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Abstract
Background

Global childhood immunization rates have plateaued, and the WHO European Region has experienced its largest
measles outbreak in over 25 years. Although elimination targets are set for each community, monitoring typically
occurs at the national or district level, with little attention to service-delivery specifics. Coverage data alone does not
indicate whether doses are administered on time. We investigated coverage, timeliness, and off-schedule doses
specifically at the service-delivery-unit level.

Methods

This record-based study covered all primary care in Sakarya Province, Tirkiye: 64,678 unit-month observations from all
349 family medicine units across 99 family health centers and 16 districts over 24 months (October 2023—-September
2025) and nine vaccine-dose units. Outcomes were total coverage, timely coverage, and off-schedule administration.
Generalized linear mixed models used nested random effects for district, center, and unit, plus crossed intercepts for
vaccine-dose unit; binomial or beta-binomial families were selected based on overdispersion diagnostics. Variance was
partitioned using intraclass correlation coefficients (ICC), and spatial clustering was assessed with global and local
Moran’s | (LISA).

Results

Pooled coverage was 90.2-93.8%, but only 71.3-82.6% of unit-months reached = 95%, with the second measles-
containing dose lowest (90.2%; 71.3%). Off-schedule administration was 0.4-1.2%. Per standard deviation, mean
household size was associated with lower total coverage (OR 0.87, 95% Cl 0.78-0.96) and lower timely coverage (OR
0.88,0.79-0.97), significant in eight of nine units. Education was associated with lower timely coverage (OR 0.89,
0.82-0.96) and more off-schedule administration (OR 1.20, 1.02-1.40), but with total coverage in only two units.
Presence of a specialist physician was associated with higher total coverage (OR 1.25, 1.04-1.50) and higher timely
coverage (OR 1.23, 1.03-1.47). Physician turnover and physician-absent months were not significant. Total ICC was
0.086 (unit 5.9%, center 1.8%, district = 0%) and 0.201 for off-schedule administration. Global clustering was significant
for one unit.

Conclusions

Coverage was generally high and geographically equitable. However, many unit-months still fell below the elimination
threshold, especially for the second measles dose. Variance was mostly observed at the smallest service units rather
than at the district level, suggesting that prioritization should be delegated to the practice level. Education contributed
to delayed rather than missed vaccinations, and increasing specialist staffing is a changeable supply-side factor.
Timeliness should be monitored routinely alongside coverage.

Background

Childhood immunization is among the most cost-effective of all public health interventions. Since the launch of the
Expanded Programme on Immunization in 1974, an estimated 154 million child deaths have been averted worldwide
(1). Nevertheless, gains have stalled over the past fifteen years, and the COVID-19 pandemic turned this stagnation into
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a clear decline. According to the most recent WHO/UNICEF national immunization coverage estimates (WUENIC),
published in July 2026, 90% of infants received the first dose of the diphtheria-tetanus-pertussis vaccine in 2025 and
85% completed the three-dose series. Although both indicators rose by one percentage point relative to the previous
year, global coverage remains one point below the 2019 level and has fluctuated within a narrow band since 2009. In
the same year, 13.5 million children received no vaccine dose at all, and a further 6.2 million were only partially
protected (2, 3). The Global Burden of Disease 2023 analysis confirms this picture and projects that, if current trends
persist, the 90% target of the Immunization Agenda 2030 (IA2030) will be reached only for DTP3 and only under an
optimistic scenario (1, 4).

The problem underlying this stagnation, increasingly apparent in recent years, is not only that children are never
reached but also that those who are reached fail to complete the schedule. In 2025, 7.3 million infants received their
first DTP dose but dropped out of the program before receiving the first measles dose. This discontinuity directly
lowered measles coverage, which remained at 84% for the first dose and only 77% for the second. Both values fall well
below the 95% threshold required to prevent outbreaks, and in 2025 fifty-seven countries reported large or disruptive
measles outbreaks (3). The WHO European Region provided the most visible example of this fragility: the 127,350
measles cases reported in 2024 were the highest since 1997, and more than 40% of cases occurred in children under
age five (5). Although intensified response brought the case count down to 33,998 in 2025, the number of countries
reporting endemic transmission rose from 12 to 19, and in January 2026 six countries lost their elimination status(6).
Elimination frameworks therefore require that = 95% coverage with two doses of measles-containing vaccine be
sustained not only nationally but in every sub-region(7, 8).

The critical point here is the scale at which the target is defined. Immunization performance continues to be reported
largely through national and regional averages; yet these averages can conceal substantial sub-national heterogeneity.
UNICEF's assessment of the 2026 estimates likewise stresses that the true measure of progress is not regional
averages but whether every family can access and trust services(2). Indeed, an analysis covering 1,366 administrative
areas in 43 countries identified marked regional gaps beneath national rates(9); in one Nigerian state, full immunization
coverage of 94.5% in urban areas fell to 55.5% in rural areas(10). A spatio-temporal estimation covering 38 African
countries showed that some countries meeting national targets fell short of the target across all of their sub-
regions(11). More importantly, low-coverage clusters are not confined to poorly performing countries; spatially
clustered susceptible subpopulations have been documented even in countries with high national coverage(12).
However, the resolution of this literature usually remains at the district or regional level, and the unit at which services
are actually delivered and accountability is defined is rarely used as the unit of analysis. Routine health-facility records
have also been shown to be increasingly suitable for such fine-resolution monitoring(13).

Refining resolution is not sufficient on its own; the content of what is measured must also be questioned. Coverage is
traditionally defined as completing a vaccine series by a given age, a definition that obscures whether doses were
administered at the prescribed times. In a prospective study in Uganda, coverage for individual vaccines exceeded 90%,
whereas only 18% of children received all vaccines within the recommended intervals (14). In Jerusalem, while
coverage at two years of age ranged from 86% to 95%, age-appropriate vaccination rates fell to 20-58%(15). In the
United States, using nationally representative data, the proportion of children who had received all doses on time by age
19 months remained at 41.2% (16). Because delayed vaccination prolongs the window during which a child remains
susceptible and thereby increases outbreak risk, monitoring timeliness as a core program-quality indicator has been
advocated with growing force(17, 18). Electronic immunization registries allow performance metrics to be redefined
beyond aggregate coverage(19); a registry-based analysis of 6.2 million children in Pakistan revealed that, while
coverage appeared high, timely administration remained at 31-37%(20). By contrast, studies that model off-schedule
administration - that is, administering a dose outside the prescribed age window - as an independent dimension of
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performance at the service-delivery-unit level are quite limited. For this reason, in the present study, performance is
examined using three separate measures: total coverage, timely coverage, and off-schedule administration.

As much as how performance is measured, what determines it is also unclear. The literature on determinants has
focused predominantly on the demand side. Individual- and household-level factors, such as maternal education,
household income, household size, birth order, and vaccine hesitancy have been extensively documented(21); however,
the direction of these associations varies by context, and reversal of the socioeconomic gradient has been reported
particularly in high-income countries(22). The supply side - that is, the characteristics of the unit delivering the service -
has been far less quantified. In an analysis of 1,346 health sub-centers in India, facility infrastructure quality was
positively associated with both full immunization and timely vaccination(23); in Nigeria, the contribution of supply-side
access indicators to explaining regional differences was examined(24). Provider characteristics have also been shown
to directly affect the timing of a child's vaccination(25). Designing immunization services and primary care to be
mutually reinforcing lies at the centre of debates on universal health coverage(26).

