children who
received at least 1 dose of the DTaP-HepB-IPV combination
vaccine and children who received no doses of combination
vaccine.'” Results showed children in the combination cohort
had a higher completion rate for the recommended vaccination
series as well as higher rates of individual antigens (i.e., DTaP,
HepB, and IPV) compared with children in the reference
cohort.

Furthermore, findings from the current study revealed that
children receiving at least 1 combination vaccine had better
compliance rates compared with those who received single-
antigen vaccines only. Low compliance among children who
received single-antigen vaccines only may be in part attributed
to fears of simultaneous vaccination. Prior evidence suggests
that fears concerning simultaneous vaccination may lead to
vaccine avoidance or delay.*® A recent systematic review found
that parents raised concerns regarding pain and distress associ-
ated with simultaneous injections at a single visit, which may
lead to vaccination avoidance or delays.® Furthermore, several
studies indicate that approximately 76% to 78% of parents who
delayed their child’s vaccinations had vaccine safety concerns
linked to multiple injections.*”

Adjusted logistic regression models demonstrated more than
a 2-fold increase in the likelihood of being complete or compli-
ant with the vaccine series by 24 months for children who
received combination vaccines compared with those who
received single- antigen vaccines only. These findings are con-
sistent with those demonstrated in prior studies that compared
compliance between children who received specific combina-
tion vaccines and single-antigen vaccines. Happe and col-
leagues (HAPPE 2007)'° reported that 45% of children who
received DTaP-HepB-IPV received all the recommended vacci-
nations at age-appropriate times, whereas 38% of those who
did not receive DTaP-HepB-IPV received their vaccinations on
time. Additionally, a study by Marshall and colleagues'' found
that any hepatitis B combination vaccine (DTaP-HepB-IPV or
HepB-Hib) was associated with increased coverage rates for
several individual vaccines and the full recommended child-
hood vaccination series.

Our study had several limitations, primarily related to
restrictions of the NIS data set. Due to the use of telephone sur-
vey methods to identify household respondents and vaccina-
tion providers to collect information on vaccination history,
estimates obtained from the NIS are susceptible to under-, inac-
curate, or incomplete reporting. As completion and compliance
measures rely on household- or provider-reported data, there is
a possibility of bias in our measurements. Furthermore, the
NIS lacks assessment of knowledge, attitudes, beliefs, healthcare
seeking behavior, or other factors (e.g., reasons for vaccine
refusal, availability/provider recommendation of single-antigen
vaccines) related to vaccination that could provide a better
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understanding of reasons for administration of combination
vaccines, receipt of single-antigen vaccines, and/or general vac-
cine hesitancy. As the 2 cohorts appear demographically differ-
ent, future research should explore vaccine hesitancy as a
potential confounder or moderator of combination vaccine
uptake.

The present study fills a critical knowledge gap by evaluating
the outcomes associated with combination vaccines. Prior stud-
ies that compared combination vaccines with single-antigen
vaccines did not evaluate the effect of non-hepatitis B combi-
nation vaccines on compliance measures. Moreover, prior stud-
ies had not evaluated the effect of combination vaccines on
completion and compliance of the full vaccination series rec-
ommended by the ACIP. Therefore, findings from the current
study provide a more comprehensive understanding of the
association between receipt of combination vaccines and com-
pletion or compliance outcomes. As vaccine compliance rates
among children remain low in US, findings from this study
suggest that combination vaccines should be encouraged for
some children who are undervaccinated or are receiving single-
antigen vaccines to increase compliance. Among the propor-
tion of children with vaccine hesitant parents, particularly those
with vaccine safety concerns, new strategies toward increasing
vaccination are needed. Findings from the present study indi-
cate differences in compliance between the combination and
single-antigen cohorts for vaccines not included in a combina-
tion vaccine (e.g., rotavirus), suggesting issues other than
simultaneous vaccination may impact vaccine delay/refusal.
Interventions aimed at reducing vaccine hesitancy have been
widely published; however, a recent systematic literature review
found many interventions were not designed or powered to
assess impact on vaccine refusal or delay.'® Therefore, future
research aimed at evaluating the impact of strategies aimed at
improving vaccination, including increasing the use of combi-
nation vaccines (e.g., increasing awareness of the benefits of the
use of combination vaccines, educating parents and physicians
who may be hesitant to use combination vaccines) is warranted.

