
S1. Data Envelopment Analysis 

Data Envelopment Analysis 

A model proposed by Chames, Cooper and Rhodes (CCR) [1] is used for generating the efficiency 

score. Assume there are 𝑛 district level hospitals (DLHs) producing 𝑠 outputs, 𝑦𝑟𝑗 , 𝑟 = 1, 2, … 𝑠; 𝑗 =

1, 2, … 𝑛, with 𝑚 inputs, 𝑥𝑖𝑗 , 𝑖 = 1, 2, … 𝑚; 𝑗 = 1, 2, … 𝑛, which are set up as follows 

𝑋𝑗 = (𝑥1𝑗 , 𝑥2𝑗,, … , 𝑥𝑚𝑗)
𝑇

 

𝑌𝑗 = (𝑦1𝑗 , 𝑦2𝑗,, … , 𝑦𝑠𝑗)
𝑇
 

𝑣 = (𝑣1, 𝑣2,, … , 𝑣𝑚)𝑇 

𝑢 = (𝑢1, 𝑢2, … , 𝑢𝑠)𝑇  

The efficiency score is expressed as 

 𝜃𝑗 =
𝑢𝑇𝑌𝑗

𝑣𝑇𝑋𝑗
, 𝑗 = 1, 2, … , 𝑛       (1) 

Both 𝑋𝑗 and 𝑌𝑗 are given and the target is to select input and output weights, 𝑣 and 𝑢 to achieve 𝜃𝑗 ≤

1. For each DLH, the fractional programming problem of an output-oriented model is as follows 

𝑚𝑖𝑛 
𝑣𝑇𝑋𝑗 

𝑢𝑇𝑌𝑗
=

∑ 𝑣𝑖𝑥𝑖𝑗 𝑚
𝑖=1

∑ 𝑢𝑟𝑦𝑟𝑗
𝑠
𝑟=1

           (2) 

𝑠. 𝑡.  
∑ 𝑣𝑖𝑥𝑖𝑗  𝑚

𝑖=1

∑ 𝑢𝑟𝑦𝑟𝑗
𝑠
𝑟=1

≥ 1, 𝑗 = 1, 2, … , 𝑛 

𝑢𝑟 ≥ 0,  𝑣𝑖 ≥ 0 

For 𝐷𝐻𝑗0, we assume that 𝑡 =
1

𝑣𝑇𝑋0
, 𝜔 = 𝑡𝑣 and 𝜇 = 𝑡𝑢, the Equation (3) can be expressed in the 

following linear programming problem 

𝑚𝑖𝑛 𝜔𝑇𝑋0             (3) 

𝑠. 𝑡.  𝜔𝑇𝑋𝑗 − 𝜇𝑇𝑌𝑗 ≥ 0, 𝑗 = 1, 2, … , 𝑛 

𝜇𝑇𝑌0 = 1 

𝜔 ≥ 0, 𝜇 ≥ 0 

A two-stage DEA is used to identify all efficiency slacks: 

max 𝜃 + 𝜀 ∑(𝑠+ + 𝑠−)                                                                   (4) 



𝑠. 𝑡.  ∑ 𝜆𝑗𝑥𝑖𝑗 + 𝑠𝑖
− = 𝑥𝑖𝑘

𝑛

𝑗=1
 

∑ 𝜆𝑗𝑦𝑟𝑗 − 𝑠𝑟
+ = 𝜃𝑦𝑟𝑘

𝑛

𝑗=1
 

∑ 𝜆𝑗

𝑛

𝑗=1
= 1 

𝜆 ≥ 0; 𝑠− ≥ 0; 𝑠+ ≥ 0 

 𝑖 = 1, 2, … , 𝑚;  𝑗 = 1, 2, … , 𝑛;  𝑟 = 1, 2, … , 𝑠 

in which 𝜆 is the coefficient of the linear combination and 𝜀 is a non-Archimedean element, 𝜀 > 0. A 

district hospital is DEA efficient if 𝜃∗ = 1 and 𝑠+∗ = 𝑠−∗ = 0 for all 𝑖 and 𝑟. Here, the slack means 

the excessive use of inputs should be reduced without sacrificing current efficiency. For hospital 𝑗 the 

value of the slack, 𝑠𝑖
−, indicates the amount of the input 𝑖 can be reduced, in order to maintain the 

current output level but at a more efficient level, which can be viewed as the reason for inefficiency 

and the extent to which improvement should be achieved. 

Efficiency scores under the variable return to scale [2] are also calculated, from which the pure 

technical efficiency, scale efficiency and the returns to scale can be assessed. A hospital is DEA 

efficient when all efficiency scores are equal to one, otherwise it is weakly DEA efficient. The type of 

returns to scale explains the variation between input and output variables, i.e. whether the increase in 

input can lead to increasing (IRS), constant (CRS), or decreasing (DRS) change in production.  