When these two axes are brought together, the unanswered question is: at which level do coverage differences arise,
and hence at which level should intervention be targeted? The established targeted-planning tradition of immunization
programmes - as in the WHO and UNICEF 'Reaching Every District' approach - rests on prioritising poorly performing
administrative areas(27). Yet the correct rung for such prioritisation is an empirical question, and its answer can be
given through variance decomposition: whether variability is concentrated between districts or between units within the
same district can be measured directly with the intraclass correlation and variance components(28, 29). That these
measures are not routinely reported in the immunization literature leaves targeting decisions without an empirical
basis.

Tirkiye offers a favorable setting for filling this gap. Through the Family Medicine Programme, implemented gradually
between 2005 and 2010, primary care was restructured on a registered-population model. Each family medicine unit
(FMU) is the smallest accountable service-delivery unit, responsible for a defined population registered to it; FMUs are
nested within family health centres (FHCs), and FHCs within districts(30, 31). This structure ensures that almost all
childhood vaccines are delivered through a defined unit and recorded electronically, enabling performance analysis of
every unit across the province. Concerns about vaccine hesitancy have also grown over the same period: hesitancy was
detected among 32% of parents in south-eastern Anatolia(32), and the level of hesitancy was shown to vary
significantly between regions of differing socioeconomic profile(33). The combination of a strong and standardised
service infrastructure with a heterogeneous demand environment makes it both possible and necessary to disentangle
at which level and through which mechanisms the remaining differences in coverage arise. Nevertheless, no study in
Tirkiye has modelled immunization performance at the service-delivery-unit level across multiple antigens and multiple
months, together with the dimensions of timeliness and off-schedule administration.

Aim

The aim of this study is to evaluate first-line childhood vaccination performance in Sakarya Province at the service-
delivery-unit level, in a multidimensional manner, using a registry-based dataset covering every unit across the province.
Over the 24-month period from October 2023 to September 2025, nine vaccine-dose units were examined using 64,678

observations at the FMU x month x vaccine-dose level, belonging to 16 districts, 99 FHCs and 349 FMUs. The specific
objectives are as follows:

e To define total coverage, timely coverage and off-schedule administration as three separate dimensions of
performance and to describe them at the vaccine-dose-unit level; in particular, to quantify the proportion of unit-
months reaching the = 95% threshold.
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» To estimate the associations of service-delivery-level characteristics (physician turnover, physician-absent month
proportion, registered-population structure, unit density, presence of a specialist physician) and district-level
contextual characteristics (mean years of schooling, household size, child dependency ratio) with these three
dimensions, using generalised linear mixed models with nested random effects of district/FHC/FMU.

e To determine empirically the rung at which monitoring and intervention should be targeted, by decomposing at
which level (district, FHC, FMU) variability is concentrated through the intraclass correlation and variance
components.

e To test geographical clustering at the FHC level with spatial autocorrelation analyses, to identify priority hot and
cold spots requiring intervention using the local Moran (LISA) statistic, and to assess the sensitivity of findings to
the neighbourhood definition.

e To assess the consistency of determinants across the nine vaccine-dose units by comparing pooled and unit-
specific models.

To our knowledge, this is the first study in Tirkiye to examine first-line vaccination performance at the service-delivery-
unit level, across multiple antigens and over a consecutive 24-month window, using multilevel and spatial methods that
additionally incorporate the dimensions of timeliness and off-schedule administration alongside coverage. By making
visible the unit-level differences concealed by national averages, the findings are expected to contribute to the design of
targeted micro-interventions, to risk-profiling practices in primary health-care management, and to immunization
monitoring approaches in health systems with a similar registered-population model. The unit- and centre-level outputs
obtained are intended to be of a quality that can directly inform microplanning decisions at the provincial scale.

Methods
Study design, setting and time frame

This is a registry-based, retrospective cross-sectional, ecological study examining first-line vaccination performance in
Sakarya Province at the service-delivery-unit (family medicine unit, FMU) level. The analysis combines a multilevel
(hierarchical) component at the FMU level with a contextual (ecological) component at the district level. The study
setting comprises the 16 districts of Sakarya, and the observation window covers the 24 consecutive months from
October 2023 to September 2025. The unit of analysis was defined as FMU x month x vaccine-dose; each observation
represented the performance of a given FMU in a given calendar month for a given vaccine-dose.

Data sources and linkage

The vaccination data comprised four datasets. The first dataset contained the monthly vaccination performance of
FMUs (at the month-vaccine-dose level), and the second contained the service-delivery characteristics of FMUs
(physician occupancy rates and registered-population information). These two datasets were obtained from the
electronic records database of the Sakarya Provincial Health Directorate (PHD). The third dataset contained the
geographical coordinates of the FHCs across Sakarya; these were obtained manually by cross-verification using Google
Maps and Yandex Maps, and their consistency with the FHC addresses on the PHD website was verified. The fourth
dataset consisted of socioeconomic and demographic indicators for the districts of Sakarya (n = 16) - mean years of
schooling, mean household size, Socioeconomic Development Ranking (SEGE) score, and child and old-age
dependency ratios - and was obtained from the open-data system of the Turkish Statistical Institute (TurkStat).

Study scope and sample
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Across Tirkiye, first-line vaccination services are provided by FHCs, with services within FHCs delivered by the FMU,
which consists of one physician and one auxiliary health worker. In this system, each FMU serves a defined registered
population. Across Sakarya, there were 116 active FHCs and 385 active FMUs during the study period. The total
population registered with these FMUs was 1,093,763 as of September 2025. The median population registered with
each FMU was 3,110 (Q1-Q3: 3,009.75-3,425.50). According to 2025 TurkStat statistics, the number of children aged 0-
4 years in Sakarya was 61,971 (5.51%).

FHCs and FMUs with special circumstances were excluded from the analysis: FHCs in prisons, FHCs established for
training purposes and affiliated with universities, newly opened units with zero registered population, and FMUs with a
registered-population z-score below - 3. In addition, units with missing physician information were excluded only from
analyses relating to physician variability. After applying these criteria, the analytic sample comprised 16 districts, 99
FHCs, and 349 FMUs.

Nine vaccine-dose units on the childhood immunization schedule were included in the evaluation: BCG dose 1; hepatitis
A (HepA) doses 1 and 2; measles-mumps-rubella (MMR) doses 1 and 2; pneumococcal conjugate vaccine (PCV) doses
1 and 2 and booster; and varicella (VAR) dose 1. Among the other antigens in the source database, hepatitis B, polio,
tetanus, diphtheria, pertussis, and Hib were excluded to preserve analytic integrity, as they are included in various
combination vaccines. The selected vaccines were those not part of combination vaccines, contained all vaccine doses
over the study period, and were not interrupted by changes to the immunization schedule.

