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Modeling Regional Trends in Caesarean Births across Ghana's Former Ten Regions over a Decade




Abstract
This study utilizes empirical modeling and statistical analysis to examine the temporal evolution of caesarean births in Ghana over the period 2008–2017. Building upon a robust linear framework augmented by an exponential component, the research probes the quasi-linear characteristics of the global caesarean birth frequency. The model demonstrates strong explanatory power, with a high correlation coefficient (R = 0.954208) indicating effective capture of temporal trends. A strategic procedure is applied to assess deviations from quasi-linearity, revealing a range of values. The relative deviation metric, together with a supplementary metric, supports a nuanced interpretation of these deviations. The annual periodicity observed in the relative deviation suggests that cultural factors influence caesarean birth rates. Region-specific analysis extends the investigation to ten regions, incorporating cumulative births (Ni,tot) and relative birth rates (Ni,rel) to provide broader insights into caesarean births across geographic subunits.Linear regression estimates optimal parameters, while correlation coefficients indicate the strength of the model fit. Monthly frequency rates per 100,000 inhabitants (αi) were computed to illuminate regional variations. Deviations from linearity are assessed for each region, highlighting distinct regional dynamics. The study concludes with the introduction of a reduced-frequency metric, which indicates an annual increase in caesarean births per 100,000 inhabitants. A linear model is employed to forecast future trends, supported by a high correlation coefficient (R = 0.93655). The research offers comprehensive insights into the dynamics of caesarean births in Ghana, with implications for healthcare planning, policy formulation, and ongoing monitoring of maternal health trends.
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Introduction
Caesarean births are recognized as a comprehensive emergency obstetric life-saving surgical intervention implemented in response to complications that arise during pregnancy and labor (Betránet al., 2016). The benefits of Caesarean delivery extend beyond maternal health to also positively impact neonatal outcomes (Yayaet al., 2018). A seven-day clinical observation indicates that indications for cesarean section (CS) may be broadly categorized as absolute or relative (Bishop et al., 2018). These indications encompass conditions such as cephalopelvic disproportion, pelvic deformity, eclampsia, umbilical cord prolapse, imminent uterine rupture, placenta previa, and fetal distress. Despite the substantial advantages associated with Caesarean births in the context of delivery, CS is linked to notable adverse outcomes, including intraoperative and postoperative bleeding, and an increased risk of maternal mortality.Sub-Saharan Africa (SSA) exhibits a particularly salient pattern, with obstetric complications occurring with notable frequency (Sobhyet al., 2019; Diketeet al., 2019). Concurrently, there has been a discernible and ostensibly unwarranted shift toward elective cesarean sections as a substitute for spontaneous vaginal delivery in recent decades (Belizánet al., 2018). The World Health Organization has proposed that an optimal population-based cesarean section rate lies between 0.1 and 0.15 (Gibbons et al., 2010).

Disparities in cesarean section rates are evident across nations, particularly in low- and middle-income countries, where rates range from approximately 3% to 58% (Boermaet al., 2018; Wise, 2018). A recent global examination of cesarean section trends by Betranet al. (2016) reported an overall increase in cesarean rates across most regions, with the notable exception of sub-Saharan Africa (WHO, 2015). The rising prevalence of cesarean births constitutes a significant global health concern, warranting comprehensive investigations into its patterns, implications, and potential requirements for health system planning. Against this backdrop, the present study analyzes the temporal evolution of cesarean births in Ghana from 2008 to 2017, to identify distinct trajectories and inform maternal health policy.Ghana, like many nations, has experienced a rising trend in caesarean deliveries, necessitating a thorough analysis of the contributing factors and their temporal dynamics (Bosson-Amedenu et al., 2024).
Empirical modelling frameworks akin to the approach used in this study have become more common in population-level health analyses, enabling the characterization of temporal patterns, quantification of deviations, and production of forward-looking projections. Recent work includes projecting national cancer burdens in Egypt by modelling cancer incidence and mortality trends from GLOBOCAN estimates (El-Kassaset al., 2025) and by using empirical population-standardised models to capture cancer incidence and mortality dynamics, using 2020 age-standardised estimates (Acquahet al., 2024). Taken together, these studies illustrate the suitability and versatility of empirical modelling for health-trend assessment, supporting its application in the current investigation.



