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Abstract:
Background
The marginal productivity of a country’s healthcare system refers to the health gains produced per unit change in the level of spending. In budget-constrained settings, this metric reflects the opportunity cost, in terms of health gains forgone, of committing additional or existing resources to alternative uses within the healthcare system. It can therefore assist in evidence-based decisions on whether different interventions represent good value for money. 
Objective
The aim of this paper is to estimate the marginal productivity of the Indonesian healthcare system using subnational data, and to use this to inform health opportunity costs in the country.
Methods
We define a dynamic health production function to model the stream of effects of current and prior public health spending decisions on population under-five mortality. To estimate the model, we use data from the 33 Indonesian provinces for the 2004-2012 period. The estimated elasticity is then translated into gains in terms of cost per DALY averted. We use dynamic panel data methods to address potential endogeneity issues in the model. 
Results
Our base case estimates suggest that a 1% expansion in the level of health spending reduces under-five mortality by 0.38% (95% CI 0.00-0.76), which translate into a cost of averting one DALY of 235 (2019 US$). 
Conclusion
With Indonesia aiming for universal health coverage, our results support these efforts by highlighting the associated benefits resulting from increases in public health expenditure and have the potential to inform the decision-making process about a suitable locally-relevant cost-effectiveness threshold.

Key points for decision makers:
· We report a new estimate of the effect of health expenditure on under-five mortality in Indonesia, expressed as an elasticity of -0.38 (95% CI 0.00-0.76), over 2004 to 2012.
· We then calculate the marginal productivity of the Indonesian healthcare system, as $235 (2019 $US) per DALY averted, where varying assumptions provides a range from $129 (3% of GDP pc) to $1,350 (33% of GDP pc). 
· We interpret these estimates as health opportunity costs, which can be used to support local reimbursement decisions.
· These figures need to be re-estimated as new data becomes available, to reflect changes in the health system (e.g. changing efficiency and productivity, expanding health budgets, and changing population characteristics).
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1. Introduction
In recent years, many low- and middle-income countries (LMICs) have made strides towards achieving ‘universal health coverage’ (UHC). According to the WHO, UHC is about ensuring that all people have access to needed health services of sufficient quality to be effective while also ensuring that the use of these services does not expose the user to financial hardship [1]. This multi-dimensional concept includes consideration of the extent of pooled, prepaid health spending, as a major policy lever for national or sub-national governments [2]. The level and share of government (i.e., “public”) health expenditure, are often used as measures of health system performance [1], with the expectation that a higher level and share of government health expenditure improves population health outcomes. 
Many studies have sought to empirically quantify the causal effect of public health expenditure on population health indicators – a challenging undertaking due to at least two methodological issues: first, as the result of the correlation of unobserved factors (confounders) with the level of spending and the outcomes of interest, and second, because of reverse causation, to the extent that countries may respond to health challenges by increasing investments in health [3]. Hence, earlier studies using country-level cross-sectional data have typically found health expenditure to have little ‘impact’, if any at all, on population health indicators [4,5]. More recent studies, while still using aggregate data, utilise instrumental variables to address endogeneity concerns, and have often detected a positive, substantive effect [2,6,7]. Yet, these studies may be limited by the large heterogeneity between countries that is hard to control for with country-level data alone. [3,8]  This suggests a need for more granular evidence, ideally using within-country (subnational) data, exploiting geographical and temporal variation in public health expenditure due to countries’ decentralised health financing systems [9]. The use of subnational data by itself does of course not solve the problem of potential endogeneity in health spending. Likewise, there remains the challenge to take into account the dynamic nature of the relationship among health spending and health outcomes (i.e., health indicators are affected not only by current but also previous spending decisions [3, 10]), as a misspecification of such relationship can result in an underestimation of the effect of health spending on health outcomes [10,11].
Most recently, a new body of literature has emerged that uses estimates of causal effect of health spending on health indicators to derive the marginal productivity of health spending, that is, the rate at which (marginal) increments in health spending are transformed into health gains [9–20]. Over recent years, this metric has become an object of study for health economists given its relevance to cost-effectiveness analyses in health technology assessment (HTA). HTA agencies require means to determine whether the health gains of adopting a new intervention outweigh the health opportunity costs (HOCs), i.e., the health gains that could be achieved elsewhere in the system with the same level spending [12]. In a context where decision makers seek to maximise health given a fixed budget, and are able to direct what is foregone, this HOC would be equivalent to the incremental cost-effectiveness ratio (ICER) of the least cost-effective intervention currently funded [13]. However, in practice, such information (cost and health gains of current interventions) is rarely available. Instead, estimates of the marginal productivity of the health care system can be used to inform HOCs, measuring the amount of resources (currently) required to produce one additional unit of health benefit. Following the seminal work by Claxton et al., [14], several studies ([15–18], see Edney et al., [10] for review) have produced estimates of the marginal productivity of a national health system by estimating the effects of marginal expansions of health expenditure on mortality and broader measures of health (e.g., disability-adjusted life-years (DALYs)).
Such estimates of the marginal productivity reflect what is likely to be displaced on average across the healthcare system – given all existing allocative and technical inefficiencies – following a marginal reduction of health expenditure, i.e., the HOC of such a reduction. Equivalently, it also captures the HOC of investing in a new intervention, and by comparing the health benefit of a new investment to the health loss of displaced investments, this estimate of HOC can be used for judging whether a proposed intervention is cost-effective.