Dependent variables

The data forming the study's principal dependent variables were: the number of children for whom the relevant dose
was due (scheduled) in the relevant month (due); the number of doses administered on time (timely administered); the
sum of timely and off-schedule administrations (total administered); and the number of doses administered off
schedule (off-schedule administered). Whether a dose was counted as timely or off-schedule was determined by the
Ministry's information system. In this study, these counts were used to derive three coverage measures. These
variables were computed for each month and vaccine-dose within the relevant FMU.

- Total coverage (TC) = total administered / due
» «Timely coverage (TMC) = timely administered / due

 « Off-schedule ratio (OSR) = off-schedule administered / total administered

Ratios were treated as undefined in FMU-month observations with a zero denominator.

Independent variables

Service-delivery-level (FMU/FHC) variables were defined as: physician turnover, physician-absent month proportion,
variability in FMU population (coefficient of variation), median FMU population, number of FMUs per FHC, and presence
of a specialist physician at the FHC. District-level variables comprised mean years of schooling, mean household size,
and child dependency ratio. Season was included in the models to account for possible seasonal patterns (reference
category: summer).

Among the candidate variables, the district SEGE score and the old-age dependency ratio were excluded from the final
model due to marked multicollinearity. The SEGE score was very highly correlated with mean years of schooling (r =
0.95), and the old-age dependency ratio was strongly correlated with schooling and SEGE (r =-0.75 and r =-0.79,
respectively); including both variables simultaneously raised the variance inflation factors to unacceptable levels.
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Statistical analysis

Descriptive analysis

For each vaccine-dose unit, coverage measures were calculated as dose-weighted pooled ratios (across total shares
across observations). The coverage distribution was described by dividing it into bands (< 50%, 50-79%, 80—-94%, =
95%).

Mixed-effects regression: model set-up

The association between service-delivery- and district-level characteristics and coverage was examined using
generalized linear mixed models (GLMMs; mixed-effects logistic regression). The fixed effects comprised: physician
turnover, proportion of months with absent physicians, variability in FMU population (coefficient of variation), number of
FMUs per FHC, median FMU population, presence of a specialist physician at the FHC (binary), mean years of
schooling, mean household size, child dependency ratio, and season (four categories; reference: summer). Continuous
variables were z-standardized before entering the model (mean 0, standard deviation 1); thus, for these variables, odds
ratios are interpreted as per one-standard-deviation increase.

The random-effects structure was defined, to reflect the hierarchy of the data, as nested (three-level) random intercepts
with FHC within district and FMU within FHC. In the pooled model in which all units were modelled together, an
additional crossed random intercept for vaccine-dose unit (1 | unit) was added to account for baseline differences
among the nine vaccine-dose units. The monthly time dimension was incorporated into the model as a fixed effect via
the season variable.

Choice of distributional family

The distributional family was determined diagnostically for each model. A binomial GLMM with a logit link was fitted
first; overdispersion was then assessed using simulation-based residual diagnostics. In models where overdispersion
was detected, a beta-binomial family, which directly models observation-level extra variability, was tried. When
overdispersion could not be resolved even under the beta-binomial, the binomial family was taken as the reference. As
a result, the reference distributional family reported varies across models and is stated for each model in Additional file
1: Table S5. For most off-schedule models, the beta-binomial family was taken as the reference owing to the strongly
zero-inflated distribution of the response.

Estimation, effect sizes and model reporting

Models were estimated with the glmmTMB package using maximum likelihood based on the Laplace approximation.
For fixed effects, odds ratios were calculated as the exponentiated coefficients (OR = exp(beta)) and 95% confidence
intervals by the Wald method (exp[beta +/- 1.96 x SE]). Both the crude (univariable) and adjusted (all variables in the
model) odds ratios of each determinant were additionally compared; adjusted (multivariable) estimates are reported in
the text.

Between-level clustering was summarised with the intraclass correlation coefficient (ICC); the ICC was calculated on
the latent scale as the ratio of the variance of the relevant random-effect level to the total variance (the sum of the
random-effect variances and the logistic-distribution-specific residual variance pi*2/3 ~ = 3.29), and was reported both
by level and in total. The variance explained by the model was reported, following the method of Nakagawa and

Schielzeth, as the marginal R? (fixed effects only) and the conditional R? (fixed + random effects); the theoretical (delta)

variance approximation was used for the binomial family. Because the marginal R? could not be reliably defined for
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beta-binomial fits and for the strongly zero-inflated off-schedule distributions, it was not reported for these models, and
explanatory power was assessed via the ICC.

The overall significance of the model was tested with a likelihood-ratio test comparing the full model to the null model
containing only random effects (LRT; chi-square, degrees of freedom = number of fixed-effect parameters). The unique
contribution of each determinant was assessed with a likelihood-ratio test comparing the model obtained when that
variable was removed to the full model (drop-one LRT). Fixed effects, variance components, ICC, Nakagawa R2 values,
and fit measures (AIC, BIC, logLik, deviance) are presented for the pooled models in Table 2 of the main text and for all
models in Additional file 1: Table S2.
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Table 2

Pooled GLMM results for coverage determinants: fixed effects (OR), variance components and fit

Determinant

Household size

Mean years of schooling

Child dependency ratio

Specialist physician (present) i
Physician turnover
Physician-absent month proportion
Median FMU population

Number of FMUs per FHC
Population variability (CV)

Season: Winter [

Season: Spring [

Season: Autumn K

Random effects (variance) and model fit
Variance: FMU (district/FHC/FMU)
Variance: FHC (district/FHC)
Variance: District

Variance: Unit (vaccine-dose)

ICC — total

Marginal R? (Nakagawa)
Conditional R? (Nakagawa)

AlC

LRT (full vs null), x2(12)

n (FMU-month observations)

TC OR (95% Cl)

0.87 (0.78-0.96)**

0.90 (0.82-0.98)*
0.99 (0.89-1.10)
1.25 (1.04-1.50)*
0.97 (0.91-1.03)
1.00 (0.94-1.06)
0.96 (0.90-1.03)
0.93 (0.84-1.03)
0.97 (0.93-1.03)

1.12 (1.07-1.17)%*

0.97 (0.93-1.01)
1.05 (1.00-1.10)*

0.214
0.064
0.000
0.032
0.086
0.031
0.261
73,527
65.6%**
64,678

TMC OR (95% Cl)
0.88 (0.79-0.97)*

0.89 (0.82-0.96)**

0.97 (0.87-1.07)
1.23 (1.03-1.47)*
0.97 (0.91-1.03)
0.99 (0.94-1.05)
0.98 (0.91-1.05)
0.94 (0.85-1.03)
0.98 (0.93-1.02)

1.07 (1.02=1.11)**

0.95 (0.91-0.99)*
1.02 (0.98-1.07)