Patients and methods
Data source

We used data from the 2012 National Immunization Survey
(NIS) Public Use File.*® The NIS, conducted by the National
Center for Health Statistics and the Centers for Disease Control
and Prevention, has been used extensively for tracking vaccina-
tion rates among children in the US.>* The NIS consists of a
nationally representative annual household survey of caregivers
of young children to collect demographic and vaccination
information as well as vaccination history from children’s
immunization providers. Demographic variables (e.g., race and
ethnicity) were taken from the Household Survey as reported
by the child’s caregiver. Vaccination history (i.e., age in days at
vaccination) was taken from the Provider Survey. Detailed NIS
methods and Institutional Review Board (IRB) approval for
data analysis are reported elsewhere.’** RTI International’s
IRB determined that this study met all criteria for exemption
(RTTIRB ID Number: 13523).
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Study sample

From an unweighted sample of 25 736 children, we selected
data for children who had complete survey responses from
their caregivers, resided in the US (excluding the US Virgin
Islands), and had adequate vaccination data supplied by their
vaccine providers. Adequate vaccination data are a variable
existing in the NIS denoting whether a child had missing or
incomplete provider-reported vaccination data due to a lack of
parental consent to contact the child’s immunization provider
(s), provider nonresponse, or incomplete provider-reported
data. Excluding children with inadequate provider-reported
vaccinations is a method used by the CDC when calculating
annual vaccination completion using NIS data.>> Children aged
less than 24 months at the time of the survey were excluded,
thus capturing only children aged 24 to 35 months and allow-
ing a consistent vaccination capture period between birth and
24 months for all children in the sample. Children who were
unvaccinated or received only vaccines that could not be cate-
gorized as single antigen or combination (i.e., coded as “not
otherwise specified”) were also excluded (N = 149). The final
unweighted sample size was 11 561, equating to a weighted
sample of 4 043 159 children.

Study measures

Vaccine completion

Based on ACIP’s 2012 recommendations,** we defined vaccine
completion as the accrual of the required number of doses by a
specific age (8, 18, and 24 months) regardless of timing of vac-
cine administration. Detailed lists of doses required at 8, 18,
and 24 months are presented elsewhere.”

Completion of rotavirus vaccine and Haemophilus influen-
zae type b vaccine (Hib) doses was assessed based on the prod-
uct administered. For example, a child’s vaccination for
rotavirus was considered complete if 2 doses of Rotarix (GSK
Vaccines) or 3 doses of RotaTeq (Merck & Co., Inc.) were
administered. These algorithms are detailed in the published
vaccine schedule.**

Although influenza and hepatitis A vaccines are also recom-
mended by the ACIP, we did not assess them in the present
study. The NIS data do not provide vaccination dates, thus we
were not able to determine whether the seasonal influenza vac-
cine was administered during the influenza season, which is a
criterion for administration. The second dose of hepatitis A
vaccine should be administered between 6 and 18 months fol-
lowing the first dose at age 12 months or later; therefore, the
second dose may be administered after 24 months—falling out-
side of our study period. As we could not capture appropriate
completion and compliance of 2 doses of hepatitis A vaccine, it
was not included in the present analysis.

Vaccine compliance

Vaccine compliance is a measure of the timeliness of vaccine
administration. The ACIP suggests specific ages and intervals
at which vaccines should be administered to maximize effec-
tiveness.”* Vaccine compliance was measured as the proportion
of children who received vaccine doses at age-appropriate
intervals (e.g., dose 1 of DTaP at 2 months). Age-appropriate

windows were based on the ACIP’s recommended dosing
schedule.'”**

Additionally, we measured compliance by calculating the num-
ber of days that a child was undervaccinated. This method has
been proposed in several prior vaccine compliance studies.>>*®
Undervaccination was assessed as having no evidence of a recom-
mended vaccination 1 day following the end of the age-appropri-
ate window. Each day of undervaccination was counted as 1 day,
irrespective of the number of vaccines missed by that day.”” For a
child who did not receive a vaccine by age 24 months, we calcu-
lated the total number of undervaccinated days as the number of
days between the first day of undervaccination and age 24 months.
The final measure of vaccine compliance was the total number of
days undervaccinated. Accumulation of 7 months or more of
undervaccination was categorized as “severely undervaccinated.”
In addition to reporting total compliance with each dose, we also
assessed the degree of compliance, including all, some, and no
doses of recommended vaccine received on time.