Our study conducts the first empirical assessment of the marginal productivity of health expenditure in Indonesia using subnational data. We aim to answer the question of whether – and if so, to what extent – expansions in public health spending during the 2004-2012 period brought about improvements in population health, measured as reductions in the under-five mortality rate (U5MR). Our econometric analysis exploits variations in the growth of health care spending across Indonesian provinces, leading up to the implementation of the National Health Insurance (JKN) programme. This period saw a considerable expansion of public health spending – responding to unfavourable health indicators such as maternal and infant mortality, high levels of out-of-pocket spending and public spending representing a low proportion of overall health spending. However, due to a simultaneously ongoing governance decentralisation process [19], there was – and still is – a high degree of local self-governance and decision-making autonomy with respect to public social spending in general [20], and in particular for health spending. We use a province-level panel dataset that captures these local spending decisions, and we employ a dynamic panel data approach to account for endogeneity as well as the potential dynamics in the relationship between health expenditure and health indicators [10]. 
The resulting elasticity estimates of U5MR with respect to health spending are used to calculate gains in terms of DALYs averted from increasing health expenditure. We apply additional data to first calculate under-five deaths averted by an increase in expenditure. We then model the DALYs averted based on deaths averted among under-5s and, ultimately, DALYs averted in the wider population. Given that the cost per DALY averted metric can be interpreted as the HOC in the Indonesian healthcare system, our estimates have the potential to inform the decision-making process about a suitable cost-effectiveness threshold (CET) in the country, which would ensure that interventions deemed cost-effective are only those which are likely to result in net health gains if funded. In practice, thresholds used for making investment and disinvestment decisions typically reflect a wide range of considerations other than HOCs. For this reason, like in Edney et al., [10], in this paper we avoid referring to our estimates as CETs.
This paper makes three contributions to the existing literature. Firstly, it adds to the scarce body of work on the causal effect of health expenditure on mortality using subnational data in LMICs. Secondly, it contributes to the literature on methods for estimating the effect of health expenditure on mortality (elasticities) by considering a dynamic specification of the health production function. Thirdly, it fills a gap in the literature by quantifying the marginal productivity of the Indonesian public healthcare system in terms of cost per DALY averted, which can inform the HOC in Indonesia to support local reimbursement decisions.
2. Methods
2.1. Data sources and variables
We constructed a panel including data from the 33 Indonesian provinces over the 2004-2012 period. The under-five mortality rate was constructed from the Indonesia Demographic and Health Surveys (IDHS) conducted in 2007 and 2012 [21,22]. This is a large, high-quality household survey representative at the province level, including data from around 40,000 households per survey wave. The covariates and instrumental variables used in the analysis were extracted from the Indonesia Database for Policy and Economic Research (INDO-DAPOER, [23]), which is maintained by the World Bank and contains economic and social indicators at the province- and district-level [24]. Table 1 provides descriptive statistics of the variables used in the analysis.
2.1.1. Mortality outcome
Due to the lack of vital statistics information in Indonesia, we follow other reports (e.g., [19,25]) and use estimates from the Demographic and Health Surveys. It has been demonstrated that these estimates are reliable indicators of child mortality [26], and in particular for Indonesia they closely correspond to alternative estimates by the United Nations indicators. [25] 
We use U5MR, which measures the probability for a given child of dying between birth and the age of five years.  The information contributing to the U5MR is based on retrospective birth information provided by women aged 15-49 who had ever been married.  A full birth history was collected from interviewed women about each live-born child to whom the woman had ever given birth, and the data includes variables for the date of birth (month and year) of each live birth, sex of each child, survival status of each child, age of each surviving child, and age at death of each deceased.
We calculate province-specific, yearly under-five mortality rates, using the synthetic cohort probability method employed in the Demographic and Health Surveys (DHS) [27], using the Stata module SYNCMRATES [28], which was developed to exactly replicate the corresponding mortality rates reported by DHS [28]. 
2.1.2. Health expenditure measure
The key explanatory variable of the study is total public health expenditure per capita aggregated to the province-year level. We constructed this variable from the INDO-DAPOER database, derived from reports on “Regional Revenue and Expenditure Budgets” (APBD) and published by the Indonesian Ministry of Finance. It aggregates the yearly-realised health budgets of each province with all the district level budgets that administratively belong to the same province in a given year.[footnoteRef:2] To account for underreporting of budget information at the district level (4.7% of the district-year observations missing), we used interpolation approaches.[footnoteRef:3] The resulting expenditure variable contains: the salaries of civil servants working in hospitals, the administration of decentralised health insurance schemes (Jamkesda), operational support of public health clinics, primary care and specialist services and pharmacy services, but excludes direct transfers from the ministry of health to provinces and districts, and some part of the subsidised health insurance payments [29]. Public health expenditure per capita, as captured in our dataset, was on average, 139,377 IDR in the 2004-2012 period. For comparison, in 2012, total health expenditure (public and private) in Indonesia was 1,032,130 IDR (110 2019 $US) per capita, of which 39% was government spending, amounting to 409,849 IDR (43.7 2019 $US).  [2:  Given the changing nature of administrative units in Indonesia (with forming districts and provinces over the study period), we took efforts to adequately link districts to provinces in a given year, using information from a repository of administrative units in Indonesia from several sources (from the INDO-DAPOER as well as the Statoids website [45]).  ]  [3:  First, wherever there was a maximum of two consecutive missing periods, we imputed the missing data by fitting smooth polynomials on the logarithm of the district level expenditure time series. Where three or more district-level data points were missing, we imputed them using the mean expenditure of the province in the given year. For province-level missing budgets and other province-level variables for a given period, we used linear interpolation (7.6% of the observations of the health expenditure variable were missing, and on average 5.9% of observations for the other variables, and never for more than one period).] 

