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The heterogeneous effects of neonatal care: a model of endogenous demand for 
multiple treatment options based on geographical access to care 

Neonatal units in the UK are organised into three levels, from highest Neonatal Intensive Care Unit 

(NICU), to Local Neonatal Unit (LNU) to lowest Special Care Units (SCU). We model the endogenous 

treatment selection of neonatal care unit of birth to estimate the average and marginal treatment 

effects of different neonatal designations on infant mortality, length of stay and hospital costs. We 

use prognostic factors, survival and hospital care use data on all preterm births in England for 2014-

2015, supplemented by national reimbursement tariffs and instrumental variables of travel time 

from a geographic information system. The data were consistent with a model of demand for 

preterm birth care driven by physical access. In-hospital mortality of infants born before 32 weeks 

was 8.5% overall, and 1.2 (95% CI: -0.7, 3.2) percentage points lower for live births in hospitals with 

NICU or SCU compared to those with an LNU according to instrumental variable estimates. We find 

imprecise differences in average total hospital costs by unit designation, with positive unobserved 

selection of those with higher unexplained absolute and incremental costs into NICU. Our results 

suggest a limited scope for improvement in infant mortality by increasing in-utero transfers based on 

unit designation alone. 

 

Keywords: Endogeneity, Instrumental variables, control function, multiple treatments, geographical 

access, semi-parametric, average treatment effects, neonatal, seemingly unrelated regression 

equations; latent factor, policy evaluation 
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1 | INTRODUCTION 

Preterm birth is accompanied by high risks of morbidity and neonatal mortality, and need for 

specialised neonatal care services. Since 2003 neonatal services in England are organised into 

managed clinical networks (DH 2003; Marlow et al. 2007) in which specialist care is centralised and 

low-level care is distributed across the network. These services are provided in neonatal units of 

three designated levels of specialisation: level 1 or Special Care units (SCU) look after infants needing 

level 1 care involving continuous monitoring of their breathing or heart rate, oxygen supply, tube 

feeding and recovery from phototherapy; level 2 or local neonatal units (LNU) can provide level 1 

care as well as providing level 2 care such as short-term intensive care and support including 

continuous positive airway pressure (CPAP); level 3 or neonatal intensive care units (NICU) can 

provide level 1 and level 2 care and can additionally provide level 3 care for infants requiring 

ventilation, CPAP, and weighing <1kg. According to clinical guidelines, births of <28 weeks of 

gestational age (extremely preterm) should be cared for at a level 3 neonatal unit (NICE 2010). 

Nevertheless some extremely preterm infants are still born in hospitals with lower level units. Thus 

the relative effectiveness between neonatal unit designation levels is a key policy issue. 

Estimating the relative effects of different designations on infant mortality requires inferring 

causality from observational data. Infant assignment to hospital of birth may be non-random, 

thereby confounding the observed mortality differences for true causal effects. Mothers of high-risk 

preterm infants may seek giving birth at designated level 3 units even among babies of the same 

gestational age and birthweight (Marlow et al. 2014). Instrument variables (IV) estimation is a 

method commonly used in economics to infer causality in observational studies (Wooldridge 2010) 

and increasingly used to estimate causal treatment effects in health service research (Garabedian et 

al. 2014). 

Studies exploring the effects of neonatal unit designation at hospital of birth have shown that low-

designated units are associated with increased rates of in-hospital mortality (Lasswell et al. 2010, 

Phibbs et al. 2007), although a recent study of very low-birthweight infants in California found no 

such association (Jensen and Lorch 2016). However, differences in organisation structure between 

UK neonatal services and other nationally funded neonatal services (Kelly et al. 2017), and  the much 

larger neonatal units typical of the US, may limit the generalisability of results across countries. In 

the UK, Watson et al. estimated the causal effect of level 3 unit on infants born at г32 weeks using 

an instrumental variable (IV) approach and found no evidence that birth in NICU affects in-hospital 

mortality compared to lower unit designations (Watson et al. 2014a). They also found that higher 

nurse-to-patient ratios and higher per diem costs reduced infant mortality in NICUs (Watson et al. 

2014b, Watson et al. 2017).  However, none of these studies sought to analyse unobserved 

heterogeneity in treatment effects (Cornelissen et al. 2016).  

The paperげゲ ﾏWデｴﾗSﾗﾉﾗｪｷI;ﾉ contribution is to develop an IV estimation framework with  the first 

stage endogenous treatment choice modelled as a demand system, thus  providing structural 

validation tests of identification  with continuous geographical access, travel time, IVs. We  test for 

unobserved heterogeneity in marginal treatment effects of NICU vs. other designations combined, 

and introduce a control function approach for estimating heterogeneous treatment effects with 

more than two treatment options. These methods are used to estimate the causal effects of preterm 

birth in a hospital with a SCU, LNU, or NICU, on in-hospital mortality, length of stay and hospital 

costs.  
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2 | Causal estimation approach 

In this study our IV identification strategy is based on variation in travel time as measure of physical 

access to treatment. A systematic review of 187 comparative health effectiveness studies using an IV 

approach between 1993-2011 found that 65 studies had estimated mortality effects and, of these, 

27 studies used travel distance (defined as straight line, Euclidean distance, or travel time) as 

instrumental variable, the second most common instrument after variation in regional treatment 

patterns (Garabedian et al. 2014). 

  

In our context, IV estimation assumes that study subjects are a mix of high or low risk mothers that 

by chance live close to a particular unit. The IV estimates based on travel time or distance apply to 

mothers whose hospital designation at delivery is determined by the relative closeness of different 

hospital designations,  ;ﾐS デｴWゲW ﾏﾗデｴWヴゲ ;ヴW ﾆﾐﾗ┘ﾐ ;ゲ けIﾗﾏヮﾉｷWヴゲげが HWI;┌ゲW デｴWｷヴ ヴ;ﾐSﾗﾏﾉ┞ 
;ﾉﾉﾗI;デWS けデヴW;デﾏWﾐデげ ふｷくWく closest unit level) determines their place of delivery. Travel distance or 

time is a natural predictor of place of birth, and therefore candidate for instrument, as women 

prefer to deliver in a local unit (Hollowell et al 2016) and birthing units recommend avoiding 

excessive distances to limit the risk of out-of-hospital birth (Blondel, 2011). Previous distance-based 

IV studies have used differenced and absolute measures of distance or travel time as instruments in 

almost equal measure (Garabedian et al. 2014). In this study we use absolute travel times as the 

more accurate and less restrictive option for a set of IVs and  validate them by comparing their 

actual and expected effects when interpreted as implicit access prices in a model of demand for 

treatment. 

 

In addition, the continuous scale of both travel time and distance permits us to analyse how 

treatment effects vary across individuals with different unobserved propensities to use treatments, 

by estimating marginal treatment effects (MTE, Carneriro, Heckman and Vytlacil 2010),   the 

Iﾗﾐデｷﾐ┌ﾗ┌ゲ ┗Wヴゲｷﾗﾐ ﾗa デｴW けﾉﾗI;ﾉ ;┗Wヴ;ｪW デヴW;デﾏWﾐデ WaaWIデげ ふIﾏHWﾐゲ ;ﾐS Aﾐｪヴｷゲデ ヱΓΓヴき Aﾐｪヴｷゲデ ;ﾐS 
Pishcke 2001). Few studies in health economics have analysed treatment effect heterogeneity (Basu 

et al. 2007; Basu et al. 2014; Evans and Garthwaite 2012; Tyler-Brown et al. 2011) and this is an 

aspect we seek to address in this study. 

Finally, the IV estimator implies a testable relationship between distance or travel time instruments 

and demand for the different treatment options. For example, Cutler evaluated heart services using 

difference in access (distance to hospital of each type) to intervention and control treatments as 

instruments (Cutler 2007). Watson similarly relied on IV estimation but only used information on the 

closest hospital  and thus ignored instruments on alternative treatment options (i.e. when the 

closest unit was a non-NICU the characteristics of NICU were omitted and vice versa; Watson et al. 

2014). We add to the literature by introducing a control function approach to extend the 

endogenous heterogeneous treatment effects model デﾗ дン treatments.  

 

3 | Methods 

3.1 |Data 

Data from the National Neonatal Research Database (NNRD) for years 2014 and 2015 were 

employed in the analysis. The NNRD contains selected information from the BadgerNet Neonatal 

Electronic Patient Record (https://www.clevermed.com/badgernet/badgernet-neonatal/) on all 

admissions to NHS neonatal units. Outcomes considered were any in-hospital mortality in the period 

from birth up to hospital discharge home or to a ward. Data available from the database include 

antenatal, delivery and neonatal treatments and outcomes. Neonatal unit level designation was 

taken from the 2015 National Neonatal Audit Programme report (RCPCH 2015). In our sample, 90% 
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of the 161 neonatal units in England gave permission to access NNRD data (100% of NICUs, 85% of 

LNUs, and 90% of SCUs). . 

 

Expected fastest road travel times were calculated from a Geographic Information System 

(Maptitude® 2016) with MPMileCharter® add-in based on coordinates of postcode closest to the 

population-weighted centroids of the 2011 LSOA (there is one LSOA for each postcode in England) of 

デｴW ヮ;ヴWﾐデゲげ residences and closest hospitals of each type and information on typical duration of 

journey on actual road grid. This created three IVs, i.e. three travel times for each individual, one per 

neonatal unit level. The 2015 Multiple Index of Deprivation (IMD) for each LSOA was obtained from 

the Office of National Statistics (ONS 2015). Ethical approval was obtained from the Neonatal Data 

Analysis Unit at Imperial College, London. 

  

3.2 | Main outcome equation 

Three types of infant outcomes are separately analysed: in-hospital mortality, length of hospital stay 

and associated reimbursement costs, and number of hospital days spent by the infant at three levels 

of critical care. The binary (mortality), continuous (costs) and discrete count (hospital days) scales of 

these outcomes required analysis using generalised linear models (Debb and Trivedi 2006) of 

individual infant outcomes as a function of place of birth (LNU and SCU) relative to a reference unit 

type (NICU), 桁沈 噺 訣岫紅怠鯨系戟沈 髪 紅態詣軽戟沈 髪 隙沈嫗絞 髪 膏怠健聴寵沈 髪 膏態健挑朝沈岻 髪 懸沈      (1) 

 

where  Yi is an observed continuous or discrete outcome of infant i in the follow-up period up to 

hospital discharge, SCUi is a binary variable equal to 1 if the neonatal unit of birth of infant i is SCU 

and 0 otherwise, and LNUi is likewise defined for birth in LNU. The term Xiげ~ ゲデ;ﾐSゲ aﾗヴ ; ﾉｷﾐW;ヴ ┗WIデﾗヴ 
of adjusting covariates commonly used in this literature (Gale et al. 2013, Cole et al. 2010, 

Manktelow et al. 2013, Ge et al. 2013, Tucker et al.  2002, Lorch et al. 2012; Appendix 0) including 

birthweight, gestational age, index of multiple deprivation, and number of pregnancies (plus a 

Iﾗﾐゲデ;ﾐデぶが ┘ｷデｴ デｴWｷヴ ヴWゲヮWIデｷ┗W IﾗWaaｷIｷWﾐデゲ ~く   

The terms lSCi and lLNi are unobserved latent utility factors (section 3.3) for SCU and LNU, respectively, 

that serve to control for the endogeneity of SCU and LNU in Eq. 1, which occurs when coefficients 

゜1Юヰ ;ﾐS ゜2 Юヰ.. They account for possible   unmeasured confounders, including prognostic factors 

e.g. congenital abnormalities that place infants at higher risks of neonatal adverse events including 

death. If, for example, women with high-risk pregnancies choose or are somehow determined by 

unmeas┌ヴWS a;Iデﾗヴゲ デﾗ SWﾉｷ┗Wヴ ;デ NICUゲが ; ふけﾐ;ｼ┗Wげぶ ﾏﾗSWﾉ W┝Iﾉ┌Sｷﾐｪ ﾉSCi and lLNi will incorrectly 

attribute some of the systematic variation in outcomes to the SCU and LNU variables and likely result 

ｷﾐ Hｷ;ゲWS Wゲデｷﾏ;デWゲ ﾗa é1i ;ﾐS é2i.  

Assuming a mean zero error, Evi =0,  訣貸怠岫継桁沈岻 噺 紅怠鯨系戟沈 髪 紅態詣軽戟沈 髪 隙沈嫗絞 髪 膏怠健聴寵沈 髪 膏態健挑朝沈         (2) 

 

with g-1(EY) denoting the link function (logit or probit for mortality, log for costs, and log for days in 

hospital) evaluated at the mean of outcome Y, i.e., mortality status, costs, or days in hospital. Eq. 1 is 

estimated by maximum simulated likelihood, given a suitably chosen parametric distribution for v 

(binomial for mortality, normal for costs and negative binomial for days in hospital). We estimated 
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Eq. 1 using IV and control function methods, which required estimating a treatment choice model of 

the endogenous SCU and LNU binary variables as explained next. 

 

 

3.3 | Instrumental variables 

 

We evaluate the causal effects on infant outcomes of birth at LNU and SCU vs. NICU hospitals using 

the three available instruments of travel time to the closest hospital of each neonatal unit type, zSC, 

zLN, zIC, for SCU, LNU and NICU respectively. At least two instruments were required for estimating 

treatment effects of the potentially endogenous SCU and LNU variables in Eq. (1) (rank condition; 

Wooldridge 2010). To be valid, the IVs have to determine the probability of delivering at a LNU and 

SCU (relevance condition), and be correlated with the outcome Y only through their association with 

LNU and SCU (conditional independence condition; Appendix 1 eq. 2).The individual may be born in 

one of three types of neonatal unit, a discrete treatment selection process which we analyse as a 

multinomial latent demand model where the neonatal unit level in the hospital of birth is the 

treatment option of maximum latent utility for the mother.  

3.4 Demand for hospital type for a very preterm birth 

In order to model the endogenous multinomial treatment selection, we define ICU*, LNU*, SCU* as 

the corresponding latent utilities of birth at the three neonatal unit levels: 鯨系戟沈茅 噺 肯戴権聴寵沈 髪 肯態権挑朝沈 髪 肯怠権彫寵沈 髪 隙沈嫗紘聴寵 髪 香聴寵沈      (3) 詣軽戟沈茅 噺 糠戴権聴寵沈 髪 糠態権挑朝沈 髪 糠怠権彫寵沈 髪 隙沈嫗紘挑朝 髪 香挑朝沈   荊系戟沈茅 噺 講戴権聴寵沈 髪 講態権挑朝沈 髪 講怠権彫寵沈 髪 隙沈嫗紘彫寵 髪 香彫寵沈 
where  香珍沈 噺 激沈嫗降珍 髪 鉱珍沈     倹 噺 岶鯨系┸ 詣系┸ 荊系岼 

are linear indices of unmeasured demand attributes (W) that are prognostic factors in outcome 

equation (2) plus an independently distributed r;ﾐSﾗﾏ Wヴヴﾗヴ ふ仝ぶが ┘hile other Greek symbols are 

coefficients to be estimated. Birth occurs in the unit type of maximum utility: 鯨系戟沈 噺 な 件血 鯨系戟沈茅 伴 荊系戟沈茅 欠券穴 鯨系戟沈茅 伴 詣軽戟沈茅┸ 鯨系戟沈 噺 ど                                                剣建月結堅拳件嫌結┹  詣軽戟沈 噺 な 件血 詣軽戟沈茅 伴 荊系戟沈茅 欠券穴 詣軽戟沈茅 伴 鯨系戟沈茅┸ 詣軽戟沈 噺 ど                                                 剣建月結堅拳件嫌結┹ 
birth in a NICU occurs when SCU=0 and LNU=0. 

