[bookmark: _GoBack]Quantifying Inequality, Volatility, and Stability in Early Postnatal Care Coverage by Multilevel Beta Regression
Abstract
The early postnatal care in the first 48 hours of childbirth is crucial in preventing maternal morbidity and death. However, worldwide evidence remains dominated by mean-based and binary analyses that do not account for instability in service coverage. This research aims to measure the extent and consistency of early postnatal care coverage across nations and socioeconomic status. The three objectives include estimating changes in coverage over time, identifying socioeconomic and geographic disparities, and understanding the factors driving fluctuations in coverage. A multilevel beta regression was used with harmonised multi-country data from 73 countries covering 2010-2023, using 230 country-year-stratum observations to model bounded coverage percentages with country-random and survey-source random effects. The volatility was measured using a complementary instability model that relies on logarithmically transformed squared deviance residuals. Findings indicate a significant increase in temporal coverage (β = 0.058, p <.001), with coverage consistently lower in low-income contexts and in the poorest and rural populations (p <.001). The volatility of the poorest and richest groups was much greater than that of the nation groups, suggesting masked subgroup volatility. It is novel in that the coverage and instability of the models are jointly modelled in a distribution-consistent manner, thereby overcoming the significant statistical shortcomings of previous literature. The following recommendations should be considered: Stability metrics should be incorporated into SDG 3, resilience-based interventions should be prioritised for disadvantaged populations, and routine postnatal follow-up systems should be strengthened to ensure quality and consistency in maternal care.
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Introduction
Within the first 48 postnatal hours, there is an imperative period of risk of maternal morbidity and mortality, and complications of postpartum haemorrhage, hypertensive disorders, puerperal sepsis and other obstetric crises are some of the complications that are preventable and manifest swiftly (Pawar, & Nadkarni., 2024; Wolfson et al., 2025; Murrin et al., 2025; Gökçek, & Aslaner., 2024) The immediate postnatal care of less than 2 days of birth offers a clinical assessment, counselling, risk awareness, referral, and maternity continuum continuity. To be monitored, global health reporting typically characterises the maternal postnatal care indicator as the proportion of women aged between 15 and 49 years of age who received a health check within 2 days following the delivery of the last live birth, and routine disaggregation by residence, education and wealth to take into account equity dimensions (Kumarasinghe et al., 2024; Wilson et al., 2024; Adnani et al., 2025; Odikro et al., 2024). 
There is always empirical evidence that the utilisation of postnatal care is patterned by socioeconomic position and geography (Chi et al., 2024; Awoke et al., 2024; Huang-Fu et al., 2025; Towongo et al., 2024; Tripathi et al., 2024; Denu et al., 2025). Systematic wealth and residence gradients in postnatal care have been observed in multi-country studies of low- and middle-income countries, with women in poorer households and rural areas being more at risk of missing timely postnatal check-up (Saeed et al., 2025; Stackhouse et al., 2025; Terefe et al., 2024; Adnani et al., 2025; Shabuz et al., 2025). Existing studies on related research on maternal health-care indicators often view early postnatal check-up within 48 hours as a vital indicator and document high levels of wealth, education, and urban-rural inequality, which supports the value of disaggregated monitoring as opposed to national averages (Terefe et al., 2024; Mamo et al., 2025; Feleke et al., 2025; Ghosal et al., 2025). 
Again, a significant percentage of the existing literature is concerned with determinants and inequality decomposition based on cross-sectional survey microdata (Fetene et al., 2024; Hagos et al., 2024; Negero et al., 2025). These include logistic or multinomial regression of individual-level utilisation results, decomposition techniques to assign change over time, and indices of concentration to measure inequality based on wealth (Hailemariam et al., 2024; Habte et al., 2024; Towongo et al., 2024; Damtew et al., 2024). These techniques help detect correlates and equity gradients, but tend to work with binary utilisation outcomes and emphasise differences in means, so there is little opportunity to examine how instability or volatility in coverage varies across income groups, strata, or survey situations. Time- and place-decomposable changes in postnatal care have been shown to have evidence from country case studies, where again, changes in mean change are used to measure and estimate changes instead of stability of coverage within groups (Cisse et al., 2025; Endawkie et al., 2024; Negero et al., 2025; Kitaw et al., 2024). A second body of literature applies pooled prevalence estimation and multilevel modelling, particularly in regional syntheses (Tekeba et al., 2025; Bitewa et al., 2025). 
The application of Bayesian multilevel modelling to approximate pooled prevalence and related variables in early uptake of postnatal care has recently been conducted in East Africa, including estimates of both hierarchical structures and cross-country heterogeneity (Terefe et al., 2025; Zegeye et al., 2025; Ayiah-Mensah et al., 2025). These research works reinforce the inference by considering clustering, but the modelling usually focuses on the desired level of utilisation. Less emphasis is placed on modelling dispersion as an estimand, although the time- and stratum-stable, predictable, and resilient progress of policy can be a central concern.
Beta-family modelling is a principled alternative to linear regression because, methodologically, the coverage indicators are bounded and heteroskedastic, supporting outcomes in (0,1) and non-constant variance. Beta regression has been extensively suggested and used in health and development indicators due to its distributional compatibility with skewed and bounded continuous data, support of link functions (including logit), and potential to be more interpretable and more fit than Gaussian models when the outcome is skewed (or heteroskedastic) (Dardenne et al., 2024; Lozada-Martinez et al., 2025; Yirdaw et al., 2024). In addition to mean modelling, distributional and dispersion-conscious models have been developed in the context of social epidemiology and public health to understand the consequences of covariates not only on central tendencies but also on variability, thereby better understanding the dynamics of inequality and risk distributions.
Available studies consequently identify a research gap that can be addressed by monitoring maternal postnatal care at the aggregate and disaggregated levels. Percentages on national and subgroup coverages are limited results, confined to nations, and documented among dissimilar survey materials. Much of the literature still focuses on mean coverage or binary utilisation, without explicitly estimating the determinants of instability in coverage. This study fills that gap by modelling early postnatal care coverage as a quantifiable, uniform outcome on a unit-interval scale and by adding a stability-oriented contribution: a multilevel beta-type mean form designed to test the hypothesis that volatility varies systematically by income group, stratum, region, and survey context. This twofold concentration is a step beyond average-only inference, as it generates evidence on the policy significance of both coverage levels and the predictability of coverage in vulnerable populations, thereby bridging an important methodological and substantive gap in equity-focused research on postnatal care. 
Materials and methods
Characteristics and source of data
The study's dataset of 230 observations from 2010 to 2023 is based on a harmonised, multi-country dataset organised from internationally standardised household survey reports on maternal health. The first outcome is early postnatal care coverage, defined as the percentage of women aged 15-49 years who received a postnatal check within 2 days of their child's birth. They are observed on the national and subnational levels of aggregation and disaggregated into socioeconomic and demographic levels. The sample is an unbalanced longitudinal panel because the same countries are sampled across multiple survey years.
The variables include categorical identifiers for country, geographic region, and World Bank income group and survey source, as well as stratification variables for residence, wealth quintile, and selected maternal age. The outcome variable is a percentage, limited to 0-100. Upon suitable change, it is studied on the open unit interval, as it is given the probabilistic meaning. The occurrence of missingness is non-uniform across strata and years, due to survey design rather than processes driven by outcomes, and is handled implicitly within the modelling framework through likelihood-based estimation.
Mean model for postnatal care coverage
Let  denote the rescaled postnatal care coverage for the country , stratum , and time . The outcome is assumed to follow a beta distribution:

where  is the conditional mean and  is the precision parameter governing dispersion.
The mean structure is specified using a logit link:

where  is a vector of fixed effects including centred survey year, income group, region, and socioeconomic strata;  is the corresponding parameter vector;  represents country-level random effects; and  captures survey source heterogeneity. This formulation accounts for both observed covariates and unobserved contextual influences.
Instability model
To go beyond mean-only inference, the paper develops a new instability model that measures the volatility of postnatal care coverage. An instability proxy is constructed based on deviance residuals of the fitted model of beta means:

where  denotes the deviance residual and  is a small constant ensuring numerical stability.
The instability outcome is then modelled as:

where  includes the same structural covariates as the mean model,  measures their association with volatility, and  captures country-level random effects. This approach allows direct inference on determinants of coverage variability, a dimension typically ignored in maternal health research.
Instability Regression Model
The instability outcome is then modelled as:
    where:
·  includes the same structural covariates as the mean model,
·  measures their association with coverage volatility,
·  captures country-level heterogeneity in instability,
·  is the residual term.
This formulation allows direct inference on determinants of coverage predictability, a dimension typically ignored in maternal health research.
The instability model is theoretically justified
Conventional maternal health coverage analyses place great emphasis on expected utilisation, to the point that any deviation from the mean is treated as random error. Nevertheless, policy and systems-wise, the predictability of access is also crucial. High volatility means that the observed characteristics of populations vary in how they access postnatal care over time or across survey situations, suggesting weak health system delivery rather than just stochastic variation.
The instability framework can distinctly decompose systematic variability and random noise by directly modelling the residual dispersion as an estimand. The method determines the structural relationships between volatility in coverage and socioeconomic position, geographic environment, or survey design, and not an artefact of sampling variation or compression. This difference is necessary because national-level aggregation can mask instability at the subgroup level, creating the illusion of stable development.
The instability model formally treats the variability of the outcome, conditional on the mean structure, as information rather than nuisance. This way, it generalises the traditional mean-based inference. It offers a resilience-based approach to maternal health systems, where instability remains the indicator of vulnerability despite increased mean coverage. This theoretical background can and does justify volatility as a substantive result of interest and encourages its application in policy evaluation and SDG monitoring.  
Methodological assumptions
The instability model is based on several assumptions. First, the mean model of postnatal care coverage is adequately specified; i.e., the model's residuals should reflect unexplained variation rather than an omitted mean structure. Second, with included covariates and random effects, the residual variation would give informative information on system fragility and will not be overwhelmed by pure sampling error. Third, missing values are assumed to be missing at random, which implies that likelihood-based conditional estimation yields unbiased residuals. Lastly, the log-squared residual transformation assumes multiplicative, not additive, volatility, which is suitable for bounded outcomes whose variance is proportional to the mean. Within these assumptions, the instability measure provides a valid and interpretable tool for assessing the predictability of coverage across socioeconomic and structural contexts.
Estimation and inference
Model estimation is performed via likelihood-based methods, which are appropriate for hierarchical outcomes that are beta-distributed. The fitted models provide strong standard errors and confidence intervals. Two-sided tests with traditional two-sided values are used to determine statistical significance. Diagnostic checks include the fitted values, the behaviour of the residuals, and the random-effect variance components, and are also used to ensure sufficient fit and convergence.
Results
Figure 1 depicts a highly skewed distribution of postnatal care coverage within 2 days, with most observations clustering at higher coverage levels and a long lower tail extending to very low values. Such a distributional form indicates that the coverage of early postnatal care is not symmetric or normally distributed, which provides methodological justification for modelling the outcome as a bounded continuous variable rather than a linear regression model or dichotomised coverage indicators. 
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Figure 1: Distribution of postnatal care in 2 days