2.1.3. Covariates
We sought to control for factors that could confound the relationship between U5MR and public health expenditure. We use yearly household expenditure per capita to control for the purchasing power of the provinces, as a higher household income is expected to give access to improved diets, better housing and other quality services, all of which may affect health outcomes. On the same grounds, we control for the annual relative poverty rate as a proportion of total population, as it is a key driver of both mortality rates and can influence decisions on public health spending [30]. We also control for rates of sanitation, as diarrhoea-related illness is one of the main proximate causes of child mortality [31], while access to safe sanitation remains a challenge for Indonesian authorities. We also control for the electrification rate and literacy rate of the population aged 15 and over. We control for immunisation coverage as it is a key driver of mortality among children in LMICs [2,32] and, while the Indonesian central government was responsible for financing the vaccines over the 2004-2012 period, district governments were responsible for the delivery [33]. The delivery took place in several points such as health centres (puskesmas), schools or village maternity clinics and provision inequalities were reported across the country[footnoteRef:4].  [4:  The 2011 Health Facility Census (Rifaskes) reported availability issues of BCG, measles, polio and DPT vaccines in the provinces including Papua and Maluku.] 

2.2. A dynamic model of the effect of health expenditure on mortality
We define the following dynamic health production function in the form of a distributed-lag model:
	,
	(1)


where  represents the mortality rate for each province i in period t;  is the logged level of expenditure in the current period;   is the s-times-lagged logged level of expenditure, being t-k the earliest period for which the model allows health expenditure to affect mortality in period t;  denotes a set of province-level covariates;  is the intercept for each province; is the idiosyncratic error term; and  is the year fixed-effects term capturing changes occurring over time across all the provinces that affect health expenditure and mortality simultaneously (e.g. technological progress). 
To estimate Equation (1), following Gravelle and Backhouse [3] we assume the stream of expenditure coefficients, ,  to follow a geometric decay at the rate of . Then, the effect of expenditure from period  can be derived as  for  to  and Equation (1) can be re-written as
	,
	(2)


where ,  . The coefficient of interest, , is the expenditure semi-elasticity of U5MR, i.e. change in the mortality rate of /100 units following a 1% increase in the level of spending[footnoteRef:5]. It captures the short-term effects of expenditure on mortality through, for example, quality of care and availability of hospital medical equipment [11]. [5:  The elasticity can be derived using a simple transformation and it informs of the % change in mortality following a 1% increase in the level of expenditure.] 