WW W┝ヮWIデ ．3аヰが ü2 аヰが ;ﾐS ヽ1 <0, whilst the coefficients of remaining instrumental variables are 

expected to be positive or zero. The coefficients of the multinomial choice model of Eq. 3 are not 

identifiable (Train 2003, p. 26-27). Subtracting the utility of a reference option, say, ICUi* from each  

equation in Eq. 3, results in an identifiable  system of two independent equations of differenced 

utility for SCU and LNU relative to the utility of NICU: 
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鯨系戟蕗沈茅 噺 肯楓戴権聴寵沈 髪 肯楓態権挑朝沈 髪 肯楓怠権彫寵沈 髪 隙沈嫗紘葡聴寵 髪 香┘聴寵沈     (4a), 詣軽戟蕗沈茅 噺 糠葡戴権聴寵沈 髪 糠葡態権挑朝沈 髪 糠葡怠権彫寵沈 髪 隙沈嫗紘葡挑朝 髪 香┘挑朝沈     (4b) 

 

where utility differences depend on the three instruments, one for travel time to the closest unit of 

each type, and the Greek symbols denote the estimable coefficients. The accents denote coefficients 

transformed by subtracting the corresponding coefficient in the NICU latent equation, and 香┘挑朝沈  and  香┘聴寵沈 are the error terms in the propensity equations after subtracting the error in the NICU latent 

equation. We expect the own-けaccess ヮヴｷIWげ effect to be negative (糠葡態<0 and 肯楓戴<0), and the cross-

price of access to NICU effect to be positive (糠葡怠 伴0 and 肯楓怠 伴 ど). In contrast, the expected signs of 糠葡3 

and 肯楓2 are ambiguous a priori (Appendix 1). Birth in NICU (ICU=1) occurs when 鯨系戟蕗沈茅<0 in 4a and 詣軽戟蕗沈茅<0 in 4b, otherwise, birth occurs in a lower level unit (ICU=0). The case of birth at LNU (LNU=1) 

and SCU (SCU=1) are defined analogously.  

Our control function approach for estimating Eq. 2 (Debb and Trivedi 2006), uses equations 4a & 4b  

and,   香┘挑朝沈 岩 香挑朝沈 伐 香彫寵沈 噺 激嫗岫降挑朝 伐 降彫寵岻 髪 鉱挑朝沈 伐 鉱彫寵沈 岩 健挑朝沈 髪 鉱葡挑朝沈                                    

(5)  香┘聴寵沈 岩 香聴寵沈 伐 香彫寵沈 噺 激嫗岫降聴寵 伐 降彫寵岻 髪 鉱聴寵沈 伐 鉱彫寵沈 岩 健聴寵沈 髪 鉱葡聴寵沈  
where lLNi and lSCi  are the values of unobserved indirect utility factors affecting the neonatal outcome 

Y in Eq. 2. We assume that these terms are distributed standard normal across mothers, and 

integrate them out of the likelihood function using simulation methods. To derive the likelihood we 

assume that  鉱葡挑朝沈 and 鉱葡聴寵沈 are independently identically extreme-value distributed error terms that 

are independent from lLNi and lSCi and whose joint distribution implies a multinomial logit treatment 

choice probability function of the linear indices of covariates and unobserved factors in 4a & 4b 

(Appendix 2).   

In addition, we estimate the multinomial probit treatment choice model (Roodman 2011) that 

relaxes the independence of irrelevant alternatives (IIA) assumption of the multinomial logit model 

by allowing the indirect utility equations 4a and 4b to be correlated (Train 2003). In sensitivity 

analysis we impose the exclusion restrictions on 4a and 4b that all instrument coefficients other than 

．3が ü2が ;ﾐS ヽ1 equal zero, i.e. 鯨系戟蕗沈茅 噺 肯戴権聴寵沈 伐 講怠権彫寵沈 髪 隙沈嫗紘葡聴寵 髪 香┘聴寵沈┸ 詣軽戟蕗沈茅 噺 糠態権挑朝沈 伐 講怠権彫寵沈 髪隙沈嫗紘葡挑朝 髪 香┘挑朝沈, to address possible issues of identification with this model (Keane 1992; Appendix 1). 

3.5 |In-hospital mortality 

The endogenous treatment model was specified as a logit outcome with multinomial logit treatment 

control function (Debb and Trivedi 2006) and, alternatively, as a probit outcome with multinomial 

probit treatment (Roodman 2011; Appendix 2). We present results in terms of marginal effects. 

3.6 |Costs and length of stay 

Reimbursement cost and length of hospital stay were analysed as linear outcomes with endogenous 

multinomial logit (Debb and Trivedi 2006) or probit treatment (Roodman 2011). Reimbursement 

costs were calculated by multiplying the number of days at each level of care (section 3.7) by the 

corresponding English 2015 per diem (HRG) tariff. We also estimated heterogeneous treatment 

effects in correlated random coefficients models (Card 2001), by limited information maximum 

likelihood (Aakvik, Heckman and Vytalacil 2005; Appendix 2).  
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3.7 | Inpatient days by level of care 

We estimated the effect of neonatal unit designation on the number of days at British Association of 

Perinatal and Maternity (BAPM) levels of care 1, 2 and 3 separately, which together accounted for 

98% of total LOS ふデｴW けゲ┌ヮWヴ ゲヮWﾉﾉげ including any post-natal transfer) in our sample. This analysis used 

a negative binomial endogenous multinomial logit treatment model. We present treatment effect 

estimates in terms of incidence rate ratios and marginal effects (Appendix 2).  

 

We estimate the MTE of NICU vs. non-NICU birth (Carneiro, Heckman and Vitlacil 2011; Cornelissen 

et al. 2016) on mortality and the logarithm of hospital costs using a linear endogenous binary 

treatment model. These analyses use a Gaussian family with an identity link, i.e. a linear probability 

model for mortality and log linear model for costs. The treatment indicators SCU and LNU in (1) are 

replaced by a treatment indicator, ICU, equal to 1 when SCU=0 and LNU=0 and 0 otherwise. Also, the 

strong assumption that the latent factors enter linearly in (1) is relaxed by replacing them with a 

non-parametric function KY(p) of the けヴWゲｷゲデ;ﾐIW デﾗ NICUげ デヴW;デﾏWﾐデ or propensity score (p): 継桁沈 噺 隙沈嫗絞超待 髪 隙沈嫗岫絞超怠 伐 絞超待岻喧沈 髪 計超岫喧沈岻   (6) 

The MTE is the derivative of (6) with respect to p, 警劇継沈 岩 項継桁沈項喧 噺 隙沈嫗岫絞超怠 伐 絞超待岻 髪 項計超岫喧岻【項喧 

MTEs are estimated semi-parametrically (Brave and Walstrum 2014) and plotted relative to p.  We 

estimate alternative MTEs under the parametric probit treatment choice model (Appendix 3). 

We tested for the existence of unobserved selection by prognosis ふHヰぎ ヾ1 =0), where infants who 

have worse unobserved prognosis may be more likely to be born in NICU than infants with better 

prognosis, and selection by returns (Hヰぎ иKYふヮぶっиヮЭヰ in (6) ﾗヴ ゝ1ヾ1-ゝ0ヾ0=0 in (7)), where infants with 

unobserved characteristics predisposing them to benefit more from treatment are more likely to be 

born in NICU (Appendix 3).  

Standard errors are calculated using the method by White (1980), to account for clustering of infants 

in hospitals, except for MTEs, which are estimated at the mean of covariates X, using the bootstrap 

percentile method. Stata code illustrating the implementation of main analyses is provided in 

Appendix 4.     

 

4 | RESULTS 

4.1 | Distribution of sample characteristics by geographical access  

Data on 14,727 live births at less than 32 weeksげ gestation were available from the NNRD, 12,990 of 

which had complete data on infant and hospital characteristics for analysis, with 303 observations 

having invalid data values. Of the 12,687 remaining observations, 1650 (13%) individuals had no 

travel time to the closest SCU or LNU hospitals data and were excluded from the analysis. The 

remaining sample included 11,037 patients from 154 hospitals, of which 11 were hospitals that 

delivered at least 100 infants weighing <1500 g per year on average S┌ヴｷﾐｪ デｴW ゲデ┌S┞ ヮWヴｷﾗS ふ けｴｷｪｴ-

┗ﾗﾉ┌ﾏWげぶき ;ﾉﾉ ﾗa デｴWゲW ｴﾗゲヮｷデ;ﾉゲ ┘WヴW ICU ;ﾐS ヴヲХ ふ2377) of the 5595 infants born in a NICU level 

were delivered in a high-volume hospital. Fifteen infants were born in a hospital without a neonatal 

unit and were transferred ex-utero to the closest neonatal unit in the network (14 to SCU, 1 to LNU); 
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they were analysed according to the level of these units. In-hospital mortality in the analysis sample 

was 8.52% (8.43% including missing travel time data cases). 

There are no systematic differences in most descriptive characteristics of the analysed sample across 

travel time to NICU tertiles (Table 1). In addition to the exposure variables (delivery at NICU, LNU 

and SCU), systematic differences arise only for deprivation of residence, unknown delivery mode and 

suggest the need to control for possible confounding by these variables in our analyses. Similar 

results were obtained for tables in terms of travel times to LNU and SCUs and in London (Appendix 

5). 

 

 

 

4.2 | Demand (choice) modelʹfirst stage 

Table 2 presents estimates obtained from multinomial probit and multinomial logit models for the 

probability of birth in LNU (second and fourth columns) and the probability of birth at SCU (third and 

fifth columns), adjusted for covariates. The signs of these coefficients are consistent with our a priori 

expectations. The two coefficients with ambiguous expectations a priori, the cross-price effects of 

access to SCU in the LNU equation and to LNU in the SCU equation are negative with p>0.10, 

suggesting that the effect of travel time to LNU on the utility of SCU, and vice versa, is equal to or 

smaller than its effect on the utility of NICU (eq. 4a, and $b). The probability of birth in a LNU level 

facility was positively related with longer travel times to the closest NICU, and with longer travel 

times to the closest SCU, whereas being negatively related with longer travel times to the closest 

LNU facility. The price elasticity of demand decreases with level of specialisation, with NICU care 

being the least responsive option to an increase in its own travel-time price of access. Birth at SCU is 

nine times as responsive to travel time to NICU as it is to travel time to LNU (0.61 vs. 0.07).           

 

 

 4.3 | Estimates of in-hospital mortality  

Table 3 summarises the  estimated marginal effects of birth at LNU vs NICU and birth at SCU vs. NICU 

in the naïve single equation probit model (second column) and corresponding average treatment 

effects of the IV model that adjusts for unobserved confounding  (third column). In the naïve probit 

model birth in a SCU is associated with a 1.7 percentage point higher risk of neonatal death than 

birth in NICU (p=0.09), while LNU with 0.4 percentage point excess risk over NICU (p=0.54). In the IV 

model, the respective estimates are 0.1 (p=0.96) and 1.2 (p=0.23) under a probit specification. 

According to the IV model diagnostic statistics, the hypothesis that birth at SCU is exogenous cannot 

be rejected at p=0.05. Results were similar for logit specifications. 

“ｷﾏｷﾉ;ヴ ヴWゲ┌ﾉデゲ ┘WヴW ﾗHデ;ｷﾐWS ｷﾐ デｴW ゲ┌Hｪヴﾗ┌ヮ ﾗa ｷﾐa;ﾐデゲ Hﾗヴﾐ ;デ ﾉWゲゲ デｴ;ﾐ ヲΒ ┘WWﾆゲげ ｪWゲデ;デｷﾗﾐ 
(Appendix 5). 

 

Our main results (reproduced in Table 4 column a) were robust to excluding socio-economic and 

including mode of delivery covariates, and to variation in the specification of the endogenous 

treatment model. Moreover, tests on the estimated correlations between the random error terms of 
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the multinomial treatment equations and the mortality equation do not reject the null hypothesis 

that birth at LNU and birth at SCU are exogenous in the mortality equation at p=0.05 under both 

logit and probit specifications. 

The IV estimates will not apply to those mothers who deliver in NICUs regardless of the distance or 

time required to travel from home to their closest NICU. For example, high-risk mothers with history 

of preterm birth may be booked in for birth at a hospital with a NICU in spite of it not being their 

closest hospital; the so-called always takers of the intervention (birth at NICU) regardless of travel 

time. The IV estimates will also not apply to high-risk mothers who are not transferred to higher 

level units because of theｷヴ ｷﾐa;ﾐデゲげ poor life prospects; the so-called never takers of birth at NICU. 

The proportion of always takers in our dataset appears to be higher than the proportion of never 

takers: 732 (22%) of those mothers who would need more time to reach their closest NICU than to 

reach their closest LNU and their closest SCU would still deliver at a NICU; in contrast, only 56 (1.5%) 

and 388 (8.9%) mothers whose closest (minimum travel time) hospital was a NICU delivered in a SCU 

and LNU, respectively. The analysis of MTE of birth at hospitals with NICUs vs. hospitals with a 

lower-designation neonatal unit produced treatment effect estimates with 95% CI crossing 

zero throughout the unobserved resistance to NICU treatment (Appendix 6).     

4.4 | Estimates on length of stay and costs  

The estimated total duration of デｴW ﾐWﾗﾐ;デ;ﾉ ｴﾗゲヮｷデ;ﾉ ゲデ;┞ ｷﾐIﾉ┌Sｷﾐｪ ｴﾗゲヮｷデ;ﾉ デヴ;ﾐゲaWヴゲ ふｷくWく デｴW けゲ┌ヮWヴ 
ゲヮWﾉﾉげぶ ﾗa ;ﾐ ｷﾐa;ﾐデ Hﾗヴﾐ ｷﾐ NICU, LNU and SCU was, respectively 66, 66, and 67 days (differences: SCU 

vs NICU 1.0, p=0.76; LNU vs. NICU 0.6, p=0.81; Appendix 7 Table A7.1). The reimbursement cost of 

birth was respectively £42,776, £44,854 and £43,220 per infant (NICU minus LNU, -£2078 [95% CI: -

5551,1396]; NICU minus SCU, -£444 [-4690,3802]). The results for reimbursement cost and LOS 

(Appendix 7 Table A7.1) are robust to varying the covariates (available from the authors).  

Different test results for homogeneous effects were obtained for LNU (p<0.05) and SCU (p>0.05) 

using a control function approach.  Unobserved characteristics that led mothers to prefer LNU over 

ICU were also associated with lower in-hospital costs; e.g. conditional on covariates, mothers in the 

top 16 percent LNU utility ranking cost under £4634 less than the average. Moreover, individuals 

with below-average unobserved LNU utility factors (i.e. ceteris paribus above-average NICU utility, 

eq. 4b) have above-average returns (cost savings vs. NICU) with LNU (Appendix 6).   

Parametric normal MTE for NICU vs non-NICU had 95% CI that crossed zero (H0: no positive 

selection into NICU by non-observably more  costly patients, p=0.001; more incrementally costly 

patients, p=0.17) (Appendix 7). Semi-parametric analysis reveals, however, that mothers who 

delivered in NICU despite having the 20 to 40 percentile lowest predicted probabilities of doing so 

(けunobserved resistanceげ on the x-axes in Figure 1) have the highest incremental costs relative to a 

non-NICU birthplace.  

 

While birth at lower level units results in very preterm infants spending the same total number of 

days in hospital as they would if born at a NICU, birth at LNU results in more intensive care (BAPM 1) 

days (IRR 1.40, 95% CI: 1.26,1.55) and fewer specialised intensive care (BAPM 3) days (IRR 0.95, 95% 

CI:  0.90,1.01) relative to what would happen if the same infant were born in ICU (or SCU; Figure 2). 

Birth at SCU results in similar numbers of inpatient days of treatment at the three levels of care 

relative to birth at NICU (Appendix 9).     

 

5 | DISCUSSION 
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Our study found that the occurrence of very preterm births outside NICUs was consistent with a 

model of demand for preterm birth care driven by physical access. Using data on physical access as 

instrumental variables produced a 0.9-1.3 percentage points lower mortality  in NICU and SCU 

relative to LNU. In contrast, in the simple naïve model with common prognostic covariates, in-

hospital mortality was 1-2 percentage points lower in hospitals with NICU or LNU compared to those 

with an SCU. The 95% CI of all these estimated differences crosses zero, suggesting they are due to 

chance alone.  

We found that our data were compatible with a mortality model in which there is no unobserved 

confounding. In cases without such confounding, the IV method is inefficient relative to simple 

regression analysis and may lead to incorrect inferences (Wooldridge 2010). However, we have a 

priori reasons to suspect endogeneity is present e.g. from selective choice of NICU by pregnancies 

with risk factors not recorded in our data, and our instruments were found to be strong and valid. 