The high level of observed mass at higher coverage rates is associated with a large proportion of low-coverage measurements, suggesting that global progress in postnatal care is uneven and that averages do not provide a complete picture of existing vulnerabilities. This empirical trend substantiates the study's novice approach to beta-type modelling structures that best match the scale and variance structure of the indicator, thereby addressing the limitations many have recognised in previous studies of maternal health, which have assumed Gaussian distributions or binary utility realisation.
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Figure 2: World Bank income group Postnatal care coverage
In Figure 2, the disparity in postnatal care coverage is substantial across the World Bank's income groups. In high-income countries, median coverage is very high, and the interquartile range is low, indicating high levels of service utilisation and stability. However, the low-income and lower-middle-income groups are characterised by greater dispersion, a lower median, and a large number of extreme values, indicating unstable and uneven coverage. This visual evidence can supplement the previous findings that socioeconomic context is a strong determinant of maternal health service use; however, it also highlights a less-investigated aspect of socioeconomic context: instability across income groups. The variability evident in low-income localities highlights the importance of SDG 3 monitoring that focuses on analysing disparities when tracking only means, as volatility disrupts the predictability and stability of health systems, even as average coverage increases.
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Figure 3: Mean national trend over time
It can be seen that, at the national level, the mean coverage of postnatal care shows non-monotonic trends; some countries have steep declines or rebounds rather than gradual increases (Fig. 3). This time-flakiness challenges the unspoken notion of linear or gradually increasing trends commonly entrenched in policy retelling and trend patterns. As seen in the figure, progress on postnatal care coverage is highly susceptible to interference, which supports the study's argument that the SDG 3.1 goal cannot be measured using long-term averages alone. The existence of sudden shifts in time is an empirical reason for the study's dual focus on the two levels and stability, because instability itself poses a risk to maternal survival in the immediate postpartum period, which a policymaker may be interested in.
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Figure 4: The projected postnatal care coverage at any given time based on income group
Figure 4 presents model-based results on systematic shifts in postnatal care coverage patterns by income group. Although there is a positive temporal slope across all groups, there remains a significant absolute difference between low- and higher-income groups throughout the observation period. The overlapping but distinct confidence bands indicate that the inequalities persist despite accounting for country-level clustering and other covariates. This statistic continues the descriptive patterns by introducing them into a modelling framework relevant to the structure, showing that structural socioeconomic differences have long-lasting impacts on early postnatal care coverage. Politically, the results suggest that the commitments under SDG 3.8 for universal health coverage require specific initiatives to accelerate improvements in health indicators in low-income environments, rather than a globalised developmental pace.
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Figure 5: Predicted coverage of postnatal care by strata
In Figure 5, there is strong stratification in the predicted coverage of postnatal care by wealth, residence, and age. Even after accounting for country and source effects, coverage is most excellent among the richest and urban groups and lowest among the poorest and among maternal age groups under 20 years. The stratified forecasts highlight that the inequities are multidimensional and operate simultaneously along economic, geographic, and demographic lines. This value supports the novelty of the research methodology by demonstrating that a single unified model can produce consistent, similar predictions across heterogeneous subgroups and, as such, provides actionable evidence on equity-based maternal health programming in line with SDG 3.1.
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Figure 6: Predicted instability by income group
Fig 6 is the most distinctive contribution to the study, as it visualises forecasted instability in postnatal care coverage across income brackets. The instability is predicted to be greater among low-income groups and less among high-income groups. This finding introduces a new interpretative frame for maternal health monitoring: stability as a performance dimension rather than a coverage level. The result suggests that, despite an increase in average coverage, the increased volatility in disadvantaged settings can lead to failure to access care in time, which is most important during the postpartum window. This observation goes beyond the current literature to frame instability as a quantifiable policy challenge, directly connected to the ongoing work towards SDG 3 goals.
Table 1: Mean model fixed effects
	term
	estimate
	std.error
	statistic
	p.value
	