The ACIP allows early vaccination as “age-appropriate” if
received within a 4-day grace period before the minimum age
for the dose.” Any vaccines administered during a 4-day grace
period before the minimum age for the dose were included as
on time. Any vaccines administered before the grace period
were excluded from calculation of the compliance end point.

Combination vaccines

We categorized all vaccines into 2 mutually exclusive groups:
combination or single antigen. Table 5 lists vaccines that were
considered combination vaccines. Vaccines with an unknown
type (e.g., HI = “Hib, Unknown”) were not categorized as com-
bination or single, but were included in calculating the comple-
tion and compliance endpoints. All other vaccines were
considered to be single antigen.

Although vaccines such as DTaP include multiple compo-
nents in a single syringe, they were grouped with single-antigen
vaccines. Preliminary review of the data indicated that no par-
ticipants received the individual components of DTaP as sin-
gle-antigen vaccines, and a small number of participants
received a single-antigen measles vaccine; therefore, we antici-
pated that patterns of administration of DTaP and measles,
mumps, and rubella (MMR) vaccines may be closer to those of
true single-antigen vaccines (e.g., IPV) than to those of combi-
nation vaccines (e.g., DTaP-HepB-IPV).

After each vaccine was coded as combination or single anti-
gen, the vaccination history of each child was reviewed to deter-
mine whether each child received at least 1 combination
vaccine or single-antigen vaccines only. Next, a binary categori-
cal measure of vaccine type was created to flag each child into 2

Table 5. Vaccines considered to be combination vaccines.

CVX Code Vaccine Components
07 DTaP-Hib

08 DTaP-HepB-IPV

D3 DTaP-IPV-Hib

43 HepB-Hib

VM MMR-V

DTaP = diphtheria, tetanus toxoid, and acellular pertussis; HepB = hepatitis B;
Hib = Haemophilus influenzae type b; IPV = inactivated poliovirus; MMR-V =
measles, mumps, rubella, and varicella.



mutually exclusive groups: received at least 1 combination vac-
cine or received no combination vaccines (i.e., received single-
antigen vaccines only). This categorical measure of vaccination
type was used to determine differences in vaccination comple-
tion and compliance between children who received at least 1
combination vaccine and those who received single-antigen
vaccines only.

Statistical analyses

Bivariate analysis included evaluation of completion and com-
pliance rates for the overall population and stratified by vacci-
nation type. The Rao-Scott F-adjusted chi-square statistic was
used to determine the differences between completion and
compliance rates by vaccination type. This statistic is adjusted
for complex survey data and provides a more conservative
interpretation than the Wald chi-square statistic.”®

Multivariable analysis included logistic regressions on 3 vac-
cination outcomes: completed vaccines series by 24 months
(completion), received all vaccines on time (compliance), and
undervaccinated for less than 7 months (compliance). These
logistic regression models evaluated the effect of receipt of at
least 1 combination vaccine on vaccine completion or compli-
ance after adjusting for demographic characteristics such as
maternal age, maternal marital status, maternal education, pov-
erty status, enrollment in Medicaid or the State Children’s
Health Insurance Program (SCHIP), and provider variables
including number of vaccination providers and type of vaccina-
tion providers (e.g., public, private).

Estimated frequencies, percentages, means, standard errors,
medians, odds ratios, confidence intervals, and P values were
calculated using SAS statistical software, version 9.3 (SAS Insti-
tute, Inc., 2011). A P value less than 0.05 was used as an indica-
tor that a difference between groups may exist. SAS survey
procedures and domain analysis techniques were used to calcu-
late weighted values and correct standard errors per NIS data
user guidance.”
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Note

The analyses, interpretations and conclusions presented here do not neces-
sarily reflect the views or opinions of the National Center for Health Statis-
tics, which is responsible only for the initial data.
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Advisory Committee on Immunization Practices
diphtheria, tetanus toxoid, and acellular pertussis
vaccine
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Hib Haemophilus influenzae type b vaccine
PV inactivated poliovirus vaccine

IRB institutional review board

LCL lower confidence limit

MMR measles, mumps, and rubella vaccine
MMR-V  measles, mumps, rubella, and varicella vaccine
NIS National Immunization Survey

PCV pneumococcal conjugate vaccine

SCHIP  State Children’s Health Insurance Program
SE standard error of the mean

UCL upper confidence limit

US United States
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