0.193
0.059
0.000
0.037
0.081
0.031
0.249
77,045
53.5%**
64,678

OSR OR (95% Cl)
0.97 (0.80-1.19)
1.20 (1.02-1.40)*
1.23 (1.00-1.51)*
1.07 (0.76-1.50)
1.04 (0.92-1.17)
0.99 (0.89-1.11)
0.94 (0.83-1.08)
0.96 (0.80-1.15)
1.05 (0.94-1.16)
1.67 (1.42-1.96) %%
1.48 (1.26—1.75)%**
1.40 (1.19-1.65)%*

0.536
0.171
0.000
0.123
0.207
0.048
0.465
12,056
54, ek
63,5721

Fixed effects are ORs per one-standard-deviation increase (continuous variables z-standardised; specialist physician
binary). Asterisks: * p < 0.05; ** p < 0.07; *** p < 0.001. Il Reference: no specialist physician. [l Reference: summer.
Variances are the variance components of the random intercepts; the ICC is the between-level variance share; marginal
R? = variance explained by fixed effects, conditional R? = by fixed + random effects (Nakagawa). LRT = likelihood-ratio
test of the full model against the null model. The reference distributional family is binomial for all three responses. OR
> 1 increases the relevant measure; for off-schedule administration a high value is unfavourable. [l Observations with a

zero denominator were excluded.

Modelling was carried out at two complementary levels. Pooled models (the nine units together, with an additional
random intercept for vaccine-dose unit) were built to estimate average/overall associations with greater statistical
power; unit-specific models (a separate GLMM for each vaccine-dose) were built to estimate unit-specific odds ratios
and to assess the consistency of associations across units.
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Spatial analysis

Geographical clustering was examined at the FHC level using the 99 FHCs for which geolocation was available.
Neighbourhood was defined as a row-standardised weight matrix based on the k = 3 nearest-neighbour criterion; global
spatial autocorrelation was tested with the global Moran's | based on Monte Carlo permutation (999 iterations). The
sensitivity of results to the neighbourhood definition was assessed by repeating the same analysis with the k =4 and k
= 5 nearest-neighbour criteria. Local clusters (hot/cold spots) were identified with the local Moran statistic (LISA, alpha
=0.05). In addition, the distance of each FHC to its nearest neighbour (isolation) was calculated, and its association
with coverage was assessed with the Pearson correlation.

Model diagnostics

The fitted GLMMs were checked for multicollinearity (variance inflation factor, VIF), simulation-based residual analysis
(DHARMa; distributional fit), overdispersion, and residual spatial autocorrelation (Moran's | on residuals reduced to the
FHC level). VIF assessment was used to determine the set of explanatory variables, and overdispersion assessment to
choose the distributional family.

Software

All analyses were conducted in the R statistical environment (version 4.4.3); the gimmTMB package was used for
mixed models, spdep for spatial analyses, and DHARMa and performance for model diagnostics. Statistical
significance was evaluated at the two-sided alpha =0.05 level.

Use of large language models and artificial intelligence tools

Artificial intelligence (Al) tools were used to generate auxiliary R code for preparing the analytic data. Specifically, Al
assistance was used to prepare and merge the 450 separate Excel (.xIs) packages obtained from the Ministry of Health
into a single dataset, and to prepare the 24-month x 349-FMU data obtained from the Provincial Health Directorate for
analysis.

Al tools were also used in developing the analysis application (an R/Shiny tool); the analysis code has been made
publicly available at the repository link provided under 'Availability of data and materials'.

The Consensus Al tool (https://consensus.app) was used to support the literature search.
Claude.ai and Grammarly were used to translate the manuscript into English and to proofread it.

The authors reviewed, verified and edited all Al-assisted outputs and take full responsibility for the integrity and content
of the manuscript. Al tools were not used to generate scientific interpretations or conclusions and do not meet
authorship criteria; accordingly, no Al tool is listed as an author.

Ethics

Approval for the study was obtained from the Scientific Research Ethics Committee of Health Sciences, Faculty of
Medicine, Sakarya University (application date 31 July 2025, application no. 479; decision date 20 September 2025, no.
E-43012747-050.04-513197-479). The study was retrospective and registry-based, using aggregated data with no
personal identifiers.

Results

Sample and descriptive findings
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The analytic sample covered 99 family health centers (FHCs) and 349 family medicine units (FMUs) across 16 districts
of Sakarya over 24 consecutive months, from October 2023 to September 2025. Nine vaccine-dose units were
evaluated; a mean of 7,186 (SD = 77.05) FMU-month observations were obtained per unit (pooled n = 64,678). The three
coverage measures - total coverage (TC), timely coverage (TMC), and off-schedule ratio (OSR) - are summarized at the
unit level in Table 1.

Descriptive statistics of coverage mea-srazz l13y vaccine-dose unit (FMU-month level)
Vaccine-dose unit n TC (pooled) TMC (pooled) OSR 295% (%)
BCG dose 1 7,143 0.938 0.934 0.005 82.6
HepA dose 1 7,167 0.913 0.906 0.008 76.1
HepA dose 2 7,222 0.906 0.898 0.009 73.9
MMR dose 1 7,163 0.925 0.919 0.007 79.2
MMR dose 2 7,381 0.902 0.891 0.012 71.3
PCV dose 1 7,152 0.938 0.934 0.004 82.5
PCV dose 2 7134 0.932 0.928 0.004 81.0
PCV booster 7,159 0.923 0.918 0.006 78.5
Varicella dose 1 7,157 0.924 0.918 0.007 78.8

TC =total coverage; TMC = timely coverage; OSR = off-schedule ratio. Pooled = the unit's Zadministered / 2due; 295% =
percentage of FMU-months with coverage = 95%. The FMU-month median is 1.000 in all units.

Pooled TC values ranged from 90.2% to 93.8%; the FMU-month median was 100% across all units. The highest pooled
values were for BCG dose 1 and PCV dose 1 (93.8%), and the lowest for MMR dose 2 (90.2%) and HepA dose 2 (90.6%).
The proportion of FMU-months reaching the = 95% band was 82.6% for BCG dose 1 and 71.3% for MMR dose 2. The
pooled off-schedule ratio ranged from 0.4% to 1.2% across all units. The coverage-band composition is presented in
Fig. 1.