The potential consequences for healthcare planning and resource distribution highlight the urgency. Grasping the shifting patterns of caesarean births is essential to guaranteeing timely and adequate maternal healthcare services. While prior studies have examined trends in caesarean births (Feng et al., 2015; Tadevosyan et al., 2019; Betran et al., 2021), this study presents a new approach by using an empirical modeling framework that blends linear and exponential components. This approach yields a nuanced view of temporal progression, highlighting the transient and persistent phases that shape caesarean birth rates.Moreover, the study explores regional differences, offering a distinctive perspective that recognizes the variety of caesarean birth patterns across different regions of Ghana. This regional perspective seeks to identify specific elements driving the observed trends, filling a pivotal gap in current scholarship. The research answers the urgent call for a thorough investigation of caesarean birth trends in Ghana, delivering a fresh approach that links existing gaps and offers meaningful insights to the broader conversation on maternal healthcare planning and management.



This study outlines three clear objectives: (1) to map the national temporal path of caesarean births within a quasi-linear empirical framework; (2) to assess regional differences in CS trends using cumulative, relative, and population-standardised measures; and (3) to explore deviations from linearity to uncover periodic, structural, or region-specific patterns that could guide maternal-health planning. Taken together, these objectives address a notable gap in Ghana's reproductive-health literature: the lack of fully explored long-term empirical trend modelling across all ten former regions.Population-normalised estimates follow WHO recommendations for comparing maternal-health indicators across heterogeneous population units (WHO, 2015).

Methodology
The approach combines empirical modeling, statistical analysis, and graphical interpretation to trace the temporal progression of caesarean births in Ghana, at both the national and regional levels. The analysis uses Ghana's former ten-region administrative framework because the dataset precedes the 2019 regional re-demarcation. Adopting the historic structure preserves consistency over the whole decade and avoids artefactual shifts in population denominators that could arise from retroactively applying post-2019 boundaries. The study yields meaningful insights for healthcare planning and policymaking. Linear regression supplies a mathematical model to describe and examine the temporal evolution of caesarean birth frequencies. Fourier analysis is used to detect and analyze periodic fluctuations in the relative deviation from linearity in caesarean births.

The value of Fourier analysis lies in revealing cyclic patterns, especially in time-series data. In this study, Fourier analysis revealed insights into the yearly fluctuations in caesarean birth rates. Together, the two methods offered a solid framework for examining the temporal progression of caesarean births in Ghana. The dataset used in this study was obtained from the Ministry of Health of Ghana and covers the full decade from 2008 to 2017. It concerns information on pregnant women and their delivery experiences over the past 10 years. In addition to the Ministry of Health dataset, a portion of the broader data used in this research came from Ghana's 2010 Population and Housing Census. The integration of census data furnishes a demographic context for the study, yielding insights into population characteristics and distribution within the defined period. This study employed anonymised secondary data sourced from the Ghana Ministry of Health and the Ghana Statistical Service. No personal identifiers were accessed, and no direct contact with human participants occurred.Fourier decomposition has been widely applied in epidemiological and demographic time-series research to uncover hidden periodic structures in health-related indicators (Feng et al., 2012).

Data Pre-processing and Model Validation
Monthly cerebrospinal (CS) records from 2008 to 2017 were screened for completeness, internal consistency, and digitisation errors. Implausible values, defined as observations exceeding ±3 standard deviations from region-specific monthly means, were cross-validated with the Ministry of Health before confirmation or removal. Regions with complete monthly observations over the entire decade were included; imputation procedures were not required. Model performance was assessed using correlation coefficients, residual plots, and comparisons between observed and fitted values. Periodicity in deviation series was validated through Fourier decomposition. For regional models, regression diagnostics included assessments of residual normality, tests for homoscedasticity, and comparisons of deviations from linearity. All modelling procedures described above were applied to both national and regional datasets, and the resulting trend estimates, deviations, and frequency-rate parameters are presented below.