	

	(Intercept)
	2.245
	0.559
	4.015
	< .001
	
	

	year c
	0.058
	0.006
	9.447
	< .001
	
	

	groupLow income
	-1.352
	0.563
	-2.399
	0.016
	
	

	groupLower middle income
	-0.662
	0.514
	-1.287
	0.198
	
	

	groupUnknown
	0.000
	1.161
	0.000
	1.000
	
	

	groupUpper middle income
	-0.229
	0.495
	-0.462
	0.644
	
	

	stratummiddle
	-0.319
	0.038
	-8.460
	< .001
	
	

	stratumnational
	-0.382
	0.037
	-10.230
	< .001
	
	

	stratumpoorest
	-0.973
	0.037
	-26.316
	< .001
	
	

	stratumrichest
	0.496
	0.040
	12.387
	< .001
	
	

	stratumrural
	-0.596
	0.037
	-16.049
	< .001
	
	

	stratumsecond
	-0.595
	0.037
	-15.968
	< .001
	
	

	stratumurban
	0.184
	0.039
	4.745
	< .001
	
	

	stratumx15 19
	-0.422
	0.039
	-10.838
	< .001
	
	

	Eastern and Southern Africa
	-0.908
	0.366
	-2.483
	0.013
	
	

	Eastern Europe and Central Asia
	1.210
	0.407
	2.974
	0.003
	
	

	Latin America and Caribbean
	0.597
	0.388
	1.539
	0.124
	
	

	Middle East and North Africa
	-0.192
	0.440
	-0.436
	0.663
	
	

	South Asia
	-0.417
	0.446
	-0.935
	0.350
	
	

	Unknown
	-0.630
	0.000
	-Inf
	< .001
	
	

	West and Central Africa
	-0.361
	0.351
	-1.030
	0.303
	
	