Service-delivery and district-level determinants

The association of service-delivery- and district-level characteristics with coverage was examined with GLMMs with
nested random effects of district/FHC/FMU. The fixed-effect odds ratios (ORs), variance components and fit measures
of the pooled models are presented in Table 2; the full OR matrices for each vaccine-dose unit are presented in

Tables 3a-c.
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Table 3

a. Total coverage (TC) — determinant x unit OR matrix

Determinant

Household
size

Mean years
of schooling

Child
dependency
ratio

Specialist
physician

Physician
turnover

Physician-
absent
month
proportion

Median
FMU
population

Number of
FMUs per
FHC

Population
Ccv

Season:
Winter

Season:
Spring

Season:
Autumn

BCG-1
0.86**

0.94

1.01

1.15

0.98

0.98

1.01

0.98

0.98

1.22*

1.01

1.10

HepA-1
0.84**

0.93

1.02

1.30**

0.99

0.98

0.95

0.93

0.92**

1.15*%

1.05

1.07

HepA-2
0.84**

0.92

1.01

0.98

0.99

0.95

0.96

0.96

1.06

1.00

1.08

MMR-1 MMR-2
0.84** 0.90
0.92 0.92
1.00 1.00
1.25*% 1.05
0.97 1.00
1.01 0.95
1.01 1.01
0.95 0.94
0.99 0.97
112 0.93
0.91 0.87%**
1.01 0.89*

PCV-1
0.88*

0.92

0.99

0.98

0.98

1.02

0.97

0.96

1.30**

1.13

1.14

PCV-2
0.87*

0.88**

0.96

1.20

0.96

0.98

1.02

0.95

0.98

1.27%*

1.15

1.22%*

PCV-B
0.84**

0.92*

1.00

1.21*

0.96

1.01

1.02

0.96

0.99

1.27%*

0.96

1.08

VAR-1
0.84**

0.93

0.99

1.21*

0.98

1.00

1.02

0.96

0.99

0.90

1.03

Pooled
0.86**

0.90*

0.99

1.25*%

0.97

1.00

0.96

0.93

0.97

1,120k

0.97

1.05*
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b. Timely coverage (TMC) — determinant x unit OR matrix

Table 3

Determinant BCG-1

Household 0.87**
size

Mean years 0.94
of schooling

Child 1.00
dependency
ratio

Specialist 1.13
physician

Physician 0.97
turnover

Physician- 0.99
absent

month

proportion

Median FMU  1.02
population

Number of 0.99
FMUs per
FHC

Population 0.99
Cv

Season: 1.20*
Winter

Season: 0.99
Spring

Season: 1.08
Autumn

HepA-1
0.86**

0.92*

1.00

1.24*

0.99

0.98

0.95

0.93

0.92**

1.07

1.01

1.06

HepA-2
0.84**

0.92

1.00

0.98

0.99

0.95

0.96

0.96

1.00

0.98

1.04

MMR-1 MMR-2

0.86** 0.92
0.92* 0.90*
0.98 0.98
1.22* 1.07
0.96 1.00
1.00 0.96
1.02 1.01
0.97 0.95
0.98 0.95*
1.07 0.88*
0.89 0.79%**
0.99 0.86**

PCV-1
0.88*

0.91*

0.98

0.96

1.00

1.03

0.96

0.97

1.23**

PCV-2
0.88*

0.88**

0.95

1.22*

0.96

0.99

1.01

0.96

0.99

1.17*

1.18*

PCV-B
0.85**

0.91*

0.99

0.96

1.01

1.03

0.97

0.99

1.16*

0.94

1.04

VAR-1
0.86**

0.92*

0.98

1.20*

0.96

1.00

1.02

0.97

0.99

1.10

0.89

1.00

Pooled
0.88*

0.89**

0.97

1.23*

0.97

0.99

0.98

0.94

0.98

1.07**

0.95*

1.02

Table 3c. Off-schedule ratio (OSR) — determinant x unit OR matrix
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Determinant BCG-1 HepA:1 HepA-2 MMR-1 MMR-2 PCV-1 PCV-2 PCV-B VAR1 Pooled

Household 1.03 0.97 112 0.96 0.89 1.01 1.06 1.10 1.02 0.97
Slze

Mean years 1.08 1.19 1.12 1.16 1.27* 1.26 1.05 1.22 1.19 1.20%
of schooling

Child 1.18 1.21 0.95 1.31 1.27 1.28 1.23 1.26 1.27 1.23*
dependency
ratio

Specialist 1.06 1.67* 1.29 1.01 0.86 0.61 0.60 0.96 0.94 1.07
physician

Physician 1.15 0.91 1.03 1.10 0.97 1.26* 1.01 1.12 1.23* 1.04
turnover

Physician- 0.14 1.10 0.97 1.01 0.90 0.05 0.08 0.98 0.99 0.99
absent

month

proportion

Median 0.78 1.05 1.04 0.91 0.98 0.84 1.05 0.89 0.91 0.94
FMU
population

Number of 0.98 0.97 0.96 0.91 0.92 1.17 0.88 0.94 0.92 0.96
FMUs per
FHC

Population 0.86 1.15 1.05 1.11 1.27%* 0.97 0.90 1.03 1.00 1.05
Ccv

Season: 1.06 1.73* 1.62* 1.44 1.68** 1.67 1.89 1.70 1.51 1.67%%*
Winter

Season: 1.43 1.53 1.38 1.72*% 1.50*% 0.90 2.10% 1.71 1.50 1.48%**
Spring

Season: 1.24 1.08 1.55* 1.52 1.42 1.06 1.95 1.64 1.52 1.40%**
Autumn

For Tables 3a—-c: each cell is the odds ratio per one-standard-deviation increase in the relevant determinant (continuous
variables z-standardised). Asterisks indicate significance: * p < 0.05; ** p < 0.07; *** p < 0.001. 95% Cls for the pooled
models are given in Table 2, the choice of distributional family is in Additional file 1: Table S5. The reference for season is
summer; specialist physician is binary (reference: none). For OSR columns, OR > 1 increases off-schedule administration
(unfavourable). Unit abbreviations: BCG-1 = BCG dose 1, HepA-1/2 = hepatitis A doses 1/2; MMR-1/2 = measles-mumps-
rubella doses 1/2; PCV-1/2 = pneumococcal conjugate doses 1/2; PCV-B = PCV booster; VAR:1 = varicella dose 1.

In the pooled model, a one-standard-deviation increase in household size was negatively associated with the odds of
total coverage (OR =0.87; 95% Cl 0.78-0.96; p = 0.008) and timely coverage (OR =0.88; 95% CI 0.79-0.97; p=0.011).
This association was significant for total coverage in eight of the nine units and was negative in all units; for MMR dose
2, it was of borderline significance (OR =0.90; p = 0.066) (Table 3a).

In the pooled model, a one-standard-deviation increase in mean years of schooling was negatively associated with
timely coverage (OR =0.89; 95% CI 0.82-0.96; p = 0.004) and positively associated with off-schedule administration
(OR=1.20; 95% CI 1.02-1.40; p = 0.026). For timely coverage, the association was significant in seven of the nine units,
whereas for total coverage it was significant in the pooled model and in two units (Tables 3a-c).
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The presence of a specialist physician at the FHC was positively associated in the pooled model with total coverage
(OR=1.25;95% Cl 1.04-1.50; p = 0.018) and with timely coverage (OR =1.23; 95% CI 1.03-1.47; p = 0.022); it was
independently significant in four of the nine units (Table 3a,b).

The child dependency ratio was positively associated only with off-schedule administration (OR = 1.23; 95% CI 1.00-
1.51; p = 0.049); it showed no significant association with total or timely coverage. Physician turnover, physician-absent
month proportion, number of FMUs per FHC and median FMU population were not significant in the pooled coverage
models. Variability in FMU population (population CV) was not significant in the pooled model but was significant for
the HepA dose 1 and MMR dose 2 units (Tables 3a-c).