Results& Discussion
2. Empirical Modeling and Methodology



In the preceding study by Bosson-Amedenuet al. (2024), a robust linear model augmented with an exponential component (see Equation 1) was introduced to elucidate the temporal evolution of caesarian birth frequency, denoted as Nglob(t), over the period from 2008 to 2017. The investigation encompassed the entire nation of Ghana, including its ten administrative regions, as depicted in Figure 1S. The proposed model is represented by Equation 1.
                   (1)
This formulation can be rendered more concisely, as established in our previous work (Bosson-Amedenu et al., 2024).
                   (2)

In the present modeling framework, the linear term described in Equation 3 is posited to primarily encode the permanent phase, thereby exerting a dominant influence. Concurrently, the exponential term, characterized by a characteristic time constant of τ = 8.546 months, represents a transient phase unfolding over a relatively brief interval (Bosson-Amedenuet al., 2024).

                                 (3)

As established in the preceding study (Bosson-Amedenuet al., 2024).
Nglob,lin(t) = 1769.24 + 66.0794·t                     (4)

The linear representation shows a strong correlation coefficient (R = 0.954208), indicating the model's effectiveness at capturing temporal trends. Figure 1 clearly depicts the temporal progression of the caesarean birth frequency Nglob(t) for each month across Ghana from 2008 to 2017.Linear trend extraction and residual-based deviation analysis follow standard procedures in time-series regression modelling, particularly for monotonic public health indicators (Bosson-Amedenuet al., 2024; Betrán et al., 2016).



Figure 1.Variation of the frequency of caesarian births Nglob(t) over time (t) recorded for each month from 2008 to 2017 throughout the Country of Ghana. (●): actual; (□): calculated with Eq. 1. Solid line: fitting in linear regression (Eq. 3). 

A careful examination of the results derived from Equations 1 and 3, as illustrated in Figure 1, indicates that the two models produce nearly indistinguishable outcomes. Notably, the exponential factor in Equation 1 can be considered practically negligible. Consequently, the observed increase in caesarian birth frequency can be effectively described by the phenomenon's quasi-linearity, yielding a highly accurate approximation. In light of this finding, the analysis shifts toward investigating potential deviations from quasi-linearity. To uncover any subtleties and irregularities, a strategic approach is employed: the temporal evolution of the difference, as defined by Equation 5, between the values obtained from linear regression of the model (Equation 3) and the actual data (the fitting residuals).

                                (5)


Figure 2 presents a visual depiction of the global frequency gap, ΔNglob(t), over a 120-month interval spanning January 2008 to December 2017. This differential analysis facilitates the identification of deviations from the quasi-linear trend, yielding more nuanced insights into the dynamics of caesarean birth frequency within the specified period.



Figure 2. Variation of the deviation to the linearity ΔNglob(t) of the frequency of caesarian births over time (t) recorded for each month from 2008 to 2017 for the overall Country of Ghana.

A rigorous statistical analysis of the deviation from linearity, ΔNglob(t), indicates a range spanning from −2068.6 to 1720.1, as depicted in Figure 2. The mean deviation is approximately zero, with a value of –3.11×10-3. This statistical result supports a high level of reliability for the linear model in capturing the trends in caesarean birth frequency over the 120 months from January 2008 to December 2017. Notwithstanding the overall reliability, the asymmetrical distribution of deviations about zero suggests that the observed growth is not perfectly linear but rather quasi-linear. This deviation implicates the possible influence of underlying factors, potentially embedded in patient medical records, that may affect the observed trend.

An additional noteworthy observation is that the amplitude of the alternating zigzags in Figure 2 increases over time. This phenomenon is plausibly attributable to the expansion of absolute error values with the frequency of caesarean births, denoted Nglob(t). To address this issue, a complementary metric is introduced: the relative deviation δNglob,rel(t)(Equation 6), which mitigates the effects of this growth.