Estimating the coefficients in Equation (2) requires appropriate techniques to account for the correlation between the lagged mortality rate on the right-hand side of equation with the transformed error term [34]. We use the System-GMM estimator which is a dynamic panel data method that involves using lagged values of the endogenous variables as instrumental variables for them [35–37]. To reduce concerns due to omitted confounders, we also consider two widely-used instruments in studies that have looked into non-dynamic health production functions, the aggregated own-source revenue of the province and districts and the level of oil exports in the province [9,38][footnoteRef:6]. [6:  Unlike Acemoglu et al. [38] we approximate the importance of oil in the economy using the volume of exports which was derived using information from the INDO-DAPOER and CEIC databases [46].] 

We expect our instruments to meet the criteria for instrument validity: (i) to present a strong association with the level of expenditure (through higher province revenues); (ii) to be independent from the unobserved confounders (this assumption cannot be formally tested but previous work suggests it is likely to hold, see e.g., [9]); and (iii) to only affect the outcome through the level of spending (this assumption cannot be verified but controlling for the covariates described in section 2.1. is intended to bolster the plausibility of this assumption). In the next section, we present the results under our preferred specification[footnoteRef:7] but also using alternative combinations of the instrumental variables. We report conventional tests conducted to assess the validity of the instrumental variables. We conduct the Arellano-Bond test for serial autocorrelation in the idiosyncratic component of the error term, assessing the validity of the lagged values as instruments. To test the joint validity of the proposed set of instruments we employ the Hansen test, where failing reject the null hypothesis supports the joint validity.  [7:  To ensure the conditions for instrument validity are met while avoiding the risk of instrument proliferation, we use only the first three lagged values and the log of own-source revenue as instrumental variables.] 

We present some checks conducted to assess the robustness of our results to relaxing some of the assumptions made in the main econometric analysis (see Section 3.2 and Supplementary Material), including those about endogeneity but also about the outliers and the lag structure of the health production function. Finally, we run an additional analysis in which we estimate the effects of spending on infant mortality (deaths at ages 0 to 11 months). We expect the Infant Mortality Rate (IMR) to account for a significant proportion of the deaths occurring within the group of under-fives [5], and it is therefore a subgroup of prime interest.
2.3. Calculating cost per DALY averted
We base the estimate of health opportunity cost on the estimated marginal productivity of health expenditure. This is typically presented in terms of cost per DALY or quality adjusted life year (QALY), both of which reflect changes in both the length and quality of life and can be used to compare interventions for different disease areas. While in an ideal situation an estimate of the marginal productivity would capture the effect of changes in expenditure on health across the total population, estimates of the effect on subsets of the population can be used to provide a best guess of the effect across the wider population, applying certain assumptions. The steps and assumptions applied in this analysis to calculate cost per DALY averted for the Indonesian healthcare system are drawn from the literature undertaking this type of exercise in other contexts, as described below.
Deaths averted
We first convert U5MR into a one-year mortality rate to apply the estimated elasticity (as defined in Section 2.2) to determine the mortality rates before and after the change in expenditure.  This change in mortality rates is then applied to the population to determine deaths averted. 
	
	(3)


DALYs averted
We calculate the survival effects of the change in expenditure by multiplying deaths averted with conditional life expectancy (CLE) [39]. To capture the morbidity effects of a change in expenditure, we apply the ratio of the morbidity burden of disease[footnoteRef:8] (measured in years of life disabled, YLD) to the survival burden of disease (measured in years of life lost, YLL) to the calculated survival effects of the change in expenditure, giving the DALYs averted [39].[footnoteRef:9] [8:  Using morbidity burden of disease allows us to capture both morbidity related to mortality (i.e. from children who would have died) and morbidity from surviving children.]  [9:  We assume that this ratio stays constant with the levels of mortality.] 