Table 1 presents the fixed effects of the beta regression mean model and indicates substantial, statistically significant effects of postnatal care coverage on time, income group, stratum, and region. The significant positive coefficient for year substantiates the general improvement in early postnatal care coverage, as is the case with international maternal health programs; nonetheless, the enormous negative impact on low-income nations relative to the reference population points to structural disadvantage. Stratum-specific effects also indicate the existence of deep-seated inequalities, as the worst-off, rural and younger maternal age groups beget a much lower coverage. These results are consistent with the existing evidence on socioeconomic gradients of maternal use of health services, but continue the literature by quantifying their effects on the original proportion distribution-appropriate scale. The estimates also outperform traditional linear or binary models by providing interpretable, policy-relevant insights into SDG 3.1 monitoring while preserving the constrained form of the results.
Table 2: Smooth terms summary (random effects components).
	term
	edf
	ref_df
	statistic
	p.value

	s(iso)
	95.215
	98
	0
	< .001

	s(short source)
	36.545
	39
	0
	< .001


The random-effect smooth terms in Table 2 indicate significant unexplained heterogeneity across both countries and data sources. The high degrees of freedom at the country level demonstrate the role of contextual factors, which differ across countries' health systems, and the high source-level variability indicates variations in survey design, timing, and execution. This finding would confirm the multilevel nature of the study and that failing to account for clustering would lead to an understatement of uncertainty and biased inference. These random effects are explicitly modelled, enhancing the credibility of the fixed-effect estimates and constituting a methodological improvement over many previous studies that lump national estimates together without accounting for hierarchical dependencies.
Table 3: Instability model fixed effects
	term
	estimate
	std.error
	statistic
	p.value
	conf.low
	conf.high