                                (6)


The relative deviation metric yields a normalized assessment by expressing deviation as a percentage of the observed caesarean birth frequency. The incorporation of δNglob,rel(t) augments interpretive clarity and supports a more nuanced appraisal of evolving trends, thereby yielding valuable insights into the temporal dynamics of caesarean births. Figure 3 reveals a pronounced annual periodicity with a cycle length of twelve months (T = 12 months), which can be approximately described by a trigonometric (periodic) function as specified in Equation 7.



Figure 3. Variation of the relative deviation to the linearity δNglob,rel(t)  of the frequency of caesarian births over time (t) recorded for each month from 2008 to 2017 for the overall Country of Ghana.


Figure 3 illustrates the temporal dynamics of the relative deviation from linearity, δNglob,rel(t), observed in the caesarean birth frequency across Ghana from 2008 to 2017. The observed behavior is well approximated by a trigonometric function (see Eq. 7).

                    (7)

Here, ω=360/T represents the angular frequency, and the cosine argument is given in degrees (i.e., 30°per month).

The periodicity in the relative deviation is evident, with maxima occurring at times expressed by Eq. 8 and minima at times given by Eq. 9

tmax = 12k = kT          (8)

tmin = 12k + 6 = kT + 6          (9)



Let t denote time in months and k represent a positive integer factor with 1 < k < 9. A notable regularity emerges: December consistently exhibits a positive deviation, whereas June shows a negative deviation. This periodic fluctuation, though characterized by a small amplitude, appears to correlate with monthly birth counts, indicating a modest decrease in December and a slight increase in June. The fluctuations may be shaped by cultural practices and traditions about marriage and pregnancy, which are interwoven with broader patterns in caesarean deliveries or overall birth rates within the country.
The empirical modelling framework applied in this study follows established approaches used in population-level trend analysis and health-system forecasting (El-Kassas et al., 2025; Acquah et al., 2024).
2. Caesarean births by region
This corpus comprises 10 figures that present a comprehensive depiction of the frequency of caesarean births (Ni(t)) recorded for each month across 10 distinct Ghanaian regions over the period 2008–2017. The figures illustrate the temporal dynamics of caesarean births within each region (i) without interpretation. The data provide a detailed breakdown of caesarean birth frequencies by region, enabling a holistic assessment of trends during the specified interval. This collection constitutes a valuable resource for researchers seeking a visual representation of caesarean birth patterns across Ghana's diverse regions.


















Figure 4. Frequency of caesarian births Ni(t) recorded for each month from 2008 to 2017 for three regions in Ghana. Brong-Ahafo (BA, i = 1); Central (CNT, i = 2); Eastern (EAST, i = 3); Greater Accra (ACC, i = 4); Northern (NTH, i = 5); Upper East (UE, i = 6); Upper West (UW, i = 7); Volta (VLT, i = 8); Western (WST, i = 9); Ashanti (ASH, i = 10).


An examination of Figure 1 yields insights into the temporal dynamics of caesarean births across distinct regions of Ghana, underscoring potential trends, the severity of patterns, and the necessity for further investigation into the underlying determinants. Figure 1 for Brong-Ahafo (BA) displays a distribution of data points with a convex configuration, which may reflect a deceleration in the frequency of caesarean births over time. There is also an indication of a possible exponential increase at later time points, implying a divergence that could approach a vertical asymptote or diverge toward infinity. The analysis suggests that if this pace persists, heightened severity may ensue; however, a modification in trajectory, specifically a deceleration, could occur in the future, particularly for t > 120 months. In contrast, Figure 1 for the Upper West region shows an upward trend in caesarean births, with a concave shape, indicative of an accelerating trend over time.