Season (reference: summer) was associated with coverage. Total coverage was higher in winter in the pooled model
(OR=1.12;95% CI 1.07-1.17; p< 0.001), and this association was significant in five of the nine units. Off-schedule
administration was higher in all three non-summer seasons (winter OR = 1.67; spring OR = 1.48; autumn OR = 1.40; all p
<0.001).

Most of the variance was at the FMU level. In the pooled total-coverage model, the total intraclass correlation (ICC) was
0.086 (FMU level 5.9%; FHC 1.8%; district ~ = 0%; vaccine-dose unit 0.9%); the marginal R? was 0.031 and the
conditional R? was 0.261. In the off-schedule model the ICC was 0.201. The variance components, ICC, Nakagawa R2
values and fit measures of the three pooled models are given in the lower part of Table 2.

Spatial findings

Geographic clustering at the FHC level was examined using the k = 3 nearest-neighbor criterion (Table 4). Global
Moran's | was significant for only one of the nine units, HepA dose 2 (I = 0.150; p = 0.013); the other eight units and the
pooled analysis were not significant. For HepA dose 2 at k = 3, the local Moran (LISA) analysis identified three high-high
(hot-spot) clusters and no significant low-low (cold-spot) cluster (Fig. 2). The Pearson correlation between isolation
(distance to nearest neighbor) and coverage ranged from 0.12 to 0.21 across all units.
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Table 4
Spatial autocorrelation and local clustering by vaccine-dose unit (k = 3)

Vaccine-dose unit Moran's | P LL HH Isol. r
BCG dose 1 - 0.747 2 0 0.125
HepA dose 1 0.102 0.063 1 4 0.136
HepA dose 2 0.150 0.013* 0 3 0.214
MMR dose 1 0.073 0.121 2 0 0.147
MMR dose 2 - 0.495 1 0 0.197
PCV dose 1 - 0.689 2 0 0.121
PCV dose 2 0.030 0.290 1 2 0.175
PCV booster 0.056 0.209 1 0 0.176
Varicella dose 1 0.085 0.092 2 1 0.154

All (pooled, 9 units) 0.066 0.137 0 0 0.190
Moran's I: Monte Carlo test with 999 permutations. LL = number of low-low (cold-spot) local clusters; HH = number of
high-high (hot-spot) local clusters; Isol. r = Pearson correlation of isolation x coverage. * p < 0.05. ‘=" Moran'’s | not
l_',%%%tgzl‘for non-significant permutation results. Neighbourhood sensitivity (k = 4, k = 5) is given in Additional file 1:

Sensitivity to the neighborhood definition was assessed using the k =4 and k = 5 criteria. HepA dose 2 remained
significant under all three neighborhood criteria (k =4, p = 0.024; k = 5, p = 0.004); HepA dose 1 and varicella dose 1
were significant only at k =5 (p =0.028 and p = 0.047, respectively) (Additional file 1: Table S4).

Discussion

In this study, first-line childhood vaccination performance in Sakarya Province was examined at three levels
simultaneously, following the true hierarchy of the data: 16 districts, 99 family health centres (FHCs) and 349 family
medicine units (FMUs). The analysis is based on 64,678 FMU-month observations and nine vaccine-dose units. Pooled
total coverage ranged from 90.2% to 93.8%; by contrast, the proportion of FMU-months reaching the = 95% band
remained between 71.3% and 82.6%. Off-schedule administration was generally low (0.4-1.2%).

In the multivariable mixed models, the strongest and most consistent determinant was household size. The effect of
mean years of schooling took an unexpected form: it affected total coverage only to a limited extent, while it markedly
reduced timely coverage and increased off-schedule administration. The presence of a specialist physician at the FHC
was positively associated with coverage. Physician turnover, physician-absent month proportion and structural unit
variables were not significant. Most of the variance was concentrated at the FMU level; the FHC level accounted for a
smaller share, and the contribution of the district level was close to zero. Spatial clustering was detected in only one of
the nine units. These findings are discussed in turn below.

The pooled coverage values appear high at first glance. However, the fact that pooled ratios remain around 90% despite
an FMU-month median of 100% indicates that the distribution is markedly skewed. What pulls the dose-weighted
average down is a limited number of poorly performing unit-months. This points not to a widespread deficiency across
the province but to a targetable gap concentrated in specific unit-months.

Measles-mumps-rubella (MMR) dose 2 is of particular importance in this respect. This unit has both the lowest pooled
coverage (90.2%) and the lowest proportion in the > =95% band (71.3%). Measles elimination and the maintenance of
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herd immunity require > = 95% coverage with two doses of measles-containing vaccine, not only nationally but in every
sub-region(8, 34). Studies of the immunity threshold adjusted for contact patterns likewise point to achieving 95%
immunity by five years of age and maintaining it at older ages(7). Although coverage appears adequate across the
sample as a whole, the fact that roughly one third of unit-months fall below the threshold for MMR dose 2 is a risk that
must be monitored.

A one-standard-deviation increase in mean household size reduced the odds of total and timely coverage by
approximately 12-13% in the pooled model (TC OR = 0.87; TMC OR = 0.88). This association was significant for total
coverage in eight of the nine units and was in the same direction across all nine. No other determinant showed this
level of consistency.

The finding aligns strongly with the individual-level literature. In creche children in Athens, the likelihood of receiving all
vaccines fell as household size increased(35). In Ethiopia, a family size of five or more more than doubled the odds of
incomplete immunization(36). In Canada's national immunization survey, the number of children in the household was
associated with both vaccine hesitancy and refusal(37). In the Netherlands, coverage declined more rapidly in families
with four or more children(38).

The mechanisms that might explain this pattern are clear. In crowded households, the parental time and resources
available per child decrease, and taking more than one child to the same appointment creates a logistical burden. A
comprehensive review of reasons for missed primary care appointments found that competing demands and priorities
are among the principal factors(39). It should be noted that the finding was obtained at the ecological level;
nevertheless, the consistency across units supports the robustness of the association. In regions where large family
structures are common, household-based reminders, home visits and multi-child appointment arrangements may offer
a feasible intervention lever.

The behaviour of the education variable becomes clear when the three outcome measures are examined separately.
For total coverage, although the pooled effect is significant (OR = 0.90), it is significant at the unit level in only two
vaccine-doses (PCV dose 2 and PCV booster). For timely coverage, the picture changes: the pooled effect is stronger
(OR =0.89) and is significant in seven of the nine units. For off-schedule administration, the direction reverses, and the
pooled OR rises to 1.20; the OR exceeds one in all nine units.

Read together, these three patterns yield the following conclusion: in districts with high education levels, children are
vaccinated, but not at the time prescribed by the schedule. That is, what is at stake is not a loss of coverage but a
systematic shift in timing in favour of off-schedule administration. That the effect on total coverage appears in only two
units supports this interpretation; had the underlying phenomenon been vaccine avoidance, the effect would have been
expected to appear widely in total coverage as well.