Therefore the likely treatment effect for designated units lies with the IV results. Moreover, there is 

no evidence of an increase in the total length of the infant stay in these neonatal units or cost to 

commissioners when these outcomes are analysed unadjusted for the competing death risk. Since 

there are few けﾐW┗Wヴ NICU デ;ﾆWヴゲげが ﾗ┌ヴ IV Wゲデｷﾏ;デWゲ ﾏ;┞ HW ｷﾐデWヴヮヴWデWS ;ゲ デｴW デヴW;デﾏWﾐデ Wffect on 

the NICU-untreated (Angrist and Pischke 2009). Thus our results suggest that increases of in-utero 

transfers from lower unit designations alone are unlikely to bring large improvements in in-hospital 

mortality (Gale et al. 2012a,b). 

 

Our study also exploited continuous instruments to analyse the heterogeneity in treatment effects 

on mortality and costs. Our results failed to reject the hypothesis that there is no residual 

unobservable self-selection of women into NICU according to neonate severity or expected mortality 

risk reduction at conventional significance levels; however, it is possible that a larger sample would 

have rejected it. In terms of costs, there is evidence of unobservable self-selection of complex (i.e. 

more costly) cases into NICU hospitals and of negative selection by returns as some infants with the 

highest additional costs relative to non-NICU care are prone to be born in NICU hospital for reasons 

unrelated to birthweight, gestational age, socio-economic status, number of pregnancies and sex.  

We found a significant causal reduction in the number of hospital days spent under the most 

intensive care level (BAPM 1) that was accompanied by an increase in the number of days under 

lower care intensity (BAPM 3) with NICU relative to LNU. While the associated net effect on overall 

reimbursement costs to the NHS is apparently zero, and we did not find the mortality benefits 

documented by Marlow and colleagues (Marlow et al. 2014), these results suggest nevertheless that 

birth at NICU would reduce neonatal morbidity among those currently born in LNU. Further research 

that investigates this question is warranted using measures of neonatal morbidity including 

ventilator days; bronchopulmonary dysplasia; intraventricular haemorrhage, particularly the severe 

grades 3-4; late-onset infection; necrotizing enterocolitis; and retinopathy of prematurity, 

particularly severe stages 3 and above. 

A limitation of our analysis is that the IV method requires the assumption that travel time to the 

closest neonatal unit did not affect infant mortality by means other than through its role in 

determining the level of the neonatal unit of the hospital of birth. It is possible that longer travel 

time to a NICU increased the chance of in-hospital mortality among those infants delivered in a NICU 

due to delays in receiving the required specialised care. However, we would expect these effects, if 

present, to be secondary to the effects of travel time on mortality that are due to exposure to the 

level of care of the neonatal unit of birth. 
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Our measure of mortality, in-hospital infant death, did not include stillbirths, which exceed neonatal 

deaths in England (2952 versus 1721 annually, ONS 2015). Another limitation of our dataset is its 

lacking information on antenatal steroid use (ANS), which may account for the poorer mortality 

results for the SCUs as these use less steroids (RCPCH 2017). Watson et al. using the same database 

reported that covariates, including ANS, were evenly distributed between NICU and non-NICU born 

very preterm infant groups, after controlling for the lowest decile of index of multiple deprivation 

(Watson et al. 2015). We thus expect any omitted variable bias from ANS in our analysis, after 

controlled for quintiles of socioeconomic deprivation, to be limited. Low socio-economic status is 

itself linked to an increased risk of preterm births through low maternal weight and smoking (Taylor-

Robinson et al. 2011). Therefore, any unmeasured differences in socio-economic status that are not 

captured by our multiple deprivation measure may have confounded our results also. 

 

Future work should investigate differences in mortality and costs between high and low-volume 

NICUs since a high volume of births may be more influential on neonatal mortality and outcomes 

than a high designation level of unit (Jensen and Lorch 2015). Our findings comprise 42% of NICU 

infants born in high-volume units in our sample.   
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Table 1 Sample characteristics by travel time to NICUs (% unless stated otherwise) 

 All available observations 

(N=12,687) 

Excluding cases with missing 

travel time to LNU or SCU data 

(N=11,037) 

Lower 

tertile 

N=4,191 

Medium 

tertile 

N=4,185 

High 

tertile 

N=4,311 

Lower tertile 

N=3,855 

Medium 

tertile 

N=3,500 

High 

tertile 

N=3,682 

Died 8.26 8.89 8.14 8.40 9.17 8.04 

Discharged home 87.30 84.49 81.52 87.16 85.77 86.77 

Discharged ward 1.29 1.53 2.07 1.37 1.66 2.01 

Last record: transferred 

to another hospital/unit  
2.94 4.56 7.66 2.88 3.20 3.02 

Unknown destination 0.21 0.55 0.60 0.18 0.20 0.16 

Gestational age at birth 

(weeks), mean (SD) 
28.41 

(2.37) 

28.43 

(2.33) 

28.47 

(2.30) 

28.38 

(2.38) 

28.46 

(2.33) 

28.53 

(2.29) 

Birthweight (kg), mean 

(SD) 
1.19 

(0.38) 

1.20 

(0.38) 

1.21 

(0.39) 

1.18 

(0.38) 

1.20 

(0.38) 

1.22 

(0.39) 

Foetus 2+ 25.84 27.60 27.70 26.04 27.49 27.59 

Female sex 46.36 45.16 46.69 46.46 44.80 45.95 

Residence: Most 

deprived quintile1 
47.67 29.49 21.76 49.55 30.36 22.44 

Residence: 2nd most 

deprived quintile1  
23.00 24.35 21.87 22.65 23.74 21.27 

Residence: 3-5 least 

deprived quintile3 

29.33 46.16 56.36 27.80 45.90 56.29 

Caesarean delivery 48.34 50.75 51.54 48.50 51.14 51.54 

Spontaneous vaginal 37.06 36.92 36.67 37.15 36.46 36.85 

Unknown delivery mode 4.84 3.70 0.00 4.77 3.74 0 

Delivery at NICU 81.53 42.39 26.70 83.24 43.00 23.93 

Delivery at LNU 13.36 47.22 58.76 11.47 46.11 60.81 

Delivery at SCU 5.11 10.39 14.54 5.29 10.89 15.26 

Delivery at high volume2 32.38 19.52 10.69 34.42 19.40 10.08 
1 Ranked by the index of multiple deprivation of residential postcode. 2 Defined as born in hospital 

delivering more than 100 infants with <1500 g birthweight per year during the study period. SD: 

Standard deviation. 
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Table 2 Linear index coefficients of instruments in IV multinomial treatment models 

 Multinomial probit Multinomial logit Elasticities (multinomial logit) 

Instrumental 

variable 

Birth at 

LNU†  

Birth at 

SCU†  

Birth at 

LNU†   

Birth at 

SCU†   

Birth at ICU Birth at LNU Birth at SCU 

N= 11,037 N= 11,037 N= 11,037 N= 11,037 

Minimum 

travel time 

(mins) to NICU  

0.063*** 

(0.006) 

0.075*** 

(0.024) 

0.087*** 

(0.009) 

0.076*** 

(0.013) 

-1.34 

(-1.72, -0.97) 

0.80 

(0.58, 1.02) 

0.61 

(0.06, 1.16) 

Minimum 

travel time 

(mins) to LNU  

-0.064*** 

(0.008) 

-0.034 

(0.021) 

-0.109*** 

(0.013) 

-0.026 

(0.016) 

0.69 

(0.47, 0.92) 

 

-1.55 

(-1.96, -1.14) 

0.07 

(-0.49, 0.63) 

Minimum 

travel time to 

SCU 

-0.014 

(0.009) 

-0.112 

(0.105) 

-0.003 

(0.012) 

-0.152*** 

(0.017) 

0.27 

(-0.07, 0.60) 

0.13 

(-0.24, 0.51) 

-4.14 

(-4.95, -3.33) 

Wald F test Ho: 

all instruments 

have no effect  

188*** 36*** 153*** 172*** N/A N/A N/A 

Correlation 

across 

Wケ┌;デｷﾗﾐゲ  ふヾ13) 

0.82** Not allowed N/A N/A N/A 

†1=yes; 0=no equation. Controlled covariates: Age and age squared at birth, birthweight, birthweight squared, sex, 

deprivation of residence, foetus no. N/A: Not applicable. *p< 0.10 ** p<0.05 ***p<0.01.N/A: Not applicable. *p< 0.10 ** 

p<0.05 ***p<0.01. Statistical inferences based on robust standard errors adjusting for clustering of observations by 

hospital. Figures in parentheses are standard errors except under elasticities, which are 95% CI.   
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Table 3 Causal effects on mortality of birth in LNU & SCU relative to ICU in infants born at <32 weeks 

 Naïve IV Naïve IV 

Probit 

regression 

Probit with 

endogenous 

multinomial probit 

treatment 

Probit with 

endogenous 

multinomial 

probit 

treatment ʹ 

with 

exclusion 

restrictions  

logit 

regression 

Logit with 

endogenous 

multinomial logit 

treatment 

Birth at LNU 

([0,1] range) 

0.004 

(0.007) 

0.012 

(0.010) 

0.013 

(0.009) 

0.006 

(0.008) 

0.012 

(0.010) 

Birth at SCU 

([0,1] range)  

0.017* 

(0.010) 

0.001 

(0.015) 

-0.001 

(0.015) 

0.020* 

(0.010) 

0.003 

(0.017) 

ヾ12, ゜1  -0.04 -0.06  -0.202 

ヾ13, ゜2  0.07 0.12  0.391 

ヾ23  0.82* 0.20   

Instrument 

strength:  

Wald F test 

statistic (3 

degrees of 

freedom) 

N/A LNU equation: 

191*** 

SCU equation: 

34*** 

LNU 

equation: 

200*** 

SCU 

equation: 

98*** 

N/A LNU equation: 

171*** 

SCU equation: 

151*** 

N 11,037 11,037 11,037 11,037 11,037 

Hausman test z 

statistic of H0: 

no endogeneity 

LNU treatment 

variable 

N/A -0.63 -1.23 N/A -1.0 

Hausman test z  

statistic of H0: 

no endogeneity 

SCU treatment 

variable 

N/A 0.77 1.32 N/A 1.1 

z statistic: no 

correlation 

between utility 

equations (IIA) 

N/A 1.82* 0.59 N/A H0 true by implicit  

assumption 

Test z statistic 

Ho: valid over-

identifying 

restriction of 

minimum travel 

time to NICU 

N/A -0.42 0.26 N/A 0.59 

Controlled covariates: Age and age squared at birth, birthweight, birthweight squared, sex, deprivation of residence, foetus 

no. N/A: Not applicable. *p< 0.10 ** p<0.05 ***p<0.01.N/A: Not applicable. *p< 0.10 ** p<0.05 ***p<0.01. Statistical 

inferences based on robust standard errors (in parentheses) adjusting for clustering of observations by hospital. 
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Table 4 Robustness check: marginal effects on mortality of birth in LNU & SCU relative to ICU 

 Multinomial probit treatment model Multinomial logit treatment model 

 (a) (b) (c) (d) (e) (f) 

Birth at LNU 

(difference [0,1] range)   

0.012 

(0.010) 

0.009 

(0.010) 

0.011 

(0.010) 

0.012 

(0.010) 

0.010 

(0.010) 

0.011 

(0.010) 

Birth at SCU 

 (difference [0,1] range) 

0.001 

(0.015) 

-0.003 

(0.015) 

0.000 

0.015) 

0.003 

(0.017) 

-0.000 

(0.017) 

0.003 

(0.017) 

Included Covariates? 

Gestational age (GA), GA 

squared 

Yes Yes Yes Yes Yes Yes 

birthweight,  

birthweight squared 

Yes Yes Yes Yes Yes Yes 

Iﾐa;ﾐデげゲ ゲW┝ Yes Yes Yes Yes Yes Yes 

Foetus number Yes Yes Yes Yes Yes Yes 

Quintiles of multiple 

deprivation index 

Yes No Yes Yes No Yes 

Mode of delivery and 

labour 

No No Yes No No Yes 

Instrument strength:  

Wald F test statistic (3 

degrees of freedom) 

LNU 

equation: 

191*** 

SCU 

equation: 

34*** 

LNU 

equation: 

190*** 

SCU 

equation: 

38*** 

LNU 

equation: 

188*** 

SCU 

equation: 

36*** 

LNU 

equation: 

171*** 

SCU 

equation: 

151*** 

LNU 

equation: 

167*** 

SCU 

equation: 

146*** 

LNU 

equation: 

172*** 

SCU 

equation: 

154*** 

N 11,037 11,037 11,037 11,037 11,037 11,037 

z statistic of H0: no 

endogeneity LNU 

treatment 

-0.63 -0.38 -0.57 -1.05 -0.82 -1.01 

z  statistic of H0: no 

endogeneity SCU 

treatment 

0.77 0.92 0.77 1.06 1.20 1.04 

N/A: Not applicable. *p< 0.10 ** p<0.05 ***p<0.01.N/A: Not applicable. *p< 0.10 ** p<0.05 ***p<0.01. Statistical 

inferences based on robust standard errors (in parentheses) adjusting for clustering of observations by hospital. 
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Figure 1. Marginal Treatment Effects on hospital reimbursement costs (in logarithms) of level 3 vs. lower 

designation hospital 

  

Notes: Parametric model was estimated as log linear model and a probit model for NICU vs.non-NICU birth under the 

Potential outcomes framework. The x-axis depicts the unobserved resistance to treatment, V in Appendix 3, which equals 

the predicted probability of treatment in the first stage choice model. Semiparametric model is the local IV estimator 

(Heckman and Vytlacil 1999) as implemented by Brave and Walstrum (Brave and Walstrum 2014).   
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Appendix 0 ʹ Covariates included in the analysis. 

The dataset includes common covariates in this literature (Gale et al. 2013, Cole et al. 2010, 

Manktelow et al. 2013, Ge et al. 2013, Tucker et al.  2002, Lorch et al. 2012):  gestational age in 

weeks, gestational age in weeks squared, birth weight (kg), birth weight squared, index of multiple 

deprivation (quintiles), number of foetuses (1 vs. 2+), female sex (yes vs. no), mode of delivery and 

labour (spontaneous vaginal, induced vaginal, emergency caesarean with labour, emergency 

caesarean without labour, elective caesarean, unknown). We also have information on the mode of 

delivery to use as control for potential confounding, e.g. since we did not have data available on 

fetal SW;デｴゲが デﾗ ;┗ﾗｷS ┌ﾐSWヴWゲデｷﾏ;デｷﾐｪ デｴW ｴW;ﾉデｴ HWﾐWaｷデゲ ﾗa ﾉW┗Wﾉ ン ┌ﾐｷデゲげ ;Hｷﾉｷデ┞ aﾗヴ ヴ;ヮｷS SWﾉｷ┗Wヴｷﾐｪ 
a preterm birth who may otherwise die in utero (Jensen and Lorch 2015). Nevertheless, we also 

conducted sensitivity analyses that exclude mode of delivery variables. We considered models using 

birthweight by gestational age z score instead of birthweight and its squared value but since the two 

specifications produced the same results we preferred the latter. 