The trend indicates a persistent increase in frequency, with potential implications for greater severity. The analysis reveals no evident shift or deceleration in the near term. Figure 1 depicts a pronounced dispersion of data points around an ostensibly quasi-linear rise for the Ashanti Region. The frequency of caesarean births demonstrates an upward trajectory over time; however, the pattern is less clearly delineated than in the other regions. The analysis suggests a less predictable trajectory than BA and UW. Notwithstanding regional variations, a unifying observation across all regions is the overall rise in caesarean birth frequency over time (t). Regions displaying convexity at later times (BA) may indicate an exponential increase, underscoring potential severity. The figure suggests that this atypical trend could engender a change and a deceleration at longer horizons (t > 120 months).Regions displaying concordant trajectories in scatter plots may indeed indicate a potential shared natural phenomenon over time. Nevertheless, the precise character and mechanisms of this phenomenon necessitate further inquiry and analytical examination.

Table 1 presents data on 10 regions in Ghana, detailing their total caesarean births over the period 2008–2017. The table enumerates each area, along with its population share, abbreviation, population median (Pi), total caesarean births (Ni,tot), and relative caesarean birth rate (Ni,rel). The regions are Brong-Ahafo (BA), Central (CNT), Eastern (EAST), Greater Accra (ACC), Northern (NTH), Upper East (UE), Upper West (UW), Volta (VLT), Western (WST), and Ashanti (ASH). Population distribution varies across regions, with Ashanti recording the highest share at 19.4%, followed by Greater Accra at 16.3%. The population median (Pi) denotes the mid-point population for each region within the 2008–2017 interval, with values ranging from 761,381 in Upper West to 5,275,283 in Ashanti.

The total number of caesarean births (Ni,tot) for each region within the specified period is reported. Ashanti records the highest total caesarean births at 108,270, whereas Upper West records the lowest at 12,687. The relative caesarean birth rates (Ni,rel) denote the number of caesarean births per thousand inhabitants, thereby providing a standardized basis for inter-regional comparison. Greater Accra exhibits the highest relative caesarean birth rate at 4.158, while the Upper East records the lowest at 1.356. These patterns are relevant to healthcare planning and the allocation of resources across regions.

Table 1. List of the ten regions (Fig. 1S) in Ghana and the corresponding total caesarian births (Ni,tot).
	i
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	Region
	Brong-Ahafo
	Central
	Eastern
	Greater Accra
	Northern
	Upper East
	Upper West
	Volta
	Western
	Ashanti

	% Pop
	9.4
	8.9
	10.7
	16.3
	10.1
	4.2
	2.8
	8.6
	9.6
	19.4

	Abbrev.
	BA
	CNT
	EAST
	ACC
	NTH
	UE
	UW
	VLT
	WST
	ASH

	(Pi)*
	2556065
	2420104
	2909563
	4432325
	2746410
	1142071
	761381
	2338528
	2610450
	5275283

	(Ni,tot)**
	74002
	66676
	76105
	184307
	37231
	17739
	12687
	49938
	65090
	108270

	(Ni,rel)
	2.895
	2.755
	2.616
	4.158
	1.356
	1.553
	1.666
	2.135
	2.493
	2.052


* Populationmedian in the period 2008-2017.[B,C]
** Total caesarian births during the period 2008-2017.


Two principal metrics are used to quantify the frequency of caesarean births in each region of Ghana over the 10 years from 2008 to 2017.
                   (10)
This metric represents the cumulative number of caesarian births for each region (i) from the initial time (t = 1) to the final time (tf = 120 months).

                   (11)
Here, Pi denotes the population of region (i) between 2008 and 2017.
Additionally, to gauge significance and estimate severity, a comparison is made between the relative caesarian births (Ni,rel) of each region (i) and the overall country of Ghana (Ni,rel) throughout the ten years, expressed as:

                   (12)


Where tf represents the final time (tf = 120 months), Pi is the population of the region (i) between 2008 and 2017, and (Ni,rel) is the relative caesarian births of the region (i)  throughout the ten years.
The significance or severity can also be estimated by comparing the relative cesarean births (Ni,rel) for each region (i) with the national relative cesarean births (Ni,rel) for Ghana over the ten years, as shown below.