	
	(4)


This simplification means that we are assuming that health care expenditure elasticity applies to morbidity in the same way it applies to mortality. In the absence of direct estimates of the effect of expenditure on morbidity this is a necessary assumption, which has been made in previous studies [14,40].
Total population DALYs averted
To calculate DALYs averted in the total population based on DALYs averted among children under-five we assume that DALYs averted are in proportion to the DALY burden across the different age groups within the population. It is possible that, in reality, expenditure has a greater effect when spent on certain age groups within the population. For example, if this was the case for expenditure associated with the health of infants and children under-five, this would imply that our estimate of total population DALYs averted is higher than the true estimate.
	
	(5)


Cost per DALY averted
In the final step, a modelled 1% change in public health expenditure is divided by the associated health improvement in the total population to give an estimate of the cost per DALY averted.
	
	(6)


To assess the sensitivity of our findings to the main assumptions made in the calculation of the cost per DALY averted we conducted three additional sets of analysis. First, to assess the impact of the assumption that the effect of expenditure on morbidity is the same as the effect of expenditure on mortality, we conducted a sensitivity analysis where we calculated cost per DALY averted assuming no effect on morbidity and twice the effect on morbidity as on mortality (as well as 10% increments in between these two extremes). Second, we considered alternative scenarios where the proportion of DALYs averted in the remainder of the population was varied as a function of the proportion of DALYs averted in under-5s ranging from 0% (i.e., assuming expenditure has no effect on health in other age groups) to 200% DALYs averted (assuming the effect of expenditure on DALYs averted among the rest of the population is twice as big). Finally, we consider an extreme scenario which assumes zero effect on morbidity across the population, and zero effect on mortality among the population over-5. This provides an upper bound for what the cost per DALY averted could be.
3. Results
3.1. Main econometric analysis
Table 2 presents the estimates of the marginal productivity for Indonesia, alongside the tests for instrument relevance and validity. The third-order Arellano-Bond Autocorrelation tests are not rejected at any significance level in any of the specifications, suggesting that the lags are valid instruments. Similarly, the Hansen test of joint validity cannot be rejected at any significance level.
Under our preferred specification, the results of the System-GMM estimation suggest that expansions in the level of health expenditure led to reductions in U5MR in Indonesia (Column 1 in Table 2). The semi-elasticities are similar across the four specifications and range from -0.015 to -0.017 (all at 5% level of significance). This result translates into a health expenditure elasticity of U5MR of -0.38 under our preferred specification (95% CI -0.76, 0.00).[footnoteRef:10] Given the average under-five mortality rates in our study period, it follows that a 1% increase in health expenditure per capita reduced the number of deaths per 1,000 live births from 44.5 to 44.3. [10:  The long-term effect of expenditure could be derived as . However, the coefficients of lagged mortality rates, used for this calculation, are not statistically significant at conventional levels. Our results therefore are not informative of the cumulative effect spending decisions on the current mortality rate.] 

Following the steps outlined in Section 2.3. to obtain a cost per DALY averted from the estimated elasticities we find that the rate at which the Indonesian healthcare system produces health is 235 (2019 US$) per DALY averted, which represents 6% of Indonesia’s gross domestic product (GDP) per capita.  The estimates of cost per DALY averted range 235 to 261 (2019 US$) across the four model specifications (see Table 2 and Sections 3.2 and 3.3. for results from sensitivity analyses around the assumptions on econometric analysis and calculation of cost per DALY averted from the elasticities).
3.2. Robustness checks in the econometric analysis
We conduct a series of checks to assess the robustness of the results to relaxing some of the assumptions made in the study (see Table A.1 in Supplementary Materials). We find that alternative methods to handle endogeneity result in similar estimates of the marginal productivity and opportunity cost. Our results appear robust to the exclusion of outliers. Using a reduced dataset that excludes the eastern-most provinces of Papua and Papua Barat results in similar estimates to those in the main analysis. The results also appear robust to different assumptions about the lag structure of the health production function. 
As expected, the results under the IMR specification suggest that infant deaths are less sensitive to changes in the current level of spending. These results are consistent with the findings by Filmer and Pritchett [5] who also looked at these two age groups and found similar results[footnoteRef:11]. Since these mortality rates overlap in their age range, our results appear to suggest that reductions in infant mortality explain a significant proportion of the reduction in under-five mortality in Indonesia. [11:  Filmer and Pritchett [5] argue that the lower elasticity of IMR with respect to health spending compared to U5MR could be explained by the genetic component of neonatal deaths, which account for a large proportion of IMR.] 