 

Appendix 1 ʹ Identification of the instrumental variable estimator 

We Defining ICU*, LNU*, SCU* as the corresponding latent utilities of birth at the three levels of 

care: 鯨系戟沈茅  噺 肯戴権聴寵沈 髪 肯態権挑朝沈 髪  肯怠権彫寵沈 髪 隙沈嫗紘聴寵 髪 香聴寵沈      (3) 詣軽戟沈茅  噺 糠戴権聴寵沈 髪  糠態権挑朝沈 髪 糠怠権彫寵沈 髪  隙沈嫗紘挑朝 髪  香挑朝沈   荊系戟沈茅  噺  講戴権聴寵沈 髪 講態権挑朝沈 髪  講怠権彫寵沈 髪  隙沈嫗紘彫寵 髪  香彫寵沈 
  

┘W W┝ヮWIデ ．3аヰが ü2 аヰが ;ﾐS ヽ1 <0, whilst the  coefficients of the remaining instrumental variables are 

expected to be positive or zero, e.g. longer travel times to the closest alternative care levels of  LNU 

and ICU are expected to increase the propensity of birth in SCU. The multinomial choice model is 

estimated by defining LNU* and SCU* as differences in utility relative to the utility of NICU: 鯨系戟蕗沈茅 岩 鯨系戟沈茅 伐 荊系戟沈茅 噺 岫肯戴 伐 講戴岻権聴寵沈 髪 岫肯態 伐 講態岻権挑朝沈 髪 岫肯怠 伐 講怠岻権彫寵沈 髪 隙沈嫗岫紘聴寵 伐 紘彫寵岻 髪 香聴寵沈 伐香彫寵沈  岩  肯楓戴権聴寵沈 髪 肯楓態権挑朝沈 髪 肯楓怠権彫寵沈 髪 隙沈嫗紘葡聴寵 髪 香┘聴寵沈     (4a), 詣軽戟蕗沈茅 岩 詣軽戟沈茅 伐 荊系戟沈茅 噺 岫糠戴 伐 講戴岻権聴寵沈 髪 岫糠態 伐 講態岻権挑朝沈 髪 岫糠怠 伐 講怠岻権彫寵沈 髪 隙沈嫗岫紘挑朝 伐 紘彫寵岻 髪香挑朝沈 伐 香彫寵沈 岩  糠葡戴権聴寵沈 髪 糠葡態権挑朝沈 髪 糠葡怠権彫寵沈 髪 隙沈嫗紘葡挑朝 髪 香┘挑朝沈     (4b) 荊系戟葺 沈茅 岩 荊系戟沈茅 伐 荊系戟沈茅 噺 ど                                                                                                                            (4c)       

where the utility differences depend on the three instruments, one for travel time to the closest unit 

of each type, and the Greek symbols denote the coefficients of the ICU, LNU or SCU propensity 

equations, the accents denote coefficients transformed by subtracting the corresponding coefficient 

in the NICU latent equation, and 香┘挑朝沈  and  香┘聴寵沈 are the error terms in the propensity equations after 

subtracting the error in the NICU latent equation. We expect the own-け;IIWゲゲ ヮヴｷIWげ WaaWIt to be 

negative (糠葡態<0 and 肯楓戴 <0), and the cross-price of access to NICU effect to be positive (糠葡怠 伴0 and 肯楓怠 伴 ど). In contrast, the expected signs of 糠葡3 and 肯楓2 are ambiguous a priori; if 糠葡3 >0 , then 肯戴 伴  講戴 

and the effect of access to SCU is larger on the utility of LNU than on the utility of ICU, and viceversa 

if  糠葡戴 隼0; the same situation applies to 肯楓2 .  
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Turning to the neonatal treatment decision criteria in the multinomial model, birth in NICU (ICU=1) 

occurs when its latent utility is the highest of the three hospital levels, i.e., LNU*< ICU* and 

SCU*<ICU*, which in terms of 4a and 4b implies, respectively:  香┘聴寵沈 隼 伐  岫肯楓戴権聴寵沈 髪 肯楓態権挑朝沈 髪  肯楓怠権彫寵沈 髪  隙沈嫗紘葡聴寵岻  (A1.4a) 

& 

 香┘挑朝沈 隼 伐  岫糠葡戴権聴寵沈 髪 糠葡態権挑朝沈 髪  糠葡怠権彫寵沈 髪  隙沈嫗紘葡挑朝岻  (A1.4b) 

 

otherwise, birth occurs in a lower level unit (ICU=0). Birth at LNU (LNU==1) would occur if 

LNU*>ICU* and LNU*>SCU* 香┘挑朝沈 伴 伐  岫糠葡戴権聴寵沈 髪  糠葡態権挑朝沈 髪 糠葡怠権彫寵沈 髪  隙沈嫗紘葡挑朝岻   (A1.4c) 

& 香┘挑朝沈 伐 香┘聴寵沈 伴 伐  岶盤糠葡戴 伐 肯楓戴匪権聴寵沈 髪 盤糠葡態 伐  肯楓態匪権挑朝沈 髪 盤糠葡怠 伐 肯楓怠匪権彫寵沈 髪  隙沈嫗岫紘葡挑朝 伐  紘葡聴寵岻岼 ]   
 (A1.4d) 

 

otherwise birth occurs in a unit of a different level (LNU=0), whilst birth will take place at SCU 

(SCU=1) if SCU*>ICU* and LNU*<SCU*,  香┘聴寵沈 伴 伐  岫肯楓戴権聴寵沈 髪 肯楓態権挑朝沈 髪  肯楓怠権彫寵沈 髪  隙沈嫗紘葡聴寵岻    (A1.4e) ┃ 

  香┘挑朝沈 伐 香┘聴寵沈  隼  伐 版盤糠葡戴 伐 肯楓戴匪権聴寵沈 髪 盤糠葡態 伐  肯楓態匪権挑朝沈 髪 盤糠葡怠 伐 肯楓怠匪権彫寵沈 髪  隙沈嫗岫紘葡挑朝 伐  紘葡聴寵岻繁  

 (A1.4f) 

otherwise it will occur in a higher level unit. 

 

A1.1 Parametric choice model specification 

By assigning a probability distribution to the error terms in 4a and 4b a parametric model of demand 

for levels of care may be estimated in terms of the right-hand side variables of these equations. In 

the multinomial logit case, a closed form solution for the choice probabilities, its derivatives and 

Wﾉ;ゲデｷIｷデｷWゲが W┝ｷゲデ ふTヴ;ｷﾐ ヲヰヰンが ヮく ヶヱぶく TｴW け;IIWゲゲ ヮヴｷIWげ Wﾉ;ゲデｷIｷデｷWゲ ﾗa SWﾏ;ﾐS aﾗヴ Hｷヴデｴ ;デ ICU ふEIC ), 

LNU (ELN ) and SCU (ESC ) are as follows:  継聴寵賃 噺 岫肯楓賃岫な 伐 鶏聴寵岻  伐 糠葡賃鶏挑朝岻権賃  継挑朝賃 噺 岫糠葡賃岫な 伐 鶏挑朝岻  伐 肯楓賃 鶏聴寵岻権賃 継彫寵賃 噺 伐岫糠葡賃鶏挑朝 髪  肯楓賃鶏聴寵岻権賃 

for k= 1,2,3, with PSC , PLN as the multinomial logit choice probabilities of birth at levels 1 and 2, and 

the access prices (instrumental) variables defined as z1 氾 ┣SC , z2 氾 ┣LN , z3氾 ┣IC . These are evaluated at 

sample mean values of the independent variables. 
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The multinomial logit model has a conveniently simple analytical likelihood function but imposes the 

assumption that the ratio of choice probabilities between any pair of treatments (e.g. LNU over ICU) 

is independent from the indirect utility of the third (SCU), i.e. the independence of irrelevant 

alternatives (IIA) assumption. To relax this assumption, we estimate the parameters of the choice 

model using the alternative of a multinomial probit distribution that allows for the indirect utility 

equations 4a and 4b to be correlated. In order to formally identify this model and avoid practical 

problems of identification (Keane 1992) we impose the exclusion restrictions 肯態 噺 ど┸ 肯怠 噺 ど┸ 糠戴 噺ど ┸ 糠怠 噺 ど ┸ 講戴 噺 ど ┸ 講態 噺 ど  on eqs. 3, effectively excluding the travel time to LNU instrument from 

the indirect utility equation for SCU (肯楓態 噺 ど in 4a) and viceversa (糠葡戴 噺 ど in 4b). Notice that the 

restrictions 肯怠= 0 and 糠怠=0  do not result in any further exclusion restrictions in our differenced 

demand system of eqs. 4a-4b, or in any change in our a priory expectations on the sign of the 

coefficients for the included instruments. Thus, in sensitivity analysis of the multinomial probit 

model, the latent utility system 3 and the indirect utility equations 4a-4c become, respectively: 鯨系戟沈茅  噺 肯戴権聴寵沈                                      髪 隙沈嫗紘聴寵 髪  香聴寵沈     

 ふAヱくヱくンげぶ 詣軽戟沈茅  噺                  糠態権挑朝沈                   髪 隙沈嫗紘挑朝 髪  香挑朝沈   荊系戟沈茅  噺                                       講怠権彫寵沈 髪 隙沈嫗紘彫寵 髪  香彫寵沈 
 鯨系戟蕗沈茅 噺 肯戴権聴寵沈 伐 講怠権彫寵沈 髪 隙沈嫗岫紘聴寵 伐 紘彫寵岻 髪 香聴寵沈 伐 香彫寵沈       岩 肯戴権聴寵沈 髪 岫伐講怠岻権彫寵沈 髪 隙沈嫗紘葡聴寵沈 髪 香┘聴寵沈                                                                                        (A1.1.4a), 詣軽戟蕗沈茅 噺 糠態権挑朝沈 伐 講怠権彫寵沈 髪 隙沈嫗岫紘挑朝 伐 紘彫寵岻 髪 香挑朝沈 伐 香彫寵沈 岩 糠態権挑朝沈 髪 岫伐講怠岻権彫寵沈 髪 隙沈嫗紘葡挑朝 髪 香┘挑朝沈                                                                                        (A1.1.4b) 荊系戟葺 沈茅   噺 ど                                                                                                                                                (A1.1.4c) 

 

In estimating A1.1.4a-4b we impose the appropriate cross-equation restrictions on the coefficient of 

zICi .  
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Appendix 2 ʹ Endogenous treatment model for each outcome 

For all outcomes we estimated endogenous treatment choice models generated by a multinomial 

logit distribution, we describe this model in section A2.1 below. Alternative endogenous treatment 

models using the multinomial probit distribution were also estimated for all outcomes except the 

number of hospital days by level of care (see section A2.2.3 below) and are described in section 

A2.2.   

A2.1 Endogenous multinomial logit treatment choice model 

We use the control function approach for Wゲデｷﾏ;デｷﾐｪ Eケく ヱげ ヮヴﾗヮﾗゲWS H┞ DWHH ;ﾐS Tヴｷ┗WSｷ ふDWHH ;ﾐS 
Trivedi 2006),  

Following Deb and Trivedi (2006), under the control function approach Eq. 1 becomes  桁沈 噺 訣 岫 紅怠鯨系戟沈 髪 紅態詣軽戟沈  髪  隙沈嫗絞 髪 膏怠健聴寵沈 髪 膏態健挑朝沈岻 髪  懸沈 , i.e.     訣貸怠岫継桁沈岻 噺  紅怠鯨系戟沈 髪 紅態詣軽戟沈  髪 隙沈嫗絞 髪 膏怠健聴寵沈 髪 膏態健挑朝沈         ふAヲくヱげぶ 

after allowing for a mean zero error, i.e. Evi =0, with g-1(EY) denoting the link function (logit or probit 

for mortality, log for costs, and log for days in hospital) evaluated at the mathematical expectation 

of Y. The terms lSCi and lLNi are unobserved latent utility factors for SCU and LNU (relative to ICU, see 

eq. 4a & 4b and eq.5), respectively, that affect outcome; the sign of their respective coefficients, e.g. 

゜1 >0 ;ﾐS ゜2 >0, would indicate that people whose unobserved characteristics make them to value 

SCU and LNU more than other people with the same observed characteristics X, tend to have a 

higher Y. Thus, in this model the two latent factors serve to control for the endogeneity of SCU and 

LNU in Eq. 1.. DWヮWﾐSｷﾐｪ ﾗﾐ デｴW デ┞ヮW ﾗa ﾗ┌デIﾗﾏWが Eケく Aヲくヱげ ｷゲ Wゲデｷﾏ;デWS H┞ ﾏ;┝ｷﾏｷゲｷﾐｪ デｴW ﾉｷﾆWﾉｷｴﾗﾗS 
of observing the data, given a suitably chosen parametric distribution for v (in our case, binomial for 

mortality, normal for costs and Poisson for days in hospital). 

The model is complemented by the system of differenced latent equations 4a and 4b (4c becomes 

redundant), which represent the (normalised) indirect utilities of SCU, LNU and NICU, respectively, 

and the definitions   香┘挑朝沈 岩 健挑朝沈 髪 結挑朝沈         (5)  香┘聴寵沈 岩 健聴寵沈 髪 結聴寵沈  

The terms lLNi and lSCi denote the values of unobserved factors affecting the indirect utility of the two 

ﾗヮデｷﾗﾐゲ ;ﾐS デｴW ｷﾐa;ﾐデげゲ ﾗ┌デIﾗﾏW Y ｷﾐ Eケ Aヲくヱげく TｴW WLNi and eSCi are independently identically 

distributed error terms that are independent from lLNi and lSCi and whose joint distribution implies a 

probability of treatment selection given by the function h(.) of linear indices of observed covariates 

and unobserved factors in 4a & 4b: 鶏岫詣軽戟沈 ┸  鯨系戟沈】権聴寵沈┸ 権挑朝沈┸ 権彫寵沈┸隙沈┸ 健挑朝沈┸ 健聴寵沈岻 噺  月岫糠葡戴権聴寵沈 髪 糠葡態権挑朝沈 髪 糠葡怠権彫寵沈 髪 隙沈嫗紘葡挑朝 髪 健挑朝沈 ┸ 肯楓戴権聴寵沈 髪肯楓態権挑朝沈 髪 肯楓怠権彫寵沈 髪 隙沈嫗紘葡聴寵 髪 健聴寵沈岻  

Thus, the likelihood of observing the sample of data is 完 血岫訣 岫紅怠鯨系戟沈 髪 紅態詣軽戟沈  髪  隙沈嫗絞 髪 膏怠健聴寵沈 髪 膏態健挑朝沈岻岻 月盤糠葡戴権聴寵沈 髪 糠葡態権挑朝沈 髪 糠葡怠権彫寵沈 髪 隙沈嫗紘葡挑朝 髪朝沈退怠健挑朝沈┸ 肯楓戴権聴寵沈 髪 肯楓態権挑朝沈 髪 肯楓怠権彫寵沈 髪 隙沈嫗紘葡聴寵 髪 健聴寵沈匪  倦岫健挑朝沈┸ 健聴寵沈岻穴健聴寵沈 穴健挑朝沈           (A.2) 

where f(.) is the family statistical distribution function and g(.) is the inverse of the link defined in eq. 

ヱげ が Hﾗデｴ ﾗa ┘ｴｷIｴ ┗;ヴ┞ SWヮWﾐSｷﾐｪ ﾗﾐ デｴW ﾗ┌デIﾗﾏW ﾏW;ゲ┌ヴW ふゲWW Aくヲくヱくヱ-2.1.3), and k(.) is the 
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standard normal distribution function for the values of unobserved factors confounding the 

estimation of causal effects of neonatal care levels on outcomes. Estimation of model parameters 

may be accomplished by maximising the (simulated) likelihood of the sample of data with multiple 

values of 健挑朝沈┸ 健聴寵沈 sampled from k using Halton sequences (Bhat 2001, Debb and Trivedi 2006). The 

control function approach facilitates estimation of complex non-linear outcome models using simple 

analytical expressions for the function h(.), which in our case is the multinomial logit. This is 

accomplished at the expense of imposing the strong assumption that the unobserved confounders 健挑朝沈┸ 健聴寵沈  WﾐデWヴ Eケく ヱげ ﾉｷﾐW;ヴﾉ┞く   

  

A2.1.1 Mortality 

We estimate the model as a logit link outcome with endogenous multinomial logit treatment (Debb 

;ﾐS Tヴｷ┗WSｷ ヲヰヰヶぶが ┘ｴWヴW Wケく Aヲくヱげ ｷゲ デｴW ﾏ;ｷﾐ Wケ┌;デｷﾗﾐ ﾗa ｷﾐデWヴWゲデ ┘ｷデｴ Y HWｷﾐｪ デｴW ┌ﾐﾗHゲWヴ┗WS 
latent propensity to die, Death*: 訣貸怠岫継経結欠建月沈茅】鯨系戟沈┸ 詣軽戟沈 ┸ 隙沈 ┸ 健聴寵沈┸ 健挑朝沈岻 噺  紅怠鯨系戟沈 髪 紅態詣軽戟沈  髪  隙沈嫗絞 髪 膏怠健聴寵沈 髪 膏態健挑朝沈        
ふAくヲくヱくヱげぶ 

where g-1  is the logit link function and f in A.2 is the binomial distribution.  