                   (12)
Figure 5 shows that Greater Accra has the highest severity, whereas the Northern region has the lowest relative caesarean birth rate. This comparison yields essential insights into regional variations and the overall landscape of caesarean births in Ghana.



Figure 5. Relative caesarian births (Ni,rel) of each Region (i) throughout the ten yearsrecorded for each month from 2008 to 2017 for three regions (Table 1) in Ghana. Solid red line: relative cesarean births of all over the Country of Ghana (Nrel).


1. Analysis of deviation from the linearity

In parallel with prior investigations on the national scale, it is acknowledged that the linear component Ni(t) in Equation 13 semantically represents the prevailing permanent phase. In contrast, departures from this linearity, denoted ΔNi(t) in Equation 14, signal region-specific behavioral variation for each region (i).

                      (13)

                                 (14)
An additional justification for adopting the quasi-linear behavior described by Equation 13 is apparent in the cumulative frequency plot, Cumi(t) (Equation 15), for each region (i) covering the full decade from 2008 to 2017.

            (15)

Let θ denote time in months. The cumulative frequencies in Fig. 2S exhibit a parabolic shape, reinforcing the predominantly quasi-linear trajectory. Notably, the dispersion and zigzag fluctuations attenuate, enabling a fitting trend via least-squares methods constrained to second-order polynomials. Nevertheless, the non-superposability of these trajectories, together with irregularities observed during specific periods, underscores the distinctiveness of each region. A linear regression following Eq. 13 is applied to determine the optimal parameters (Ai and Bi) for each Region i, as summarized in Table 2. Informed by the population growth rate depicted in Fig. 4S (Bosson-Amedenu et al.,2024; Boadi-Kusi et al., 2015), the frequency rate αi is computed monthly and per 100,000 inhabitants (Eq. 16).

Table 2 presents a comprehensive delineation of the variation in optimal values (Ai,Bi) for the linear regression equation (Eq. 13) and the corresponding correlation coefficients (R) across 10 regions of Ghana. In addition, the parameter values (ti,αi) for Eq. 16 are reported for each area. The table delineates the region-specific optimal coefficients (Ai,Bi) for the linear regression model (Eq. 13), which are essential for characterizing the relationship between the independent and dependent variables within the regression framework. The correlation coefficients (R) reflect the strength and direction of the linear association between the variables.

A value close to 1 indicates a strong positive correlation, whereas a value close to −1 indicates a strong negative correlation. The R values in Table 2 reflect the goodness-of-fit of the linear regression model for each region. The parameter values (ti,αi) for Equation 16 offer additional insights into the specific characteristics of the regression model across areas. Collectively, these parameters enhance the interpretation of the relationship between the variables and support a comprehensive understanding of the regression results.

Brong-Ahafo (BA), Eastern (EAST), and Northern (NTH) regions exhibit high correlation coefficients of 0.95 in each case, indicating a strong positive linear association among the variables. In contrast, the Ashanti (ASH) region shows a lower correlation coefficient of 0.78, suggesting a weaker linear relationship. The global regression model for Ghana achieves a notable correlation coefficient of 0.95, underscoring the overall efficacy of the linear regression in capturing inter-variable relationships within the dataset. The optimal values of (Ai,Bi) differ across regions, reflecting the distinctive characteristics and dynamics of each area. For example, the Western (WST) region has higher values than the Upper West (UW) and Volta (VLT) regions. The analysis presented in Table 2 provides valuable insights into regional variations in optimal values and linear regression model correlation coefficients across Ghana.These findings enhance understanding of inter-variable relationships across diverse regions, thereby supporting evidence-based decision-making and policy development. The global model's elevated correlation coefficient underscores its ability to capture overarching trends in the dataset.
Linear trend extraction and residual-based deviation analysis follow standard procedures in time-series regression modelling, particularly for monotonic public health indicators (Betrán et al., 2016).
Table 2.Variation of the optimal values of (Ai,Bi,) for the linear regression of (Eq. 13) and the corresponding correlation coefficient (R).(ti, αi,) are parameters values of (Eq. 16).
	i
	Region
	Ai
	Bi
	R
	ti
	αi