	(Intercept)
	-1.293
	0.557
	-2.323
	0.020
	-2.384
	-0.202

	year c
	-0.014
	0.017
	-0.806
	0.420
	-0.048
	0.020

	groupLow income
	-0.810
	0.541
	-1.497
	0.135
	-1.872
	0.251

	groupLower middle income
	-0.670
	0.502
	-1.333
	0.182
	-1.654
	0.315

	groupUnknown
	-1.102
	1.032
	-1.068
	0.285
	-3.124
	0.920

	groupUpper middle income
	-0.861
	0.491
	-1.755
	0.079
	-1.823
	0.101

	stratummiddle
	-0.027
	0.201
	-0.135
	0.893
	-0.422
	0.368

	stratumnational
	-0.930
	0.199
	-4.685
	< .001
	-1.320
	-0.541

	stratumpoorest
	0.952
	0.201
	4.730
	< .001
	0.557
	1.346

	stratumrichest
	0.809
	0.202
	4.009
	< .001
	0.413
	1.204

	stratumrural
	-0.130
	0.200
	-0.649
	0.516
	-0.521
	0.262

	stratumsecond
	-0.029
	0.201
	-0.143
	0.886
	-0.424
	0.366

	stratumurban
	0.562
	0.200
	2.811
	0.005
	0.170
	0.953

	stratumx15 19
	-0.168
	0.209
	-0.804
	0.421
	-0.576
	0.241

	Eastern and Southern Africa
	0.271
	0.331
	0.820
	0.412
	-0.377
	0.920

	Eastern Europe and Central Asia
	0.114
	0.372
	0.307
	0.759
	-0.615
	0.844

	Latin America and Caribbean
	0.132
	0.359
	0.367
	0.714
	-0.572
	0.835

	Middle East and North Africa
	0.337
	0.397
	0.848
	0.397
	-0.442
	1.115

	South Asia
	0.253
	0.389
	0.652
	0.515
	-0.509
	1.016

	West and Central Africa
	0.346
	0.312
	1.110
	0.267
	-0.265
	0.957



The results reported in Table 3 are the fixed effects from the instability model; they provide new insights into the factors that contribute to volatility in postnatal care coverage. The considerable positive instability over both the lowest and the highest strata implies that both ends of the socioeconomic distribution are more varied, although probably not for the same reasons, e.g. the fragility in service access among the poor and measurement or behavioural variability among the rich. The negative instability at the national level is so strong that it implies aggregation hides subgroup instability, supporting the necessity of disaggregated analysis. In contrast to previous maternal health research, which focuses only on mean coverage, this table shows that instability is systematic across the equity dimensions. Policy-wise, it is crucial to reduce the volatility of the less privileged strata, as this will help secure consistent access to postnatal care and support the achievement of SDG 3.1 and SDG 3.8.
Discussion
Combined, the figures and table show that the coverage of early postnatal care is not only unequal in terms of level, but also in terms of stability. The novelty of the research is that it explicitly combines a limited mean model with an independent instability model, allowing simultaneous measurement of coverage and predictability. The dual opinion exposes that disadvantaged populations are doubly burdened with reduced mean coverage and even more unpredictable coverage that reduces maternal survival in the critical postpartum period. By moving the analytical perspective beyond averages, the research offers a more robust evidence base for maternal health care policy, arguing that to achieve SDG 3, it is essential not only to increase coverage rates but also to stabilise the service delivery framework in socioeconomically disadvantaged environments.
This paper provides new empirical data on early postnatal care coverage by combining coverage levels and stability using a distribution-appropriate multilevel modelling framework. The analysis shows that postnatal care 2 days after delivery is a constrained and highly heterogeneous indicator, with strong skewness and clustering that preclude a linear or binary modelling approach, as previously applied in studies. The recent use of a beta-regression-based mean model thus represents an improvement in methodology, as it ensures inference is sensitive to the natural scale and the inherent variance structure of the outcome.
The findings demonstrate a statistically significant positive temporal change in postnatal care coverage, contradicting the global improvement over time. Nonetheless, this development is not even. The coverage of low-income nations is significantly lower than that of higher-income groups, even after accounting for geographical region, survey source, and country heterogeneity. Wealth, residential, and age-related strata also demonstrate significant inequities, with the poorest, rural population and younger mothers being significantly less likely to receive timely postnatal care. The results support the view of the persistence of structural disadvantage, as noted in the maternal health literature, and also provide more specific estimates of the effects by avoiding dichotomisation and mean-only assumptions.
One principal value of the research is that it explicitly models instability in postnatal care coverage. The instability model demonstrates that volatility is not arbitrary but is systematically related to socioeconomic and demographic factors. The lowest and the richest strata are much more unstable than the middle ones; national aggregates are artificially stable, masking many subgroup-level fluctuations. This finding shows that even when average coverage improves, service delivery can remain weak and unstable, especially for vulnerable groups. Notably, the instability does not decrease significantly over time, suggesting that improvements in resilience or consistency have not accompanied the increase in coverage.
The random-effects findings also suggest that the percentage of unexplained variance attributable to country-specific and data-source heterogeneity is significant, and that hierarchical dependence should be accounted for in global maternal health data. To disregard this structure would be to underestimate uncertainty and risk, and to provide false information about policy. The combination of these elements extends the study beyond current methods, which focus only on the determinants of utilisation or on pooled prevalence estimates.
All in all, the results indicate a two-fold unfairness of early postnatal care: disadvantaged populations are not only less covered but also more unstable. Both of these burdens have urgent consequences in terms of maternal survival in the immediate postpartum period and in terms of measuring the progress in achieving global maternal health objectives.
Conclusion
The study contributes to the research on maternal health monitoring by reconceptualising the problem of early postnatal care coverage as a stability and level problem. The study addresses significant flaws in the current literature, including inappropriate distributional assumptions, failure to account for hierarchical data structures, and a focus solely on mean coverage. The findings indicate that although postnatal care coverage worldwide has improved over the years, the progress is highly unequal and unbalanced across income groups, wealth classes, residence, and maternal age groups.
The detection of the systematic instability among the socioeconomically disadvantaged communities is a substantive and methodological contribution. It shows that high average coverage will not be sufficient to protect maternal health, as volatility will undermine access to care during the most critical postnatal phase. Policy-wise, the findings suggest that policies consistent with SDG 3.1 and universal health coverage should focus on extending coverage and making postnatal care services more predictable and resilient, especially in rural and low-income areas.
Finally, this research offers a more detailed formula for assessing the performance of the maternal health system that explicitly accounts for instability driven by interest. The strategy provides policymakers and other health stakeholders worldwide with a powerful analytical tool to identify groups at risk of disruptions in service delivery and to develop interventions that stabilise care while enhancing coverage. The proposed framework can be further developed through future studies that design facility-level indicators, health financing indicators, and shock-related covariates to understand better the mechanisms underlying instability in postnatal care.
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