We conducted sensitivity analysis to account for unobserved heterogeneity at the level of the 

hospital, using an unobserved random term h that varies across hospitals following a normal 

independent distribution but is fixed within infants born in the same hospital: 訣貸怠盤継経結欠建月沈珍茅 】鯨系戟沈珍 ┸ 詣軽戟沈珍 ┸ 隙沈珍 ┸ 健聴寵沈珍 ┸ 健挑朝沈珍匪 噺 紅怠鯨系戟沈珍 髪 紅態詣軽戟沈珍 髪 隙沈珍嫗 絞 髪 膏怠健聴寵沈珍 髪 膏態健挑朝沈珍 髪 月珍        

ふAくヲくヱくヲげぶ 

and 4a and 4b now have ij instead of I subscripts and error terms   香┘挑朝沈珍 岩 健挑朝沈珍 髪 閤挑朝月珍 髪  結挑朝沈珍            香┘聴寵沈珍 岩 健聴寵沈珍 髪 閤聴寵月珍髪 結聴寵沈珍 

with coefficients (loading factors) 閤挑朝 欠券穴 閤聴寵  to be estimated.   

A2.1.2 Reimbursement costs and total length of stay 

The models for reimbursement costs was estimated using a log normal link function for g-1(.) and a 

G;┌ゲゲｷ;ﾐ a;ﾏｷﾉ┞ SｷゲデヴｷH┌デｷﾗﾐ aﾗヴ aふくぶが ┘ｴWヴW デｴW ﾗ┌デIﾗﾏW Y ｷﾐ Wケく ヱげ ┘;ゲ デｴW ﾗHゲWヴ┗WS ヴeimbursement 

Iﾗゲデゲ ﾗa デｴW ｷﾐa;ﾐデげゲ ｷﾐヮ;デｷWﾐデ ｴﾗゲヮｷデ;ﾉ ゲデ;┞く TｴW ゲ;ﾏW ゲヮWIｷaｷI;デｷﾗﾐゲ ;ヮヮﾉｷWS aﾗヴ デｴW ;ﾐ;ﾉ┞ゲｷゲ ﾗa デﾗデ;ﾉ 
length of hospital stay. We also conduct a sensitivity analysis of these models to account for 

unobserved heterogeneity at the level of the hospital, analogously to the analysis for mortality 

described in section A2.2.1. 

We also estimated a heterogeneous treatment effects model to explore the patterns of self-

selection into SCU and LNU treatment according to total costs and costs savings relative to NICU. In 

brief terms, this consisted in interacting the latent factors lSCi and lLNi with the treatment dummies 

SCUi and LNUi as follows: 健券継系沈 噺 岫紅怠 髪 膏怠怠健聴寵沈 髪 膏怠態健挑朝沈岻鯨系戟沈 髪 岫紅態 髪 膏態怠健聴寵沈 髪 膏態態健挑朝沈岻詣軽戟沈 髪 隙沈嫗絞 髪 膏怠健聴寵沈 髪 膏態健挑朝沈 
ふAくヲくヱくヲげげぶ 
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where ln EC is the natural logarithm of expected costs and, to simplify the expression, we have 

omitted the fact that the expectation is conditional on the X covariates, the treatment dummies and 

the latent factors. The equation for length of hospital stay is specified in the same manner. This 

analysis extends the approach of Card (Card 2001) to multiple treatments using a latent factor set-up 

as proposed by Aakvik, Heckman and Vytlacil (Aakvik et al. 2005). Further details are available from 

the authors upon request. 

 

TｴW Wケ┌;デｷﾗﾐゲ Aくヲくヱくヲげげが ヴ;が ヴH ;ﾐS ヵ ;ヴW ;ﾐ W┝;ﾏヮﾉW ﾗa ; PﾗデWﾐデｷ;ﾉ O┌デIﾗﾏWゲ Model, where an 

individual is observed to have one of three potential outcomes, depending on which treatment 

option is used: 

Y= Y3 (1-SCU- LNU) + Y2 LNU + Y1 SCU        

Where the subscripts indicate the level of care (NICU=3, LNU=2 and SCU=1), and we omit the 

ｷﾐSｷ┗ｷS┌;ﾉ ゲ┌HゲIヴｷヮデゲ デﾗ ゲｷﾏヮﾉｷa┞ ﾐﾗデ;デｷﾗﾐく Iﾐ デｴW I;ゲW ﾗa Wケく Aくヲくヱくヲげげ デｴW ﾏﾗSWﾉ デ;ﾆWゲ デｴW aﾗヴﾏ  

Y= Y3 + (Y2 に Y3) LNU + ( Y1 に Y3 )SCU =        E健券系剣嫌建沈  噺 隙沈旺絞戴 髪 鯨系戟沈隙沈旺岫絞怠 伐 絞戴岻 髪 詣軽戟沈隙沈旺岫絞態 伐 絞戴岻 髪継岫綱戴沈】荊系戟噺な岻 髪 詣軽戟沈岶継岫綱態沈】詣軽戟噺な岻 伐 継岫綱戴沈】荊系戟噺な岻岼 髪 鯨系戟沈岶継岫綱怠沈】鯨系戟噺な岻 伐継岫綱戴沈】荊系戟噺な岻岼          ふAヲくヱくヲくヲげぶ 

with  継岫綱戴沈】荊系戟噺な岻 岩  膏怠聴寵健聴寵沈髪 膏態挑朝健挑朝沈        (A2.1.2.3)  詣軽戟沈岶継岫綱態沈】詣軽戟噺な岻 伐 継岫綱戴沈】荊系戟噺な岻岼  岩 詣軽戟沈岫膏態怠聴寵健聴寵沈 髪 膏態態挑朝健挑朝沈岻   (A2.1.2.4) 鯨系戟沈岶継岫綱怠沈】鯨系戟噺な岻 伐 継岫綱戴沈】荊系戟噺な岻岼 岩  鯨系戟沈  岫膏怠怠聴寵健聴寵沈 髪  膏怠態聴寵健挑朝沈岻  (A2.1.2.5) 

Expression A2.1.2.3 is as in the model by Debb and Trivedi. Expressions A2.1.2.4 and A2.1.2.5 

represent the unobserved random coefficients for the effect of the two treatments, which may be 

IﾗヴヴWﾉ;デWS ┘ｷデｴ LNU ;ﾐS “CU ふWﾐSﾗｪWﾐﾗ┌ゲぶく TｴW ゲｷ┝ a;Iデﾗヴ ﾉﾗ;Sｷﾐｪゲ ゜ デﾗ HW Wゲデｷﾏ;デWS from the data 

are just identified from the covariation in the two (standard normal) independently distributed 

heterogeneity latent utility factors in eq. 5, 健 噺 岫健挑朝┸ 健聴寵)   ~NID(0,1) and the treatment vector 穴 噺岫な┸ 鯨系戟┸ 詣軽戟岻 (i.e. 2 X 3=6). (We estimate the correlated coefficients model without the treatment 

by covariate interactions 鯨系戟沈隙沈旺岫絞怠 伐 絞戴岻 髪 詣軽戟沈隙沈旺岫絞態 伐 絞戴岻 ｷﾐ Wケく Aくヲくヱくヲくヲげ due to the high 

amount of computing time required for a model including these terms, so that differences in 

ヮﾗデWﾐデｷ;ﾉ ﾗ┌デIﾗﾏWゲ ;ヴW ﾗﾐﾉ┞ S┌W デﾗ ┌ﾐﾗHゲWヴ┗WS ｴWデWヴﾗｪWﾐWｷデ┞ デWヴﾏゲ ｷﾐ Aヲくヱくヲくヲげぶく 

 

In order to validly estimate this model, the instruments must satisfy the condition 継岫資】鯨系戟┸ 詣軽戟┸ 権聴寵 ┸ 権挑朝┸ 権彫寵  岻 噺 継岫資】権聴寵沈┸ 権挑朝沈┸ 権彫寵沈 岻 噺 宋 

, which is stronger than condition 2 in the main text. The model is estimated by simulated maximum 

ﾉｷﾆWﾉｷｴﾗﾗS ふTヴ;ｷﾐ ヲヰヰンぶく A W;ﾉS デWゲデ aﾗヴ Hヰぎ ゜11Эヰが ゜12Эヰが ゜21 Э ヰが ゜22 =0 is a test of the null of 

exogeneity of treatment effects (i.e. no selection by retuヴﾐゲぶ ;ﾐS ゜1LN Эヰが ゜2SC =0 of no selection by 

severity. This model may be implemented in publicly and commercially available statistical software. 
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A2.1.3 Number of hospital days spent in each level of care 

We estimated the effect of neonatal unit designation on the number of days at British Association of 

Perinatal and Maternity (BAPM) levels of care 1, 2 and 3 separately, which together accounted for 

ΓΒХ ﾗa デﾗデ;ﾉ LO“ ふデｴW けゲ┌ヮWヴ ゲヮWﾉﾉげぶ ｷﾐ ﾗ┌ヴ ゲ;ﾏヮﾉWく Tｴｷゲ ;ﾐ;ﾉ┞ゲｷゲ ┘;ゲ ｷﾏヮﾉWﾏWﾐデWS ┌ゲｷﾐｪ ; Pﾗｷゲゲﾗﾐ 
endogenous treatment effect model (Debb and Trivedi 2006). The estimated model was as follows:  健券 継岫詣頚鯨 健結懸結健お沈】隙沈岻  噺 紅怠お鯨系戟沈 髪 紅態お詣軽戟沈 髪  隙沈旺絞お 髪 膏怠お健聴寵沈 髪 膏態お健挑朝沈  

 (A.2.1.4) 

where ln E(LOS level#i |X) is the natural logarithm of the expected number of hospital days at the 

BAPM level number # by infant i given his or her characteristics X, and other variables are as 

described before; one model is estimated for each of #=1,2, 3. We present the treatment effects in 

terms of inIｷSWﾐIW ヴ;デW ヴ;デｷﾗゲ が Wくｪく ｷﾐ デｴW ﾏﾗSWﾉ aﾗヴ セЭヱが é11 ;ﾐS é21 are the proportional increase in 

the number of days spent at BAPM1 when born at SCU and LNU, respectively, relative to NICU. 

Presenting results in these relative terms allows us to show the compositional effects of place of 

birth. To account for endogeneity we estimate this model using the control function approach as 

implemented by Debb and Trivedi (Debb and Trivedi 2006). 

 

A2.2 Endogenous multinomial probit treatment choice model 

 

A2.2.1 Mortality 

We estimated dichotomous regressions of individual infant mortality as a function of place of birth,  

LNU, SCU or NICU (the reference option) and adjusting covariates,  経結欠建月沈茅 噺 紅怠沈鯨系戟沈 髪 紅態沈詣軽戟沈  髪  隙沈旺絞 髪 綱沈       (A.2.2.1) 

where Death*i is a latent continuous variable measuring the death risk of infant i in the follow-up 

period up to hospital discharge and SCUi is a binary variable equal to 1 if the neonatal unit of birth of 

infant i is SCU and 0 otherwise, and LNU is likewise defined for birth in LNU. The term Xiげ~ ゲデ;ﾐSゲ aﾗヴ 
a linear vector of adjusting covariates (plus a constant) as controls for measured confounding, with 

デｴWｷヴ ヴWゲヮWIデｷ┗W IﾗWaaｷIｷWﾐデゲ ~く TｴW ┗WIデﾗヴ X ｷﾐIﾉ┌SWゲ デｴW Iﾗ┗;ヴｷ;デWゲ ﾉｷゲデWS ;Hﾗ┗W aﾗヴ Hｷヴデｴ┘Wｷｪｴデが 
gestational age, index of multiple deprivation, number of pregnancies, mode of delivery and labour.  

Since Death* is not observed, but the occurrence, say D=1, or absence, D=0, of death is, the model 

may be estimated by adopting an observational rule in terms of the value of the error tem 綱沈:   経結欠建月沈 噺  な岷経結欠建月沈茅 噺 紅怠沈鯨系戟沈 髪 紅態沈詣軽戟沈  髪 隙沈嫗絞 髪 綱沈 伴 酵悌峅噺 な岷綱沈 伴 酵悌 伐 岫紅怠沈鯨系戟沈 髪 紅態沈詣軽戟沈  髪  隙沈嫗絞岻峅 

┘ｴｷIｴ ﾏW;ﾐゲ デｴ;デ ;ﾐ ｷﾐa;ﾐデげゲ ｷﾐ-hospital death occurs when the latent death propensity is larger 

than  latent death risk threshold  酵悌. The model may thus be estimated by assigning a cumulative 

distribution function to 綱沈  , e.g. normal or logistic. Adopting the parametric function implicitly 

imposing location and scale restrictions on parameters, e.g. in the normal model 酵悌 噺 ど  and 

variance of 綱 噺 な. 

The probit mortality outcome model with endogenous multinomial probit treatment is estimated by 

maximising the likelihood of all the permutations of choices among the three possible treatments  

and the two possible death outcomes (3 x 2 = 6 outcomes) (Roodman 2011). From equations A.2.2.1 



28 

 

and 4a-4b rearranged as Eqs. A1.4a and A1.4b, the likelihoods for mothers whose infants die and 

survive after giving birth in a NICU hospital are, respectively 梗沈）脹沈盤伐隙沈嫗絞┸ 伐糠葡戴権聴寵沈 伐 糠葡態権挑朝沈 伐 糠葡怠権彫寵沈 伐 隙沈嫗紘葡挑朝┸ 伐肯楓戴権聴寵沈 伐 肯楓態権挑朝沈 伐 肯楓怠権彫寵沈 伐 隙沈嫗紘葡聴寵 ┹ 貢怠態┸ 貢怠戴┸貢態戴 匪, for i with Death=1 & LNU=0 & SCU=0 梗沈）脹沈盤隙沈嫗絞┸ 伐糠葡戴権聴寵沈 伐 糠葡態権挑朝沈 伐 糠葡怠権彫寵沈 伐 隙沈嫗紘葡挑朝┸ 伐肯楓戴権聴寵沈 伐 肯楓態権挑朝沈 伐 肯楓怠権彫寵沈 伐 隙沈嫗紘葡聴寵┹ 伐貢怠態┸ 伐貢怠戴┸貢態戴匪, for i with Death=0 & LNU=0 & SCU=0 

┘ｴWヴW ￥T is the tri-variate cumulative normal distribution function with parameters for the 

correlation between the unobserved error 綱沈   in the outcome equation (eq. A.2.2.1) and the error 

term in each of the indirect utility equations 4a (香┘聴寵沈) and 4b (香┘挑朝沈) , 貢怠態 and 貢怠戴, respectively; 貢態戴is 

the correlation between the error terms of these indirect utility equations. Notice that this likelihood 

is evaluated at SCU=0 and LNU=0 since it only relates to individuals born in NICU. The likelihood 

functions for mothers whose infants either die or survive after giving birth in LNU and in SCU units 

are similarly defined after transforming the model latent utility equations into deviations from the 

Wケ┌;デｷﾗﾐ aﾗヴ デｴﾗゲW ﾏﾗデｴWヴゲげ ヮﾉ;IW ﾗa SWﾉｷ┗Wヴ┞が ｷくWく LNU ﾗヴ “CU ふTヴ;ｷﾐ ヲヰヰンぶく A Wald test of the null 

ｴ┞ヮﾗデｴWゲｷゲ Hﾗぎ ヾ12 Эヰ ;ﾐS Hﾗぎ ヾ13 =0 provides a test of exogeneity of LNU and SCU in equation 1. 

Furthermore, unlike the multinomial logit model specification of treatment choice, the multinomial 

probit model allows the relative choice probabilities between any two treatments, say LNU vs. ICU to 

depend on the characteristics of the third option, say SCU. We allow for a non-zero correlation 

between random error terms in the indirect utilities of SCU in 4a and LNU in 4b (貢態戴 ). 
Sensitivity analysis was conducted using the restricted demand system A1.1.4a and A1.1.4b.  