3.3. Sensitivity analysis for the calculation of cost per DALY averted
Assuming no effect on morbidity results in a cost per DALY averted of $335 (8% of GDP pc) while assuming the effect on morbidity is double the effect on mortality results in a cost per DALY averted of $180 (4% of GDP pc). Assuming, on one extreme, that expenditure only effects health among under-5s results in a cost per DALY averted of $1,276 (31% of GDP pc). Another possibility is that expenditure has double the effect on the DALY burden of disease in the population over age 5 compared to the effect is has in the population under-5. This results in a cost per DALY averted of $129 (3% of GDP pc). Full set of results can be found in the Supplementary Materials. In the scenario where we assume zero effect on morbidity across the population and zero effect on mortality among the population over 5, we find that cost per DALY averted would be $1,350 (33% of GDP pc). Altogether, the sensitivity analyses provide a range of possible cost per DALY averted values, from $129 (3% of GDP pc) to $1,350 (33% of GDP pc).
[bookmark: _Toc524694447][bookmark: _Toc524694496]4. Discussion
This study adds to previous attempts to estimate the marginal productivity of health spending using subnational data by estimating the effect of expansions in the level of spending on relevant aggregated indicators of population health in Indonesia. To arrive at this value, we estimated the impact of fluctuations in the level of spending on Indonesia’s U5MR using data from 33 Indonesian provinces over a period of gradual expansion in the level of spending undertaken by Indonesia’s provinces and districts, which we then expressed in terms of the cost to the Indonesian healthcare system of averting one DALY. Our results suggest that a 1% increase in the level of spending reduced U5MR by 0.38% (95% CI 0.00-0.76), which translates into an estimated cost of averting one DALY of US$ 235 (2019 US$), equivalent to 6% of Indonesia’s GDP per capita. 
Our estimated elasticity captures the average effect of marginal expansions in health spending over the study period. The resulting estimate of the marginal productivity, expressed as cost per DALY averted, can be interpreted as the HOC in the healthcare system. By providing an indication of the HOC of potential investments and disinvestments, these results support the country’s efforts towards establishing robust and transparent evidence-based decision-making processes and provide unambiguous evidence as to the value of increasing funding for healthcare in Indonesia, supporting progress toward achieving the goal of UHC. 
[bookmark: OLE_LINK1]Our study also makes an important contribution to the literature of methods for estimating the returns to marginal expansions of health spending by considering a dynamic specification of the health production (see Edney et al., [10]) for review of the methodological approaches). Vallejo-Torres et al., [15] and Van Baal et al., [17] found that excluding the one-time lagged level spending from their models led to an overestimate of the marginal productivity of the health system. Here, we follow Gravelle and Backhouse [3], and define a distributed lag model that accounts for the potential dynamic relationship between expenditure and outcomes and assumes the effect of expenditures in previous periods to be proportional to that in the current period. To reduce the risk of endogeneity in the model we use dynamic panel data methods with instrumental variables.
It is worth noting that the interpretation of the HOC in this study is based on estimates of marginal productivity of the Indonesian health care system given the way it was organised (including technical and allocative inefficiencies) at the time of the analysis. It is a priori unclear whether, the cost per DALY averted estimate would be higher or lower following changes in these factors, as the health budget simultaneously expands over time. Following a likely increase in allocative efficiency over time, the cost per DALY averted would be higher, all else being equal. However, other factors, such as changes in the system’s technical efficiency, changes in burden of disease, population size and/or age structure, and demand for technologies, among other things will also simultaneously influence the cost per DALY averted in potentially different directions [41,42]. In addition to this, decision-makers should take into consideration the likely presence of diminishing marginal benefits to spending if the decision context were to involve a large (non-marginal) expansion in overall budget. Hence, it crucial for researchers to repeat this exercise as new data becomes available, to provide relevant estimates of HOCs to support decision making over time.
As our results represent the first assessment of the marginal productivity and HOC of the Indonesian health system using subnational data, it is not possible to compare the estimates to others from the same country. However, the results do appear broadly consistent with previous findings from other studies using within-country data in an LMIC context: for India, Bhalotra [11] estimated the expenditure elasticity of IMR to be -0.24. Edoka and Stacey found the U5MR elasticity in South Africa to be -0.519 [18]. For China, Ochalek et al. [43] found the U5MR elasticity to be -0.448 and IMR to be -0.677 [43].  Using cross-country regression analysis, Bokhari et al. [6] derived country-specific U5MR elasticities and predicted a value of -0.34 for Indonesia.