The international literature is consistent with this reading. In a study covering more than 14 million participants from 90
countries, vaccine hesitancy was more common in less-educated groups, whereas vaccine refusal was higher in more-
educated groups, and this divergence was particularly pronounced in high-income countries(40). In a national study of
3,927 parents in France, the likelihood that highly educated parents belonged to the vaccine-delaying group was
markedly increased (AOR = 1.73); the same study showed that this association operated through trust in the health
system and concern about ‘'making the right decision'(41). In Argentina, high maternal education was significantly
associated with vaccine hesitancy (OR =2.66)(42). In a study of 2,054 parents in China, hesitancy was also more
frequent among more highly educated parents(43). An umbrella review bringing together 26 systematic reviews shows
that the association between education and vaccine uptake does not operate in the same direction across all contexts
and that inverse associations are frequently reported, particularly in high-income countries(22).
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Why this association is reflected in timing rather than coverage also finds support in the literature. In a meta-analysis of
46 studies, the association of vaccine hesitancy with delaying vaccination (OR = 2.61) was markedly stronger than its
association with never being vaccinated (OR = 1.48)(44). In other words, hesitancy is expressed mostly as delay rather
than refusal. Its concrete form is alternative vaccination schedules: in the United States, about 13% of parents reported
following a schedule different from the recommended one, and more than half of these delayed some vaccines to older
ages(45). A qualitative study with high-socioeconomic-status parents who identified as pro-vaccine showed that this
group did not refuse vaccines but frequently delayed them and spread doses over time(46). Calls for timeliness and
coverage to be monitored as separate measures also rest on these findings(16). It is accepted that vaccine hesitancy is
not specific to a single socioeconomic profile and is also shaped by contextual, vaccine-specific factors(47).

The Turkish data require a careful reading here. Vaccine hesitancy was detected in 32% of 350 parents presenting to
family health centres in Mardin(32). On the other hand, studies also exist in which vaccine hesitancy decreases as
socioeconomic status and education level rise(33, 48). In a nationwide study of 245 academics working at public
universities, hesitancy was shown not to disappear entirely even in this group with high access to scientific
sources(49). A qualitative study examining vaccine refusal in Tirkiye revealed that decisions are shaped by institutional
distrust and by alternative information sources such as the internet, social media and books(50).

This picture makes an important point clear: Tirkiye's individual-level data indicate that hesitancy decreases as
education rises. Our finding therefore cannot be explained by a simple 'educated parents are hesitant' assumption.
Moreover, our variable is the district mean, not individual education; the two measurements lie on different levels, and
an association at the ecological level cannot be translated directly into individual behavior. Nevertheless, the pattern
our data reveal - coverage preserved, timing shifted - is consistent with the 'hesitancy manifests as delay' mechanism in
the international literature. In districts with high education levels, factors such as working hours, service-use
preferences, and recourse to private health facilities may also influence timing. This interpretation is not causal but
hypothesis-generating, and it contains the following testable prediction: in individual-level data, children living in high-
education districts should show a significant delay in the ages at which doses are received, while their final coverage
remains similar.

In the pooled model, the presence of a specialist physician at the FHC was positively associated with both total
coverage (OR =1.25) and timely coverage (OR = 1.23); this association was independently significant in four of the nine
units. The finding is consistent with the literature linking a qualified health workforce to coverage. In a study of 1,346
health sub-centers in India, facility quality was positively associated with both full immunization and timely
vaccination(23). The provider's attitude towards vaccines has also been shown to directly affect the timing of a child's
vaccination: in a study in Switzerland examining 1,256 parents and 112 physicians together, the odds of non-timely
vaccination were markedly increased in children seen by hesitant physicians(25). Similarly, physicians' area of specialty
and the training they have received alter the way they deliver vaccine recommendations(51). That health-workforce
capacity is one of the long-term determinants of coverage has also been reported in large-scale studies(52).

The presence of a specialist physician may not be a cause in itself. This variable may also serve as a marker for centers
with better resource allocation, or for relatively urban or institutionally higher-capacity centers. These data do not
distinguish whether the contribution is direct or indirect.

In the study, the child dependency ratio was associated only with off-schedule administration (OR = 1.23); no effect was
detected on total or timely coverage. This selective pattern suggests that the child population burden does not reduce
coverage but strains timing. It is known that service-delivery and health-worker factors are decisive in missed
vaccination opportunities. (53). In a multilevel study conducted at ten different primary-care facilities in Kano, Nigeria,
the principal determinants of missed vaccination opportunities were associated with the facility's workflow and mode

Page 18/30



of presentation(54). It has been shown that in settings where demand exceeds capacity, services adapt through
prioritisation and flexing, which is reflected in timing(55). In districts with a dense child population, the difficulty of
appointment capacity in meeting demand may explain the increase in off-schedule administration.

The physician-absent month proportion denotes months when the FMU has no salaried physician, and the service is
carried out by proxy through another unit in the same FHC or the nearest FHC. This variable was not significant for any
of the three outcome measures. However, interpreting this result as 'no effect' would be misleading. Only five FMU-
months across the entire study period were recorded as physician-absent. Given such a rare exposure, a statistically
significant association cannot be expected.

Physician turnover, number of FMUs per FHC, median FMU population, and population variability over the study period
were also not significant in the pooled coverage models. It is well documented that physician turnover in primary care
disrupts continuity of care and adversely affects patient experience(56). By contrast, in a large American cohort,
physician turnover worsened patient experience but largely did not affect ambulatory quality-of-care indicators(57). A
service such as vaccination - strongly protocol-bound, standardised and supported by reminder-recall systems - may be
expected to be relatively resistant to physician-level fluctuations. In this respect the finding may be regarded as a
positive sign of resilience, indicating that the family medicine system can sustain vaccination services independently of
individual-physician continuity. Even so, the significance of physician turnover in some units in the off-schedule models
shows that the subtler effects of continuity on timing should not be overlooked.

Total coverage was higher in winter than in summer (OR = 1.12). Off-schedule administration, in turn, was markedly
increased in all three non-summer seasons (winter OR = 1.67; spring OR = 1.48; autumn OR = 1.40). This pattern is likely
to be operational rather than biological. In summer, holidays, travel and reduced routine contact with health facilities
may affect both planned presentations and timing, creating a different pattern in the summer reference period. The
literature on the seasonality of routine childhood vaccines is limited. By contrast, it has been clearly shown, in
pandemic-related interruptions, that periods disrupting service access impair coverage and timing(58). For this reason,
intensifying reminder-recall activities during the summer period would be appropriate.

In the pooled total-coverage model, the overall intraclass correlation was low (ICC = 0.086). The distribution of this
value across levels shows that variability is concentrated at the lowest rung of the hierarchy. The FMU level accounted
for 5.9% of the total variance, the FHC level 1.8%, and the vaccine-dose unit 0.9%, while the district-level variance was
close to zero. Coverage differences arise not between districts but between units within the same district and, largely,
within the same center.