A2.2.2 Reimbursement costs and total length of stay 

Since in our dataset all individuals have positive number of inpatient days, the analysis of causal 

effects of level of care on length of stay and reimbursement cost of neonatal hospital used a log- 

normal endogenous treatment effects model estimated jointly with a multinomial probit equation 

for birth in a hospital with level 2 (LNU) or level one (SCU) unit, as a function of a set of exogenous 

covariates and the travel time instrumental variable. In this case, the estimated model becomes ln 系剣嫌建沈  噺 紅怠沈鯨系戟沈 髪 紅態沈詣軽戟沈 髪  隙沈旺絞 髪 綱沈    (A2.2.2) 

where lnCost is the natural logarithm of reimbursement costs, and the terms on the right hand side 

are as described for Eq.1 before. The observational rule in terms of the  latent equation for SCU and 

LNU are given by Eqs. A1.4a-A1.4f, and, alternatively, by the  equations corresponding to the 

restricted latent demand system A1.1.4a and A1.1.4b as in the main and sensitivity analyses of 

mortality. The conditional independence condition required for the validity of the IV now becomes: 

子沈嫗綱沈 噺  デ 子沈旺岫健券系剣嫌建沈  伐 岫紅怠沈鯨系戟沈 髪 紅態沈詣軽戟沈 髪  隙沈嫗絞岻岻朝沈退怠 噺 蕃どどど否    ふAヲげぶ 

WW ;SﾗヮデWS デｴW ;ゲゲ┌ﾏヮデｷﾗﾐ デｴ;デ 0 ;ﾐS 誠={誠sc 誠ln 誠ic} are jointly normally distributed with mean zero, 

┗;ヴｷ;ﾐIWゲ ゝ2 and {1 1 1}, respectively, and covariance matrix ʍʌ. This model may be estimated by 

finding the coefficient values that maximise the product of the likelihood functions of the individual 

cost and unit level of birth observations, following an approach analogous to that described before 

for the mortality model in section A2.2.1. After transformation, the likelihood function to be 

maximised is, for infants born in a NICU,  
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テ 剛岫沈退岶彫寵腸退怠岻 ln 系剣嫌建沈 伐 磐隙沈嫗絞 伐  貢怠態購 笛盤底蕪嫗佃日袋諜日嫦廷薙灘匪怠貸）盤 底嫗佃日袋諜日嫦廷薙灘匪 伐 貢怠戴購 笛盤提風嫗佃日袋諜日嫦廷濡迩匪怠貸）盤提風嫗佃日袋諜日嫦廷濡迩匪卑岻  

where 剛 is the normal density function and ） the cumulative normal distribution function, 糠葡 嫗権 岩糠葡戴権聴寵沈 髪  糠葡態権挑朝沈 髪 糠葡怠権彫寵沈 and 肯旺風 権 岩  肯楓戴権聴寵沈 髪 肯楓態権挑朝沈 髪  肯楓怠権彫寵沈 が ゝ ｷゲ デｴW ┗;ヴｷ;ﾐIW ﾗa 綱沈  in eq. A2.2.2, 

;ﾐS ヾ12 ;ﾐS ヾ13 are the correlation between 綱沈  and 香┘挑朝沈 and 香┘聴寵沈, respectively. As before, the 

likelihoods of birth at LNU and of birth at SCU are defined in terms of the conditional distribution of 

the random errors in the propensities of the alternative treatments, differenced relative to LNU* 

and SCU*, respectively (Train 2009). A W;ﾉS デWゲデ ﾗa デｴW ﾐ┌ﾉﾉ ｴ┞ヮﾗデｴWゲｷゲ Hﾗぎ ヾ12 Эヰ ;ﾐS Hﾗぎ ヾ13 =0 

provides a test of endogeneity of LNU and SCU in equation A2.2.2. 

Due to the normal distribution used to analyse log transformed dependent variables in these 

;ﾐ;ﾉ┞ゲWゲ ﾗa LO“ ;ﾐS Iﾗゲデゲが ┘W ;SSWS デｴW Wゲデｷﾏ;デWS デWヴﾏ ゝ2/2 as a correction to the linear indices for 

obtaining marginal predictions in the original units (Duan 1994). We also estimated censored normal 

models (results available from authors) to account for censoring from discharge to ward; since 

results were practically unchanged we only present results of models without censoring adjustment. 

The model for the total length of stay simply replaced the dependent variable in Eq. A.2.2.2 with log 

of the total number of hospital days.  

 

 

A2.2.3 Number of hospital days spent in each level of care 

We did not estimate a multinomial probit specification for this outcome due to the complexity of 

optimising a likelihood function for an outcome count and a multinomial probit distribution for a 

multiple endogenous treatment. Thus we only analysed this type of outcomes using the multinomial 

logit specification described in A2.1. 
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Appendix 3 - Marginal Treatment Effect analysis 

From ｷﾐゲヮWIデｷﾗﾐ ﾗa デｴW ヮヴWSｷIデWS ヮヴﾗH;HｷﾉｷデｷWゲ ふヮヴﾗヮWﾐゲｷデ┞ ゲIﾗヴWゲぶ ﾗa ｷﾐSｷ┗ｷS┌;ﾉゲげ ┌ゲW ﾗa デヴW;デﾏWﾐデゲが 
SCU births had low frequencies at the upper range of propensity scores to NICU and LNU. Since this 

restricted the feasible range for semiparametric analysis we therefore performed analysis of 

mortality and neonatal hospital costs by comparing NICU with the LNU and SCU groups combined  

into a non-NICU treatment group. 

In a heterogeneous treatment effects framework an individual is observed to have one of two 

possible treatments, depending on which treatment option is used: 

Y= Y0 (1- ICU) + Y1 ICU       (A3.1) 

where Yo indicates the potential outcome when born in a non-NICU hospitals and Y1 the outcome if 

the infant is born in a NICU, and ICU equals 1 if the infants is born in NICU and equals 0 if born in a 

non-NICU hospital (we omit the individual subscripts to simply notation). ICU follows the 

observational rule  荊系戟 噺 な 蝦 荊系戟沈茅 伐 券剣券荊系戟沈茅 伴 ど  
where ICU* is the latent utility equation defined in Eq. 3, and nonICU is the latent utility of birth at a 

non-NICU correspondingly defined in terms of a linear index of instruments and exogenous 

variables: 券剣券荊系戟沈茅  噺 腔戴権聴寵沈 髪  腔態権挑朝沈 髪 腔怠権彫寵沈 髪 隙沈嫗紘津墜津彫寵 髪  香津墜津彫寵沈 
Thus an infant is born in a NICU when  

 岫講戴 伐 腔戴岻権聴寵沈 髪 岫 講態 伐 腔態岻権挑朝沈 髪 岫講怠 伐 腔怠岻権彫寵沈 髪  隙沈嫗岫紘彫寵 伐 紘津墜津彫寵岻 髪 岫香彫寵沈 伐 香津墜津彫寵沈岻        岩  講葡戴権聴寵沈 髪 講葡態権挑朝沈 髪  講葡怠権彫寵沈 髪  隙沈嫗紘葡彫寵 髪  香┘彫寵沈 岩 講葡戴権聴寵沈 髪 講葡態権挑朝沈 髪 講葡怠権彫寵沈 髪 隙沈嫗紘葡彫寵 伐  撃沈 伴 ど   (A3.2) 

To facilitate interpretation we define the unobserved error 香┘彫寵沈 岩 伐撃沈 , i.e. as the negative of the 

┌ﾐﾗHゲWヴ┗WS けヴWゲｷゲデ;ﾐIW デﾗ ┌ゲW ふNICUぶ デヴW;デﾏWﾐデげ ふC;ヴﾐWｷヴﾗが HWIﾆﾏ;ﾐ ;ﾐS V┞デﾉ;Iｷﾉ ヲヰヱヰぶく Mﾗ┗ｷﾐｪ Vi to 

the right hand side and evaluating both sides of the inequality by its cumulative distribution 

function, e.g. the standard normal after normalising the variance of V to 1, the inequality is recast as  喧 岫子沈┸ 隙沈岻 岩 ）岫講葡戴権聴寵沈 髪 講葡態権挑朝沈 髪  講葡怠権彫寵沈 髪  隙沈嫗紘葡彫寵岻 伴  ）岫撃沈岻   ふAンくヲげぶ 

in terms of the propensity score, p(z,X), and the percentile rank of the unobserved resistance to give 

Hｷヴデｴ ;デ ; NICUが ￥ふVぶく The potential outcome framework of Equation A3.5 (Rubin 2005) allows a 

more general version of a parametric model of costs such as that of Eq. Aヲくヲくヲげ by allowing two 

different cost equations, one for each treatment option; i.e. taking the expectation, denoted by E, 

┘ｷデｴ ヴWゲヮWIデ デﾗ デｴW Iﾗ┌ﾐデWヴヮ;ヴデ デﾗ Aくヲくヲくヲげ ｷﾐ デWヴﾏゲ ﾗa Eケく Aンくヵ ｷゲ  

 E健券系剣嫌建沈 噺 E岷岫な 伐 ICU岻岶隙沈旺絞待 髪 継岫綱待沈】ICU噺ど岻岼 髪 荊系戟岶隙沈旺絞怠 髪 継岫綱怠沈】荊系戟噺な岻岼峅 継健券系剣嫌建沈  噺 隙沈旺絞待 髪 喧隙沈旺岫絞怠 伐 絞待岻 髪  継岫綱待沈】荊系戟噺ど岻 髪 喧岶継岫綱怠沈】荊系戟噺な岻 伐 継岫綱待沈】荊系戟噺ど岻岼
 ふAくヱげげぶ 
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with p being the probability of NICU birth, i.e. the propensity score on the left-hand side of the 

ｷﾐWケ┌;ﾉｷデ┞ ｷﾐ Aンくヲげく Iﾐ this model endogeneity may occur in two different forms, one is through the 

correlation of unobserved factors driving resistance to (NICU) treatment Vi with the underlying 

baseline severity, 継岫綱待沈】荊系戟噺ど岻 ; endogeneity may also occur due to unobserved factors in Vi being 

correlated with unpredictable systematic deviations from average differences in expected costs 

(negative returns), 岶継岫綱怠沈】荊系戟噺な岻 伐 継岫綱待沈】荊系戟噺ど岻岼. In the parametric log normal model with 

endogenous heterogeneous treatment effects, the estimating equation for Eq. A2.2.2 adopts the 

form 健券系剣嫌建沈 噺 隙沈旺絞待 髪 喧徹赴 隙沈旺岫絞怠 伐 絞待岻 髪 貢待購待 笛盤訂蕪嫗佃日袋諜日嫦廷蕪内頓匪怠貸）盤訂蕪嫗佃日袋諜日嫦廷蕪内頓匪 伐 喧徹赴 岶貢怠購怠 笛盤訂蕪嫗佃日袋諜日嫦廷蕪内頓匪）盤訂蕪嫗佃日袋諜日嫦廷蕪内頓匪 髪貢待購待 笛盤訂蕪嫗佃日袋諜日嫦廷蕪内頓匪怠貸）盤訂蕪嫗佃日袋諜日嫦廷蕪内頓匪岼    
with 喧徹赴 噺 ）岫講葡旺権沈 髪 隙沈嫗紘葡彫寵岻. This equation simplifies to  健券系剣嫌建沈 噺 隙沈旺絞待 髪 喧徹赴 隙沈旺岫絞怠 伐 絞待岻 髪 岫貢待購待 伐 貢怠購怠岻剛岫講葡旺権沈 髪 隙沈嫗紘葡彫寵岻           (A3.3) 

The pattern of self-selection may thus be estimated by making use of the continuous instrument(s); 

note that a model that ignores the heterogeneity of treatment effects would fail to distinguish 

between the two types of self-selection, as it would only estimate a coefficient 岫喧┏沈岫貢怠購怠 伐 貢待購待岻岻, 

averaged across individuals i. This problem is clearly illustrated by the popular two-step  estimator 

┌ゲｷﾐｪ デｴW ｷﾐ┗WヴゲW Mｷﾉげゲ ヴ;デｷﾗ ふｷくWく 剛岫講葡旺権沈 髪 隙旺紘葡彫寵岻【喧┏沈 ) as an adjusting covariate, which is biased and, 

although statistical inference on its coefficient may serve to test for self-selection on returns, it has 

lower power than the heterogeneous treatment effect estimator due to the confounder 喧┏ i.  
TｴW ﾏ;ヴｪｷﾐ;ﾉ デヴW;デﾏWﾐデ WaaWIデ ふMTEぶ ｷゲ ﾗHデ;ｷﾐWS H┞ デ;ﾆｷﾐｪ デｴW SWヴｷ┗;デｷ┗W ﾗa Aンくンげ ┘ｷデｴ ヴWゲヮWIデ デﾗ デｴW 
probability of selection into treatment, i.e. the propensity score 喧┏ i: 擢鎮津寵墜鎚痛擢椎伯阜 噺 隙沈旺岫絞怠 伐 絞待岻 髪 岫貢待購待 伐 貢怠購怠岻 項剛盤）貸怠岫喧徹赴 岻匪【項喧徹赴                  噺 隙沈旺岫絞怠 伐 絞待岻 髪 岫貢待購待 伐 貢怠購怠岻  剛旺盤）貸怠岫喧徹赴 岻匪 ）貸怠旺岫喧徹赴 岻                噺 隙沈旺岫絞怠 伐 絞待岻 髪 岫貢待購待 伐 貢怠購怠岻 ）貸怠岫喧徹赴 岻剛盤）貸怠岫喧徹赴 岻匪）貸怠旺岫喧徹赴 岻               噺 隙沈旺岫絞怠 伐 絞待岻 髪 岫貢待購待 伐 貢怠購怠岻 ）貸怠岫喧徹赴 岻     

 (A3.4) 

where the first step makes use of the fact that the liner index 講葡 嫗権沈 髪 隙沈嫗紘葡彫寵 噺  ）貸怠岫喧徹赴 岻, the inverse 

of the cumulative normal distribution function,  the second step is obtained by the chain rule, the 

third step results from the exponential form of the density normal function, and the final equation 

from the chain rule and definition of the inverse function ）貸怠旺岫喧徹赴 岻 噺 な【剛盤）貸怠岫喧徹赴 岻匪.  

Coefficient estimates may be interpreted in analogous form to those of a linear probability model of 

mortality, as the dependent variable, instead of costs. There will be unobservable positive, negative 

and no NICU self-ゲWﾉWIデｷﾗﾐ ﾗﾐ ゲW┗Wヴｷデ┞ ﾗa IﾗﾐSｷデｷﾗﾐ ふﾗヴ Iﾗゲデゲぶ ｷa ヾ0 бヰが ヾаヰが ヾЭヰが ヴWゲヮWIデｷ┗Wﾉ┞き ;ﾐS 
positive, negative or no self-selection on returns in terms of mortality risk reduction (or increased 

ｴW;ﾉデｴI;ヴW Iﾗゲデゲぶ ┘ｴWﾐ ヾ1- ヾ0 is positive, negative or zero, respectively. For example, a positive self-

selection on severity means in this context that unobserved characteristics that make infants more 

likely to be born at a NICU hospital predispose them also to worse health outcomes (i.e. higher 

costs) than the average infant. A selection on returns means that unobserved characteristics that 

make infants more likely to be born in a NICU also characterise those NICU births with higher 
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expected additional costs to the NHS, relative to birth in a lower designation hospital. Notice that 

the second term on the right hand side of Eq A3.4 is the product of a coefficient and the unobserved 

individual-specific resistance to deliver at NICU at the margin (i.e. where V=p), Vi=）貸怠岫喧┏沈岻 so that 

the term - ふゝ1 ヾ1- ゝ0 ヾ0)Vi represents additional costs among individuals with unobserved resistance 

to birth at NICU of Vi (Carneiro, Heckman and Vitlacyl 2010).  

 

We also estimate MTE in a linear probability model of mortality where the observed binary Death 

indicator replaced log costs as the dependent variable in Eq. A3.3 . Furthermore, we relax the 

parametric assumption for the estimation of MTE on the linear models for a) reimbursement costs 

and b) probability of mortality in the binary NICU vs non-NICU cases, by estimating a semi-

parametric model using the local IV estimator (Heckman and Vytlacil 1999), a two-step approach to 

local polynomial regression of degree 4 which allows for non-monotonic patterns of selection with 

the unobserved resistance to treatment V defined above (Brave and Walstrum 2014). This model still 

requires the assumption that the resistance to treatment term V enters linearly in the treatment 

equation so that its region of common support may be applied across all the possible subgroups 

defined by unique combinations of covariate values X.  