[bookmark: _Int_1zCrVsw6]Our estimate of US$ 235 per DALY is lower than available estimates based on extrapolation or cross-country analysis. However, under alternative, plausible assumptions made in the calculation of the cost per DALY averted, our results overlap with those reported in Woods et al. [44] and Ochalek et al. [40]. These studies report, respectively, costs per DALY for Indonesia in the range of 562 – 2125 (2019 $US) and 661 – 961 (2019 $US). The lower cost per DALY estimate found in this study may be explained by various factors. Woods et al. [44] rely on the assumption that the income elasticity of the value of a statistical life is appropriate for extrapolating the estimate of cost per QALY from the UK, and that the UK estimate itself is reasonable. Comparisons with Ochalek et al. [40] are more straightforward to make since they use existing estimates of the marginal productivity of healthcare expenditure by Bokhari et al. [6] that are similar to our estimates and apply similar methods to those outlined here to obtain a cost per DALY averted for each country. While Ochalek et al. [40] estimate separate elasticities for adult male and adult female mortality and calculate DALYs averted among these populations separately, due to data limitations the current study assumes that the estimated proportion of DALYs averted among children under-5 based on the elasticity estimated on U5MR can be extrapolated across the population. However, when we relax this assumption, we find similar estimates to those reported in Ochalek et al. [40]. Differences may also arise from the measures of health expenditure or mortality used: Ochalek et al. [40] use international data sources while this study makes use of more granular subnational data. All else equal, a higher estimate of healthcare expenditure will result in a higher cost per DALY averted. Similarly, higher baseline mortality rates would result in more DALYs averted and a lower cost per DALY averted. We assessed the robustness of our results to the assumptions 1) the morbidity burden of disease would be affected to the same extent as the mortality burden of disease by an increase in expenditure, and 2) that same proportion of the DALY burden of disease averted in under-5s would also be averted in the rest of the population. The results varied little, and employing extreme assumptions (i.e., that expenditure has no effect on morbidity across the population nor on mortality in the population over 5) we still find that cost per DALY averted would be $1,350, which is ~33% of the commonly cited CET of 1x GDP per capita.
Culyer et al. [13] describes an alternate approach to identifying cost per DALY averted which reflect HOCs in the healthcare system, where the HOC is the cost per DALY of the least cost-effective intervention that is funded (bookshelf approach). Using this alternative approach, we would expect to find a lower estimate of the HOC than the one reported in this study if the least cost-effective intervention among those funded was less cost-effective than the activity which underpins the variations in expenditure from which the empirical estimate is based. However, such an approach is practically infeasible due to the complexity of a health system in a setting like Indonesia and, hence, the empirical estimation of the marginal productivity to identify HOCs provides a practical alternative.
Our study has some limitations, largely attributable to data availability. Firstly, vital registration-based mortality data was not available for the period 2004-2012, and we estimated U5MR using the 2007 and 2012 IDHS surveys. This may result in underreporting for deaths that occurred several years before the survey was conducted. If women who took part in the survey have a higher risk of child mortality than those that did not, the estimates would be affected by sample selection bias and would overstate actual mortality rates. Another limitation of the analysis is in the comparatively limited number of years included in the dataset, which may adversely affect the efficiency of the estimators implemented. Furthermore, because expenditure is aggregated at the province level, two important components are not captured and thus not included in this assessment of the marginal productivity. One of these is payments to hospitals by the national health insurance funds and another is the operational costs of nationwide public health programmes. Although a large proportion of these is captured in budgets at the district level (and thus they are accounted for), they could be a hidden source of confounding in the analysis. The fragmented financing system in Indonesia also did not allow capturing total spending on program activities to reduce U5MR, as these activities have been supported by different sources, and even by other ministries, disbursed through their own systems. 
Future research could build on this work in at least three ways. First, there is scope for a more explicit, analytical treatment of the role of private expenditure in affecting population health, both via out-of-pocket payments and via private insurance. Second, there is the potential for going beyond the assessment of the reduced form impact of expenditures on health to shed light on the mechanisms underlying this effect. Third, this work motivates the collection of data on potential other outcome variables, such as population mortality or DALYs or QALYs.  This would enable a more conventional estimation of opportunity costs, albeit with alternative assumptions than those applied in the current work implicit in the outcome variables. The current work, however, represents an initial attempt to provide an estimate of marginal productivity of health expenditure for Indonesia and HOC for the Indonesian healthcare system, which may form the basis of a cost-effectiveness threshold for decision making in health. 