This pattern stands in marked contrast to findings from community-based systems. In a multilevel study of timely full
immunization in north-western Ethiopia, 26% of variability was between communities(59), whereas the corresponding
share here is about one third of that. It may be said that the registered-population-based family medicine model largely
suppresses differences between geographical units but does not eliminate heterogeneity at the unit level. This picture,
favourable in terms of geographical equity, indicates that monitoring and intervention should be structured at the unit
rather than the district level. Measuring at which level clustering arises is the established way of assessing the
magnitude of contextual effects(29).

The low total ICC also indicates that, alongside between-unit differences, within-unit fluctuation is large; the same FMU
varies markedly across months and vaccine-doses. The variance explained by the fixed effects, in turn, is limited
(marginal R? = 0.031). The measured service-delivery- and district-level variables account for only a small part of the
differences in coverage. The source of this residual variability cannot be determined with the data at hand. Possible
candidates include individual parental attitudes, household-level barriers and differences in units' reminder-recall
practices; however, these are untested hypotheses.
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The total ICC was about 2.3 times higher for off-schedule administration than for total coverage (0.201 vs 0.086),
indicating that timing problems are more clustered across units. While coverage converges toward a common
standard, whether doses are administered on schedule appears more dependent on the unit's entrenched practice. For
this reason, off-schedule administration may serve as a more discriminating indicator than coverage for unit-targeted
monitoring.

Global spatial autocorrelation was significant for only one of the nine units, HepA dose 2, and this result was consistent
across the k=3, 4, and 5 neighborhood definitions. No significant clustering was detected in the other eight units or in
the pooled analysis. The correlation between isolation and coverage was also weak (0.12-0.21). Taken together with
the low district-level variance, this indicates that coverage is distributed largely homogeneously in space.

This result should be read not as a 'negative finding' but as evidence of the geographical equity of service delivery.
Studies conducted with population-based surveys in low- and middle-income countries generally report strong spatial
clustering and marked sub-regional heterogeneity(9, 60). Low-coverage local clusters can be detected even in countries
with high national coverage(12). The absence of such clustering in Sakarya may reflect the geographical consistency of
a mature, registered-population-based primary-care system. The finding aligns with a Brazilian study likewise
conducted with national immunization-programme administrative data that detected no global autocorrelation(61). The
exceptional clustering in HepA dose 2, in turn, should be regarded as a limited pattern arising from local supply or
administration.

Strengths and limitations

The principal strength of the study is that it covers province-wide data (349 FMUs, 64,678 FMU-months). The modelling
reflects the true hierarchy of the data (district/FHC/FMU) and includes a crossed random intercept for vaccine-dose
units. The distributional family was determined separately for each model on the basis of overdispersion diagnostics
and was supported by DHARMa, VIF and spatial-residual analyses. The consistency of associations was assessed with
both pooled and unit-specific models. Treating timeliness and off-schedule administration as separate outcomes
alongside coverage provides a richer picture of performance than studies focusing on coverage alone; indeed, delayed
vaccination increases risk by prolonging the window of susceptibility(62).

Beyond its methodological strengths, the study's scope also holds distinctive value for health management. The
analysis covers the province's entire first-line childhood vaccination service: all 16 districts, all 99 FHCs, and all 349
FMUs were included through complete enumeration rather than sampling. This scope yields a performance map free of
representation problems and directly convertible into managerial decisions. Monitoring the entire primary care system
over a consecutive 24-month window, across nine vaccine-dose units and three outcome measures, provides a
comprehensive scope and level of detail rarely encountered in the field.

The managerial value of the findings stems from the nature of the determinants. Household size is a demand-side
indicator computable from routine administrative records; it is therefore suitable for direct risk profiling in the field, and
units where crowded households are concentrated can be identified in advance. The positive association of the
presence of a specialist physician with coverage, in turn, defines a directly actionable lever on the supply side;
workforce planning and assignment decisions can be based on this finding. The study's outputs thus offer practical
guidance for risk profiling and intervention efficiency in primary health-care management aimed at increasing vaccine
coverage.

This approach is also consistent with the established targeted-planning tradition in immunization programmes. The
'Reaching Every District' approach developed by WHO and UNICEF envisages using coverage data to analyse the
distribution of unvaccinated children and to prioritise poorly performing administrative units(27). Our findings show
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that this logic should be moved one rung down: in Sakarya, the unit to be prioritised is the FMU, not the district.
Georeferenced microplanning has been shown to increase coverage(63), and targeted planning to be cost-effective
relative to the traditional approach(64). This framework, which aims to deliver the right intervention to the right
population at the right time, is the fundamental way of increasing efficiency under resource constraints(65).

The findings should be interpreted in the light of several limitations. First, the study is ecological and registry-based; the
denominators rely on the information system's counts of ‘children due for vaccination, and administrative coverage
may be biased relative to field surveys or serological measurements. Second, because the socioeconomic and
demographic determinants were defined at the district level (n = 16), resolution and power are limited. This increases
the risk of ecological fallacy. Third, the cross-sectional and retrospective design does not permit causal inference.
Fourth, some exposures such as the physician-absent month proportion were so rare in the dataset that effect
estimation could not be performed for these variables. Fifth, the analysis is limited to the nine antigens not included in
combination vaccines; because the diphtheria, pertussis, tetanus, polio, hepatitis B and Hib components were excluded,
the findings cannot be generalised directly to these vaccines. Finally, because individual parental-level factors
(attitudes, hesitancy, income, migration status) could not be measured, the possibility of confounding remains.

Within the scope of this study, the FHCs requiring priority intervention were identified through LISA clustering and
shared with the Provincial Health Directorate for targeted microplanning.

Conclusions

First-line childhood vaccination coverage in Sakarya is generally high and geographically equitable. Nevertheless, a
significant minority of unit-months, particularly for the second doses of MMR and hepatitis A, remain below the =95%
threshold. That most of the variability in vaccine coverage is concentrated at the smallest service-unit (FMU) level and
that no spatial clustering is present indicate that targeted micro-interventions focused on poorly performing FMUs will
be more effective than interventions spread across the whole province.

Three findings stand out for policy. First, household size is the most consistent determinant and calls for strengthening
reminder-recall systems in regions where crowded households are common. Second, the effect of education level
appears not in coverage but in timing; this necessitates a monitoring approach focused on timing rather than
information provision in highly educated regions. Third, and the most directly actionable from a managerial standpoint,
the presence of a specialist physician at the FHC markedly increases both total and timely coverage (TC OR = 1.25;
TMC OR =1.23). This finding shows that workforce planning can be regarded as an immunization-performance tool in
its own right: assigning specialist physicians with an eye to low-coverage centres carries the potential to raise coverage
even within the existing staffing structure. That physician turnover and staffing fluctuations did not adversely affect
coverage is reassuring in terms of system resilience. Continuous monitoring of timely coverage and off-schedule
administration as routine quality indicators, the development of catch-up strategies for the summer period, and the
establishment of unit-level feedback mechanisms are recommended.
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Coverage-band composition by vaccine-dose unit (proportion of FMU-months). Bands: <50%, 50-79%, 80-94% and
>95%.
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Local Moran (LISA) clusters for HepA dose 2 (k = 3). Green: high-high (hot spot); no significant low-low (cold spot)
cluster was detected at k = 3.
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