Briefly, the formula for the semiparametric estimator of the MTE is, in the example for 

reimbursement costs (the analysis of mortality is analogous to this example, using a linear 

probability of death specification)   

 擢鎮津寵墜鎚痛擢椎賦 噺 隙旺岫絞怠 伐 絞待岻 髪  項計岫喧┏岻【項喧┏       (A3.5) 

where, the last term is a general function that is estimated using nonparametric techniques for local 

derivatives. We use the estimation approach known as local instrumental variables (LIV), which 

consists on first running local linear regressions of X, Xp, and lnCost on p at every observed value of 喧┏ to obtain estimated residuals 結┏諜, 結┏諜椎 and 結┏鎮津寵墜鎚痛; 結┏鎮津寵墜鎚痛is then regressed on 結┏諜 and 結┏諜椎 to obtain 

an estimate of  絞待, 岫絞怠 伐 絞待); the rest of the parameters of the MTE are estimated from a local 

polynomial regression of  健券系剣嫌建蕗 岩 健券系剣嫌建 伐 隙旺絞實待 伐 隙旺岫絞實怠 伐 絞實待岻喧  

on the common support of p to obtain 項計岫喧徹赴 岻【項喧徹赴 . In a separate analysis we also estimate a flexible 

parametric model by approximating the error correction term using a polynomial of degree 4. 

Standard errors and 95% confidence intervals for the MTE are obtained using bootstrapping with 50 

resamples, with this procedure repeated at each resample. The MTEs are estimated conditional on 

the mean values of X in the sample and the standard errors do not reflect sampling variation in X 

(see Brave and Walstrum 2014 for further details).   
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Appendix 4 ʹ Stata code to implement the main analyses 

The following code implements the main analyses in Stata 14 using cmp command (Roodman 2014) 

for the multinomial probit specification, the official Stata command gsem for the multinomial logit 

model and the margte (Brave ad Walstrum 2014). 

 

A4.1 In-hospital mortality 

A4.1.1 Endogenous multinomial probit treatment (with exclusion restrictions) 

ﾉﾗI;ﾉ Iﾗ┗;ヴゲ Э さｪWゲデ;デｷﾗﾐぱ┘WWﾆゲ “ケｪWゲデ;デｷﾗﾐぱ┘WWﾆゲ KｪBｷヴデｴ┘Wｷｪｴデ  “QKGBｷヴデｴ aWデ┌ゲぱﾐ┌ﾏHWヴ FWﾏ;ﾉW 
quintileIMD* MDEmergCesarianNotLabour MDEmergCesarianLabour Vaginalnonspont 

EﾉWIデｷ┗W“WIデｷﾗﾐ Uﾐﾆﾐﾗ┘ﾐざ 

constraint 1 [_outcome_2_3]mindisttimescu=0 

constraint 2 [_outcome_2_4]mindistimehdu=0 

constraint 3 [_outcome_2_3]mindisttimeicu=[_outcome_2_4]mindisttimeicu=0 

Iﾏヮ ふSｷWS Э ｷく“CU ｷくLNU ╄Iﾗ┗;ヴゲげぶ ふﾏデヴW;デ Э ﾏｷﾐSｷゲデデｷﾏWｷI┌ ﾏｷﾐSｷゲデｷﾏWｴS┌ ﾏｷﾐSｷゲデデｷﾏWゲI┌ ╄Iﾗ┗;ヴゲげぶ ｷa 
lsoa_has_all_unit==1, ind($cmp_probit $cmp_mprobit) quietly vce(cluster place_of_birth) constr(1 2 

3) 

test [_outcome_2_3 ]:mindisttimeicu mindisttimescu mindistimehdu 

test [_outcome_2_4 ]:mindisttimeicu mindisttimescu mindistimehdu 

margins, dydx(SCU) predict(pr equation(died)) force at(LNU==0) 

margins, dydx(LNU) predict(pr equation(died)) force at(SCU==0) 

 

A4.1.2 Endogenous multinomial logit treatment 

gsem (died <- ヱくLNU ヱく“CU ╄Iﾗ┗;ヴゲげ Lヲ L3, family(binomial) link(logit)) (2.mtreat <- mindisttimeicu 

ﾏｷﾐSｷゲデｷﾏWｴS┌ ﾏｷﾐSｷゲデデｷﾏWゲI┌ ╄Iﾗ┗;ヴゲげ Lヲをヱが ﾏﾉﾗｪｷデぶ ふンくﾏデヴW;デ а- mindisttimeicu mindistimehdu 

ﾏｷﾐSｷゲデデｷﾏWゲI┌ ╄Iﾗ┗;ヴゲげ Lンをヱが ﾏﾉﾗｪｷデぶ ｷa ﾉゲﾗ;ぱｴ;ゲぱ;ﾉﾉぱ┌ﾐｷデぱデ┞ヮWゲぱIﾉﾗゲWゲデЭЭヱが ┗;ヴふLヲをヱ Lンをヱぶ 
nocaps latent(L2 L3) vce(cluster place_of_birth) cov(L2*L3@0) startvalues(zero) 

margins, dydx(SCU) expression(predict(equation(died))) force at(LNU==0) 

margins, dydx(LNU) expression(predict(equation(died))) force at(SCU==0) 

margins SCU, expression(predict(equation(died))) force at(LNU==0) 

margins LNU, expression(predict(equation(died))) force at(SCU==0) 

test [2.mtreat]:mindisttimeicu mindisttimescu mindistimehdu 

test [3.mtreat]:mindisttimeicu mindisttimescu mindistimehdu 

 

A4.2 Reimbursement costs and length of hospital stay 



34 

 

Code is provided below for reimbursement costs only, length of hospital stay is implemented in the 

same way for the respective outcome variable. 

A4.2.1 Endogenous multinomial probit treatment (with exclusion restrictions)     

constraint 1 [_outcome_2_3]mindisttimescu=0 

constraint 2 [_outcome_2_4]mindistimehdu=0 

constraint 3 [_outcome_2_3]mindisttimeicu=[_outcome_2_4]mindisttimeicu=0 

 

Iﾏヮ ふﾉTﾗデ;ﾉH‘G Э ｷく“CU ｷくLNU ╄Iﾗ┗;ヴゲげぶ ふﾏデヴW;デ Э ﾏｷﾐSｷゲデデｷﾏWｷI┌ ﾏｷﾐSｷゲデｷﾏWｴS┌ ﾏｷﾐSｷゲデデｷﾏWゲI┌ 
╄Iﾗ┗;ヴゲげぶ ｷa ﾉゲoa_has_all_unit==1, ind($cmp_cont $cmp_mprobit) quietly vce(cluster place_of_birth) 

constr(1 2 3) 

test [_outcome_2_3 ]:mindisttimeicu mindisttimescu mindistimehdu 

test [_outcome_2_4 ]:mindisttimeicu mindisttimescu mindistimehdu 

margins SCU, expression(exp(predict(equation(lTotalHRG))+(exp([lnsig_1]_b[_cons])^2)/2)) force 

at(LNU=0) 

margins LNU, expression(exp(predict(equation(lTotalHRG))+(exp([lnsig_1]_b[_cons])^2)/2)) force 

at(SCU=0) 

margins, dydx(SCU) expression(exp(predict(equation(lTotalHRG))+(exp([lnsig_1]_b[_cons])^2)/2)) 

force at(LNU==0) 

margins, dydx(LNU) expression(exp(predict(equation(lTotalHRG))+(exp([lnsig_1]_b[_cons])^2)/2)) 

force at(SCU==0) 

 

A4.2.2 Endogenous multinomial logit treatment 

gsem (lTotalHRG <- ヱくLNU ヱく“CU ╄Iﾗ┗;ヴゲげ Lヲ Lンが a;ﾏｷﾉ┞ふｪ;┌ゲゲian) link(identity)) (2.mtreat <- 

ﾏｷﾐSｷゲデデｷﾏWｷI┌ ﾏｷﾐSｷゲデｷﾏWｴS┌ ﾏｷﾐSｷゲデデｷﾏWゲI┌ ╄Iﾗ┗;ヴゲげ Lヲをヱが ﾏﾉﾗｪｷデぶ ふンくﾏデヴW;デ а- mindisttimeicu 

ﾏｷﾐSｷゲデｷﾏWｴS┌ ﾏｷﾐSｷゲデデｷﾏWゲI┌ ╄Iﾗ┗;ヴゲげ Lンをヱが ﾏﾉﾗｪｷデぶ ｷa ﾉゲﾗ;ぱｴ;ゲぱ;ﾉﾉぱ┌ﾐｷデぱデ┞ヮWゲぱIﾉﾗゲWゲデЭЭヱが 
var(L2@1 L3@1) nocaps latent(L2 L3) vce(cluster place_of_birth) cov(L2*L3@0) 

margins SCU, expression(exp(predict(equation(lTotalHRG))+_b[var(e.lTotalHRG):_cons]/2)) force 

at(LNU==0) 

margins LNU, expression(exp(predict(equation(lTotalHRG))+_b[var(e.lTotalHRG):_cons]/2)) force 

at(SCU==0) 

margins, dydx(SCU) expression(exp(predict(equation(lTotalHRG))+_b[var(e.lTotalHRG):_cons]/2)) 

force at(LNU==0) 

margins, dydx(LNU) expression(exp(predict(equation(lTotalHRG))+_b[var(e.lTotalHRG):_cons]/2)) 

force at(SCU==0) 

test [2.mtreat]:mindisttimeicu mindisttimescu mindistimehdu 

test [3.mtreat]:mindisttimeicu mindisttimescu mindistimehdu 
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A4.3 Marginal treatment effects for binary NICU vs. non-NICU treatment comparison 

A4.3.1 In-hospital mortality 

ﾏ;ヴｪデW SｷWS ╄Iﾗ┗;ヴゲげ ｷa ﾉゲﾗ;ぱｴ;ゲぱ;ﾉﾉぱ┌ﾐｷデЭЭヱが デヴW;デﾏWﾐデふICU ﾏｷﾐdisttimeicu mindisttimescu  

ﾏｷﾐSｷゲデｷﾏWｴS┌ ╄Iﾗ┗;ヴゲげぶ ゲWﾏｷヮ;ヴ;ﾏWデヴｷI ヮﾗﾉ┞ﾐﾗﾏｷ;ﾉふヴぶ 

 

A4.3.2 Reimbursement costs 

ﾏ;ヴｪデW ﾉTﾗデ;ﾉH‘G ╄Iﾗ┗;ヴゲげ ｷa ﾉゲﾗ;ぱｴ;ゲぱ;ﾉﾉぱ┌ﾐｷデЭЭヱが デヴW;デﾏWﾐデふICU ﾏｷﾐSｷゲデデｷﾏWｷI┌ ﾏｷﾐSｷゲデデｷﾏWゲI┌  
ﾏｷﾐSｷゲデｷﾏWｴS┌ ╄Iﾗ┗;ヴゲげぶ ゲWﾏｷヮ;ヴ;ﾏWデヴｷI ヮﾗﾉ┞ﾐﾗﾏｷ;ﾉふヴ) 
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Appendix 5. Distribution of sample characteristics by travel time to SCU and LNU 

 

Table A5.1 Sample characteristics by travel time to LNUs and SCUs (% unless stated otherwise) 

 Travel time to LNU 

(N=11,037) 

Travel time to SCU  

(N=11,037) 

Lower 

tertile 

N=3,377 

Medium 

tertile 

N=3,696 

High 

tertile 

N=3,964 

Lower tertile 

N=3,672 

Medium 

tertile 

N=3,475 

High 

tertile 

N=3,890 

Died 8.59 8.63 8.37 8.36 8.66 8.56 

Discharged home 86.40 86.52 86.80 86.79 86.35 86.60 

Discharged ward 1.69 1.49 1.84 1.63 1.81 1.59 

Last record: transferred 

to another hospital/unit  
3.05 3.30 2.75 2.97 3.05 3.05 

Unknown destination 0.27 0.05 0.23 0.24 0.11 0.18 

Gestational age at birth 

(weeks), mean (SD) 
28.44 

(2.35) 

28.48 

(2.33) 

28.45 

(2.32) 

28.38 

(2.38) 

28.44 

(2.32) 

28.53 

(2.30) 

Birthweight (kg), mean 

(SD) 
1.19 

(0.38) 

1.20 

(0.39) 

1.21 

(0.39) 

1.19 

(0.38) 

1.20 

(0.38) 

1.22 

(0.39) 

Foetus 2+ 25.64 27.35 27.88 28.51 26.47 26.09 

Female sex 45.54 45.21 46.47 44.88 46.59 45.86 

Residence: Most 

deprived quintile1 
37.13 34.55 31.89 36.52 33.52 33.14 

Residence: 2nd most 

deprived quintile1  
23.08 22.48 20.41 23.53 24.11 20.18 

Residence: 3-5 least 

deprived quintile3 

37.78 42.96 47.70 39.95 42.36 46.68 

Caesarean delivery 52.80 50.05 48.59 50.27 51.71 49.25 

Spontaneous vaginal 36.19 36.15 38.02 35.21 37.35 37.89 

Unknown delivery mode 3.26 4.22 0.00 5.42 2.73 0.00 

Delivery at NICU 28.87 54.11 66.09 51.42 46.50 53.75 

Delivery at LNU 68.61 35.06 17.20 22.19 49.01 45.68 

Delivery at SCU 2.52 10.82 16.70 26.39 4.49 0.56 

Delivery at high volume2 20.22 29.22 15.49 23.53 19.51 21.46 
1 Ranked by the index of multiple deprivation of residential postcode. 2 Defined as born in hospital 

delivering more than 100 infants with <1500 g birthweight per year during the study period. SD: 

Standard deviation. 
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Table A5.2 Sample characteristics by travel time to closest NICU, LNU, SCU in infants born in a London hospital 

(% unless stated otherwise) 

 Travel time to ICU 

(N=1,829) 

Travel time to LNU  

(N=1,829) 

Travel time to SCU  

(N=1,829) 

Lower 

tertile 

N=653 

Medium 

tertile 

N=600 

High 

tertile 

N=576 

Lower 

tertile 

N=539 

Medium 

tertile 

N=623 

High 

tertile 

N=667 

Lower 

tertile 

N=689 

Medium 

tertile 

N=524 

High 

tertile 

N=616 

Died 7.96 6.00 7.29 5.57 6.42 8.99 7.26 7.63 6.49 

Discharged home 86.68 91.17 87.98 90.15 89.25 86.64 87.94 88.17 89.59 

Discharged ward 2.60 1.17 1.57 0.93 1.60 2.70 2.33 1.53 1.46 

Last record: 

transferred to 

another 

hospital/unit  

2.30 1.33 2.96 2.79 2.25 1.65 2.33 2.29 1.95 

Unknown 

destination 
0.46 0.33 0.17 0.56 0.48 0 0.14 0.38 0.49 

Gestational age at 

birth (weeks), 

mean (SD) 

28.31 

(2.40) 

28.60 

(2.29) 

28.14 

(2.34) 

28.39 

(2.36) 

28.31 

(2.37) 

28.36 

(2.33) 

28.31 

(2.32) 

28.42 

(2.34) 

28.34 

(2.41) 

Birthweight (kg), 

mean (SD) 
1.17 

(0.38) 

1.19 

(0.37) 

1.13 

(0.37) 

1.19 

(0.37) 

1.14 

(0.37) 

1.17 

(0.39) 

1.17 

(0.38) 

1.16 

(0.36) 

1.17 

(0.39) 

Foetus 2+ 29.55 31.50 26.91 28.94 28.41 30.58 30.48 28.82 28.57 

Female sex 44.26 44.50 47.05 47.68 43.82 44.53 43.83 47.52 44.80 

Residence: Most 

deprived quintile1 
44.26 23.00 22.22 29.87 31.62 29.53 33.67 29.20 27.60 

Residence: 2nd 

most deprived 

quintile1  

35.68 35.00 27.43 35.81 34.51 28.93 27.58 34.35 37.5 

Residence: 3-5 least 

deprived quintile3 

20.06 42.00 50.35 34.32 33.87 41.53 38.75 36.45 34.90 

Caesarean delivery 52.83 55.17 53.65 54.73 54.73 52.32 51.09 54.96 56.01 

Spontaneous 

vaginal 
35.22 35.17 35.24 35.62 35.15 34.93 36.43 33.78 35.06 

Unknown delivery 

mode 
1.99 1.17 0.00 1.67 2.09 0.00 1.45 1.91 0 

Delivery at NICU 70.60 31.67 36.28 38.77 44.30 56.22 52.54 49.05 39.12 

Delivery at LNU 24.96 49.67 46.87 57.70 46.71 19.34 22.21 40.08 59.74 

Delivery at SCU 4.44 18.67 16.84 3.52 8.99 24.44 25.25 10.88 1.14 

Delivery at high 

volume2 

58.50 26.17 30.73 33.77 37.24 45.28 45.28 34.35 36.36 

1 Ranked by the index of multiple deprivation of residential postcode. 2 Defined as born in hospital 

delivering more than 100 infants with <1500 g birthweight per year during the study period. SD: 