[bookmark: _Toc55050343]Table 1: Variables and descriptive statistics
	Variables
	Mean
	Standard deviation
	Min
	Max
	Source

	Under-five mortality rate (per 1,000)
	44.50
	23.41
	5.49
	172.75
	IDHS

	Total health expenditure pc (in IDR)
	139,377.10
	111,975.70
	29,629.41
	848,855.30
	MoF

	Total health expenditure pc (in logs)
	11.61
	0.68
	10.30
	13.65
	MoF

	Household expenditure pc (in IDR)
	415,884.60
	185,178.90
	146,622.40
	1,415,312.00
	SUSENAS

	Household expenditure pc (in logs)
	12.85
	0.41
	11.90
	14.16
	SUSENAS

	Literacy rate
	0.92
	0.05
	0.64
	0.99
	SUSENAS

	Poverty rate
	0.15
	0.06
	0.03
	0.42
	BPS

	Sanitation rate
	0.63
	0.09
	0.29
	0.86
	SUSENAS

	Electrification rate
	0.92
	0.12
	0.38
	1.00
	SUSENAS

	Children immunisation coverage
	0.94
	0.04
	0.71
	1.00
	SUSENAS

	Instrumental variables
	
	
	
	
	

	Total own source revenue (in logs)
	12.37
	0.62
	10.24
	14.62
	MoF

	Exports of oil and gas (in million US$)
	1,035.32
	1,924.80
	0.00
	15,285.18
	SUSENAS/CEIC

	Note: Means and standard deviations are weighed by province population. IDR stands for Indonesian Rupiah. BPS: Badan Pusat Statistik (Statistics Indonesia),  IDHS: Indonesia Demographic and Health Survey, IDR:  Indonesian Rupiah, MoF: Ministry Of Finance Indonesia, SUSENAS: Survei Sosial Ekonomi Nasional (National Socioeconomic survey), US$: United States Dollar.




Table 2: Estimates of the effect of health expenditure on under-five mortality
	
	(1)
	(2)
	(3)
	(4)

	Total health expenditure pc
	-0.017**
(0.049)
	-0.015*
(0.073)
	-0.016*
(0.053)
	-0.016**
(0.031)

	Household expenditure per capita
	0.019
(0.119)
	0.018
(0.197)
	0.018
(0.166)
	0.019
(0.113)

	Poverty rate
	0.043
(0.221)
	0.047
(0.197)
	0.045
(0.196)
	0.044
(0.186)

	Literacy rate
	0.003
(0.948)
	0.003
(0.952)
	0.004
(0.932)
	0.002
(0.962)

	Electrification rate
	-0.047*
(0.081)
	-0.044
(0.142)
	-0.047*
(0.080)
	-0.046
(0.103)

	Sanitation rate
	-0.071***
(0.015)
	-0.066
(0.114)
	-0.068***
(0.032)
	-0.070**
(0.050)

	Children immunisation
	-0.138
(0.190)
	-0.128
(0.249)
	-0.134
(0.206)
	-0.134
(0.224)

	Lagged mortality rate
	0.169
(0.620)
	0.169
(0.649)
	0.157
(0.647)
	0.171
(0.637)

	Observations
	259
	259
	259
	259

	Instruments
	
	
	
	

	Log of own-source revenue
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	Oil exports
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	Lagged values of the endogenous variables
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	Total number of instruments
	29
	29
	30
	28

	F statistic
	14.35
	25.83
	22.92
	15.70

	Arellano-Bond AR (3) test in differences (p-value)
	0.288
	0.290
	0.287
	0.296

	Hansen test (p-value)
	0.414
	0.382
	0.457
	0.346


Notes: this table presents the estimates obtained for Equation (2), using data for the 2004-2012 period and 33 provinces. Models (1)-(4) were estimated using different combinations of instrumental variables. The checks denote whether the instrument set was used in the model. Details on the methodology can be found in Section 2.2. P-values are reported in parentheses. The F statistic tests the hypothesis of overall model fit. These estimates were generated using the first-difference transformation of the data. All the estimates were obtained after including year fixed effects. The results include Windmeijer’s correction for finite samples [37].  AR: autocorrelation.
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