	1
	BA
	7.10348
	186.923
	0.950041
	26.314
	0.27791

	2
	CNT
	4.70585
	270.930
	0.913451
	57.573
	0.19445

	3
	EAST
	8.97139
	91.4392
	0.954069
	10.192
	0.30834

	5
	ACC
	17.1712
	497.034
	0.911826
	28.946
	0.38741

	5
	NTH
	4.07323
	63.8279
	0.950291
	15.670
	0.14831

	6
	UE
	1.63990
	48.6109
	0.895838
	29.643
	0.14359

	7
	UW
	1.28523
	27.9685
	0.851336
	21.761
	0.16880

	8
	VLT
	4.91895
	118.553
	0.930058
	24.101
	0.21034

	9
	WST
	5.79103
	192.060
	0.919094
	33.165
	0.22184

	10
	ASH
	10.4192
	271.891
	0.777497
	26.095
	0.19751

	Global
	Ghana*
	66.0794
	1769.24
	0.954208
	26.774
	0.243


* from Eq. 4.

Upon initial examination of Table 2, a noteworthy observation emerges: a lower correlation coefficient (R) corresponds to a greater dispersion and deviation from linearity in the scatter points (Fig. 4). This correlation is particularly evident in the case of the Upper West (i=7) and Ashanti (i=10) regions, where a more pronounced dispersion is observed.  


For a more concrete interpretation of the parameters in Equation (13), it is advantageous to express the relation in a reduced form as follows:

                      (16)


Where 

Pi denotes the population median of region (i) for the period 2008–2017 (see Table 1). The coefficient Bi in Equation (13) corresponds to the theoretical initial value of caesarean births Ni(t=0) for region (i) at time zero, i.e., December 2007. This parameter corresponds to the intercept on the ordinate in Figure 4. For the remaining parameters, Ai represents the monthly increment in caesarean births, while αi denotes the monthly frequency rate per 100,000 inhabitants. The latter constitutes an adequate criterion for inter-regional comparisons and for comparisons with the national level, as illustrated in Figure 6. Furthermore, ti denotes a temporal variable that, by its magnitude and sign, indicates the significance of the rate of increase in the frequency of caesarean births.




Figure 6. Frequency rate per month and per 100,000 inhabitants (αi) of each region (i) throughout the ten yearsrecorded for each month from 2008 to 2017 for three areas (Table 1) in Ghana. Solid red line: Frequency rate per month and per 100,000 inhabitantsof the Country of Ghana (αglobal).

A comparison of caesarean birth frequency between the Greater Accra and Upper East regions and the national rate for Ghana (αghana =0.243) reveals, as shown in Figure 6, that the regional coefficient αi attains its maximum in Greater Accra and its minimum in Upper East (see Table 2). This pattern indicates potential regional heterogeneity that warrants attention from policymaking authorities and justifies further investigation into the underlying determinants. The analysis of nonlinearity, via the deviation ΔNi(t) from linearity over the period 2008–2017 for each region i (as expressed in Equation 14), is depicted in Figure 3S. The figure elucidates region-specific behavioral patterns, with particular intervals exhibiting substantial departures from linearity. These intervals merit additional inquiry to identify contributing factors. Stakeholders should take these variations into account to understand the distinct dynamics at play in each region, thereby motivating a comprehensive examination of events or circumstances arising during those periods.







Furthermore, the relative deviation δNi,rel(t) as defined by Equation 14 affords a more thorough interpretation of the deviations observed in Figure 3S.

(17)

Figure 7 reveals distinctive and region-specific patterns. Notably, specific periods exhibit peculiarities that imply the influence of external events or factors, meriting further investigation.