Standard deviation. 
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Appendix 6 ʹ Main results for extremely preterm births 

Table A6.1 Causal effect of birth in lower level hospitals (LNU & SCU relative to ICU) on mortality in infants born 

less at <28 weeks gestation 

 Naïve  IV 

 logit regression Logit with endogenous 

multinomial logit treatment 

Birth at LNU  0.027 

(0.021) 

0.030 

(0.041) 

Birth at SCU  0.064* 

(0.033) 

0.011 

(0.089) 

 Instrument strength:  

Wald F test statistic (3 degrees of freedom) 

N/A LNU equation: 79*** 

SCU equation: 90*** 

N 3,394 3,394 

Hausman test z statistic of H0: no endogeneity LNU 

treatment variable 

N/A -0.13 

Hausman test z  statistic of H0: no endogeneity SCU 

treatment variable 

N/A 0.56 

Test z statistic Ho: valid over-identifying restriction 

of minimum travel time to NICU 

N/A 0.28 

Controlled covariates: Age and age squared at birth, birthweight, birthweight squared, sex, deprivation of residence, mode 

of delivery, foetus no. N/A: Not applicable. *p< 0.10 ** p<0.05 ***p<0.01.N/A: Not applicable. *p< 0.10 ** p<0.05 

***p<0.01. Statistical inferences based on robust standard errors adjusting for clustering of observations by hospital. 
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Appendix 7 ʹ Results on Marginal Treatment Effects (MTEs) 

Allowing for heterogeneous treatment effects and exploiting the continuous instruments, we 

analyse the causal effect of birth at level 3 relative to a lower-designation hospital, by level of 

unobserved resistance to treatment (which for mothers in the margin, i.e. indifferent between 

delivering in NICU vs. non-NICU, is equal to the propensity score). This analysis adopts a linear 

probability model of mortality with a binary endogenous treatment instrumented by the same three 

instruments as before. Naturally, the area of common support of the resistance to treatment V, 

presented in Figure A7.1, shows that NICU-born infants are concentrated on the upper half of the 

propensity score (i.e. the probability of birth in a hospital with NICU) ranking, whereas non-NICU 

born infants are concentrated on the lower half. There is overlap in the distribution of intervention 

(NICU births) and control (non-NICU) subjects by level of the propensity score across the whole 

range of the probability ranking, which allows us to estimate marginal treatment effects (MTEs) 

semi-parametrically for individuals ranked in their unobserved resistance to NICU from a propensity 

score close to 1 (most resistant or least inclined) to near 0 (least resistance or most inclined to 

delivering in NICU). 

 

 

Figure A7.1. Frequency of propensity score by treatment status 

    

The parametric normal model produced average treatment effects (ATE) estimates for in-hospital 

mortality at the mean of the exogenous covariates of -0.005 (95% -0.020, 0.010). In terms of 

ゲWﾉWIデｷﾗﾐ ヮ;デデWヴﾐゲが デｴW Wゲデｷﾏ;デWゲ ┘WヴW ゝ0ヾ0 Э ヰくヰヱヵ ふヮЭヰくヰΓΑぶが ;ﾐS ゝ1ヾ1 に ゝ0ヾ0 = -.023 (p=0.054). The 

ATE and MTEs for individuals with different resistances to be born at NICU are presented in Figure 

A7.2, under the normal and the alternative semi-parametric model specifications. Under the 

parametric normal model, while the average treatment effect is zero across all infants, those within 
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the top 20% unobserved resistance to birth at a NICU have positive expected mortality risk 

reductions. However, the MTEs under the flexible semi-parametric specification do not appear to 

vary with the level of unobserved composite factors that discourage birth at a NICU hospital. 

Figure A7.2. Marginal Treatment Effects on mortality of level 3 vs. lower designation hospital 

  

Under the parametric normal MTE model, NICU reduced neonatal hospital reimbursement costs 

relative to hospitals of lower designation by 2.9% (Average treatment effect; 95% CI: 0.088, 0.031). 

Further, non-observably severe or complex (i.e. more costly) patients appear to positively select into 

NICUが ゝ0ヾ1 = 0.071 (p=0.001) but there is no apparent selection by Iﾗゲデ ゲ;┗ｷﾐｪゲ ゝ1ヾ1 に ゝ0ヾ0 = -0.054 

(p=0.17). Semi-parametric analysis reveals, however, that some of the individuals with the highest 

propensity to deliver at NICU (i.e. in the 20 to 40 percentile range of the ranking) have the highest 

excess costs relative to a non-NICU birthplace; see Figure 1. For other individuals there is no 

evidence of NICU resulting in costs different to those of non-NICU care. 
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Appendix 8 ʹ Results on length of hospital stay and reimbursement costs for births at <32 weeks 

Based on the IV multinomial logit model, the estimated total duration of the ｷﾐa;ﾐデげゲ hospital stay 

ｷﾐIﾉ┌Sｷﾐｪ ｴﾗゲヮｷデ;ﾉ デヴ;ﾐゲaWヴゲ ふｷくWく デｴW けゲ┌ヮWヴ ゲヮWﾉﾉげぶ ﾗa ;ﾐ ｷﾐa;ﾐデ Hﾗヴﾐ ｷﾐ NICU or LNU was 66 days, and 

67 days if birth were to take place in a SCU. These differences were not statistically significant, 

however (SCU vs NICU, p=0.72; LNU vs. NICU, p=0.76; Table A8.1). The reimbursement cost of birth in 

a NICU, was £42,776 per infant, and the difference from birth at a lower level unit was imprecisely 

estimated (NICU minus LNU, -£2078 [95% CI: -5551, 1396]; NICU minus SCU, -£444 [-4690, 3802]; Table 

A8.1). Hausman test statistics are consistent with the presence of treatment endogeneity.  

Despite no evidence of cost differences between neonatal unit designations overall, there is 

evidence of heterogeneous treatment effects of LNU relative to NICU according to the correlated 

coefficients model (Table A8.1). There is negative self-selection by severity in the sense that the 

more individuals value birth at LNU (relative to birth at NICU) the lower their level of costs  (i.e. in 

column 8, ゜2LNU <0, p<0.01). Further, there is positive self-selection by losses, since the stronger the 

preference for LNU the higher the incremental cost of birth at LNU relative to birth at a NICU 

(゜22LNU>0).There is no apparent selection by severity or selection by returns for SCU (p>0.10 for all 

the respective coefficients).  Notice that since the latent utility of birth at LNU is defined relative to 

the utility at birth in ICU (eq. 4a, 4b), the previous statements about the value of birth at LNU may be 

equivalently phrased as positive self-selection by severity into NICU and positive self-selection by 

losses into NICU. Results for LOS mirror those described for costs (and may be compared as the 

estimated lambdas represent the covariance of the latent utility errors with the log costs and log LOS 

and are therefore scale-free), with the exception that patients with stronger preference for SCU 

have shorter inpatient hospital super spells (selection b┞ ゲW┗Wヴｷデ┞き ゜1SCU= -0.28, p<0.05, Table A8.1, 

column 4). Sensitivity analyses show that the results for reimbursement cost and LOS results in Table 

A8.1 are robust to inclusion of mode of delivery covariates (available from the authors). 

In the above analyses it must be kept in mind that the LOS and cost differences between neonatal 

care designations is likely to reflect the effects of differences in mortality between these treatment 

options. In particular if the small increase in mortality observed with SCU designation relative to 

NICU in the naïve analysis were to be true, the differences in LOS between the two groups would 

underestimate the expected difference in LOS for infants with the same health outcomes (see Table 

3). A similar consideration would apply to the analysis of costs, although in this case the effect might 

have been partly offset by an increase in per diem costs due to more use of intensive care (BAPM 1) 

in SCU due to the excess deaths relative to NICU (Figure 2). Therefore, these analyses of costs and 

LOS, which happened to be consistent with no average treatment effect, ought to be interpreted in 

the light of the corresponding estimated effects on mortality.      
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Table A8.1 Marginal effects on LOS and reimbursement costs of birth in LNU & SCU relative to ICU 
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 LOS (log normal) Reimbursement costs (log normal) 

 Naïve IV  

endogenous 

multinomial treatment 

Correlated 

random 

coefficients 

Naïve IV 

endogenous 

multinomial 

treatment 

Correlate

d random 

coefficien

ts1 

 OLS 

 

 

 

(1) 

Multi-

nomial 

probit 

 

(2) 

Multi-

nomial 

logit 

 

(3) 

Multi-

nomial 

logit 

 

(4) 

OLS 

 

 

 

(5) 

Multi-

nomial 

probit 

 

(6) 

Multi-

nomial 

logit 

 

(7)  

Multi-

nomial 

logit 

 

(8) 

Birth at LNU  -2.03 

(1.97) 

-0.50 

(2.62) 

0.64 

(2.69) 

1.79 

(2.54) 

-709 

(1249) 

1293 

(1773) 

2078 

(1772) 

2044 

(1614) 

Birth at SCU  -3.67 

(2.30) 

3.22 

(3.45) 

1.00 

(3.24) 

4.02 

(3.05) 

-2073 

(1520) 

2102 

(2303) 

444 

(2166) 

2346 

(2041) 

゜2LNU   -0.07 

(0.06) 

-0.27** 

(0.11) 

  -0.11** 

(0.06) 

-0.31*** 

(0.12) 

゜22LNU    0.32** 

(0.12) 

   0.34** 

(0.13) 

゜12LNU    0.02 

(0.15) 

   0.05 

(0.17) 

゜1SCU   -0.11 

(0.07) 

-0.28** 

(0.11) 

  -0.09 

(0.08) 

-0.16 

(0.26) 

゜21SCU    0.20 

(0.12) 

   0.09 

(0.23) 

゜11SCU    0.11 

(0.12) 

   0.01 

(0.25) 

ヾ12  -0.03    -0.06   

ヾ13  -0.08**    -0.08**   

ヾ23  0.85**    0.85**   

 Instrument 

strength:  

Wald F test 

statistic (3 

degrees of 

freedom) 

N/A LNU 

equation: 

199*** 

SCU 

equation: 

40*** 

LNU 

equation: 

171*** 

SCU 

equation: 

150*** 

LNU 

equation: 

171*** 

SCU 

equation: 

150*** 

N/A LNU 

equation: 

198*** 

SCU 

equation: 

40*** 

LNU 

equation: 

171*** 

SCU 

equation: 

150*** 

LNU 

equation: 

170*** 

SCU 

equation: 

149*** 

N 11,037 11,037 11,037 11,037 11,037 11,037 11,037 11,037 

Hausman 

test z 

statistic of 

H0: no 

endogeneity 

Birth at LNU   

N/A -0.92 -1.09 -2.55**2 N/A -1.61 

 

-1.97** -2.62***2 

Hausman 

test z  

statistic of 

H0: no 

endogeneity 

Birth at SCU  

N/A -2.34** -1.53 -2.60**2 N/A -2.16** -1.16 0.62 2 

z statistic of  

H0: no 

correlation 

N/A 2.25** Implicit 

assumption 

H0 is true 

Implicit 

assumption 

H0 is true 

N/A 2.20** Implicit 

assumpti

Implicit 

assumpti
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Models were estimated with logarithm-transformed dependent variables; marginal effects were calculated by exponential 

back transformation adjusted for conditional variance of log dependent (Duan 2012). Controlled covariates: Age and age 

squared at birth, birthweight, birthweight squared, sex, deprivation of residence, foetus no. N/A: Not applicable. *p< 0.10 

** p<0.05 ***p<0.01.N/A: Not applicable. *p< 0.10 ** p<0.05 ***p<0.01. Statistical inferences based on robust standard 

errors adjusting for clustering of observations by hospital. 1. The model omitted the treatment indicators by covariate 

interactions due to time expense required to estimate the fully heterogeneous treatment model. 2. In order to keep 

comparability with other statistics in the same row, this statistic is not for testing endogeneity of treatment, but for 

whether there is selection by severity: under treatment heterogeneity as in the correlated coefficients model endogeneity is 

the combined results of selection on severity and selection on returns (see eq. A2.1.2.ヲげが ;ﾐS Wケく Aヲくヱくヲくン-5  in section 

A2.1.2).  

between 

utility 

equations (IIA) 

on H0 is 

true 

on H0 is 

true 

Test z 

statistic Ho: 

valid over-

identifying 

restriction of 

minimum 

travel time 

to NICU 

N/A -0.69 -0.99 N/A N/A -1.29 1.68 N/A 



45 

 

  

 

 

Appendix 9 ʹ Results on inpatient days by level of care for VPT births  

Table A9.1 Marginal effects on inpatient days by level of care in LNU & SCU relative to ICU 

Models were estimated with logarithm link function and mean dispersion. Controlled covariates: Age and age squared at 

birth, birthweight, birthweight squared, sex, deprivation of residence, foetus no. N/A: Not applicable. *p< 0.10 ** p<0.05 

***p<0.01. Statistical inferences based on robust standard errors adjusting for clustering of observations by hospital. For 

details see section A2.1.3. 

 

Despite no apparent differences in the length of inpatient stay across treatments, there was an 

increase of 5 days of intensive care (level 1) with LNU relative to NICU. No other differences were 

detected between treatments across levels of care.  

The negative binomial regression specification used in the analysis extends the Poisson model by an 

over-dispersion term. Statistical tests suggest that the data were inconsistent with the Poisson 

 Naïve Negative binomial regression IV Negative binomial regression with 

endogenous multinomial treatment1 

 Total 

length 

of stay 

BAPM 

Level 1 

BAPM 

Level 2 

BAPM 

Level 3 

Total 

length 

of stay 

BAPM 

Level 1 

BAPM 

Level 2 

BAPM 

Level 3 

Birth at LNU  -0.36 

(1.10) 

0.48 

(0.80) 

0.68 

(0.93) 

-1.30 

(0.84) 

-0.15 

(1.09) 

4.88*** 

(0.84) 

0.81 

(2.12) 

-1.35 

(0.82) 

Birth at SCU  -0.11 

(1.74) 

0.93 

(1.00) 

-0.12 

(1.74) 

-0.34 

(1.11) 

-0.07 

(1.74) 

0.75 

(2.23) 

1.67 

(1.19) 

0.32 

(1.12) 

゜1LNU     -0.01** 

(0.00) 

-0.45*** 

(0.05) 

-0.09 

(0.07) 

-0.00 

(0.00) 

゜2SCU     -0.00 

(0.00) 

0.06 

(0.24) 

-0.10 

(0.07) 

-0.00 

(0.00) 

Instrument 

strength:  

Wald F test 

statistic (3 

degrees of 

freedom) 

    LNU eq.: 

172*** 

SCU eq.: 

150*** 

LNU eq.: 

169*** 

SCU eq.: 

155*** 

LNU eq.: 

172*** 

SCU eq.: 

151*** 

LNU eq.: 

171*** 

SCU eq.: 

150*** 

N 11,037 11,037 11,037 11,037 11,037 11,037 11,037 11,037 

Hausman test z 

statistic of H0: no 

endogeneity LNU  

     -8.35*** -1.26 0.81 

Hausman test z  

statistic of H0: no 

endogeneity SCU 

     0.26 -1.42 -0.90 

z statistic: H0:  

ﾉﾐ／Эヰ  
(variance of over-

dispersion term) 

-

26.28**

* 

-3.53*** 4.23*** -6.92***  -9.65*** 3.85*** 6.92*** 
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ﾏﾗSWﾉ ふﾉﾐ／Эヰ ┘;ゲ ヴWﾃWIデWS ;デ Iﾗﾐ┗Wﾐデｷﾗﾐ;ﾉ ﾉW┗Wﾉゲ ﾗa ゲデ;デｷゲデｷI;ﾉ ゲｷｪﾐｷaｷI;ﾐIWぶ ┌ﾐSWヴ Hﾗデｴ デｴW ﾐ;ｼ┗W ;ﾐS 
multinomial endogenous models of inpatient hospital days for all levels of care.  

 

 