Figure 7. Variation of the relative deviation to the linearity δNi,rel(t)  of the frequency of caesarian births over time (t) recorded for each month from 2008 to 2017 for each region (Table 1) in Ghana. Brong-Ahafo (BA, i = 1); Central (CNT, i = 2); Eastern (EAST, i = 3); Greater Accra (ACC, i = 4); Northern (NTH, i = 5); Upper East (UE, i = 6); Upper West (UW, i = 7); Volta (VLT, i = 8); Western (WST, i = 9); Ashanti (ASH, i = 10).




Figure 8.Variation of the reduced frequency of caesarian births Nred(t) per 100,000 inhabitantsover time (t) recorded for each month from 2008 to 2017 in the Country of Ghana. (●): actual calculated with Eq. 18. Solid line: fitting in linear regression (Eq. 19). 

Equation 18 defines the reduced frequency of caesarean births as a normalized measure per 100,000 inhabitants, incorporating both the observed caesarean births and the population size. This reduced frequency furnishes a standardized metric that enables the comparison of caesarean birth rates across different time periods and geographical regions, while controlling for population variation.
(18)
Equation 19 denotes a linear model fitted to the observed data, capturing the overarching trend of reduced caesarean birth rates over time. The positive coefficient (0.203824) signifies a persistent annual increase in caesarean births per 100,000 inhabitants. The intercept (8.5611) represents the baseline reduced frequency. The linear model serves as a predictive tool, enabling forecasts of future trends based on temporal progression.
                   (19)
The correlation coefficient, R = 0.93655, quantifies the strength and direction of the linear relationship between time and reduced frequency. A high correlation coefficient, approaching unity, indicates a strong positive linear association. This finding reinforces the reliability of the linear regression model in capturing the observed pattern and substantiates confidence in its predictive capabilities.
4. Conclusion

The study documents a sustained increase in caesarean deliveries in Ghana from 2008 to 2017, observed at national and regional levels with substantial heterogeneity across the ten administrative regions. A quasi-linear empirical model adequately characterizes the long-term temporal trajectory, while deviation- and Fourier-based analyses uncover consistent annual periodicity and region-specific fluctuations. Population-standardised frequency-rate estimates highlight regions with disproportionately rapid growth. The findings provide quantitative evidence to inform maternal health resource allocation, theatre capacity planning, and monitoring of obstetric service utilization. Ongoing surveillance, complemented by clinical-indication data, is recommended to ensure that rising caesarean-section rates reflect medically justified care.
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Figure 1S. Ghana is divided into 10 Administrative Regions,each subdivided into 216 Districts. From link: https://mymaps3.blogspot.com/2021/09/ghana-map-regions.html















Figure 2S. Cumulative frequency of caesarian births, Cumglob(t), recorded for each month from 2008 to 2017 foreach region in Ghana. Brong-Ahafo (BA, i = 1); Central (CNT, i = 2); Eastern (EAST, i = 3); Greater Accra (ACC, i = 4); Northern (NTH, i = 5); Upper East (UE, i = 6); Upper West (UW, i = 7); Volta (VLT, i = 8); Western (WST, i = 9); Ashanti (ASH, i = 10).


















Figure 3S.Variation of the deviation to the linearity ΔNi(t)  of the frequency of caesarian births Ni(t)  recorded for each month from 2008 to 2017 for each region in Ghana. Brong-Ahafo (BA, i = 1); Central (CNT, i = 2); Eastern (EAST, i = 3); Greater Accra (ACC, i = 4); Northern (NTH, i = 5); Upper East (UE, i = 6); Upper West (UW, i = 7); Volta (VLT, i = 8); Western (WST, i = 9); Ashanti (ASH, i = 10).



Figure 4S. Variation of the population P(t) of the Country of Ghanaover time (t) recorded for each month from 2008 to 2017. (●): actual. Solid line: fitting in linear regression (Eq. 1S). 

Nglob,lin(t) = -29505×109 + 675028·t                     (1S)

With a correlation coefficient R = 0.99986 and a population growth rate of 675028 inhabitants per year.
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