However, one potential weakness of the CCR model is the zero-weighted inputs that the DEA model 

chooses the most relevant input but ignores the least relevant one. All five inputs (production factors) 

– personnel, infrastructure, procedure, equipment and supplies – are necessary to an operation. Hence, 

the common-set of weights (CSW) method was selected to calculate the optimal input weights, which 

was defined by S. Saati in 2008 [3]. Rather than assigning different weights for different DLHs, the 

CSW-DEA set the same weights for all DLHs until at least one DLH reaches the optimal production 

level. Firstly the restriction on weights for all DLHs is set as lower and upper bonds of inputs and 

outputs. The upper bounds of input and output weights are the reciprocals of the maximum value of 

each input/output of all DLHs. The lower bounds of all weights is set to zero. Under the assumption 

of the same deviation between upper and lower bounds, the bounds of input and output weights can be 



expressed as a proportion of the weight intervals of each input and output. Then the optimal weights 

are the solution when at least one DLH reaches the efficient level (efficiency=1). 

Estimation of hospital efficiency 

One weakness of the DEA is the lack of strong tests for model specification [4]. To mitigate that, two 

follow-up tests were included for estimating the relationship between hospital efficiency and input 

variables. The first was a Tobit regression using externally generated efficiency scores. The DEA 

score, generated from the Stata DEA package by Lee and Ji [5], was calculated by country. Since the 

efficiency score ranges from zero to one, the model was set as left-censoring at zero and right-

censoring at one, using five inputs. Two models with and without country dummy variables were 

included by setting Tanzania again as the reference country. Standard errors were clustered at the 

hospital and country level.  

The second follow-up test, a two-stage bootstrap regression by Simar and Wilson [6], was performed 

to identify the determinants of hospital efficiency, which provided more accurate estimates by 

correcting the finite sample bias and inconsistency in the estimation process. There were two loops in 

calculating bias: corrected efficiency scores and bootstrap estimates of parameters and coefficients. 

Because of the small sample size, efficiency scores were generated for the full sample rather than by 

country. 
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S2 Table. Full result of DEA by country 

Country Hospital code Efficiency Tech. eff. Pure tech. eff. Scale eff. RTS 

Tanzania 103 1.00 1.00 1.00 1.00 CRS 

Tanzania 104 0.62 0.62 1.00 1.00 CRS 

Tanzania 105 0.96 0.98 1.00 0.97 IRS 

Tanzania 106 1.00 1.00 1.00 1.00 CRS 

Tanzania 107 0.66 0.70 1.00 0.94 IRS 

Tanzania 108 0.46 0.46 1.00 1.00 CRS 

Tanzania 109 0.84 0.85 1.00 1.00 IRS 

Tanzania 110 0.99 1.00 1.00 0.99 IRS 

Tanzania 111 0.79 1.00 1.00 0.79 IRS 

Tanzania 114 0.63 0.63 1.00 1.00 IRS 

Tanzania 119 1.00 1.00 1.00 1.00 CRS 

Tanzania 120 1.00 1.00 1.00 1.00 CRS 

Tanzania 124 1.00 1.00 1.00 1.00 CRS 

Tanzania 125 0.59 0.60 1.00 0.99 IRS 

Tanzania 127 1.00 1.00 1.00 1.00 CRS 

Tanzania 130 0.29 0.29 0.32 1.00 IRS 

Tanzania 135 0.82 1.00 1.00 0.82 IRS 

Tanzania 136 0.40 0.43 1.00 0.94 IRS 

Malawi 201 0.80 0.81 0.91 0.99 IRS 

Malawi 202 0.12 0.12 0.14 1.00 CRS 

Malawi 203 0.85 1.00 1.00 0.85 IRS 

Malawi 204 0.33 0.33 1.00 1.00 CRS 

Malawi 205 0.83 0.83 1.00 1.00 IRS 

Malawi 206 0.88 1.00 1.00 0.88 IRS 

Malawi 207 0.89 0.90 1.00 0.99 IRS 

Malawi 208 0.80 0.80 1.00 1.00 CRS 

Malawi 209 0.11 0.11 1.00 1.00 CRS 



Malawi 210 1.00 1.00 1.00 1.00 CRS 

Malawi 211 1.00 1.00 1.00 1.00 CRS 

Malawi 212 1.00 1.00 1.00 1.00 CRS 

Malawi 213 0.43 0.43 1.00 1.00 CRS 

Malawi 214 0.72 0.72 1.00 1.00 IRS 

Malawi 215 0.35 0.35 1.00 0.98 IRS 

Malawi 216 0.57 0.62 1.00 0.92 IRS 

Malawi 217 0.19 0.19 1.00 1.00 CRS 

Malawi 218 0.97 1.00 1.00 0.97 IRS 

Malawi 219 0.65 0.65 1.00 1.00 CRS 

Malawi 220 0.81 0.81 1.00 1.00 CRS 

Malawi 221 1.00 1.00 1.00 1.00 CRS 

Malawi 222 1.00 1.00 1.00 1.00 CRS 

Zambia 301 0.11 0.12 1.00 0.98 IRS 

Zambia 302 0.38 0.39 1.00 0.96 IRS 

Zambia 304 1.00 1.00 1.00 1.00 CRS 

Zambia 305 0.30 0.30 1.00 1.00 CRS 

Zambia 306 0.04 0.04 0.05 1.00 CRS 

Zambia 307 0.44 0.44 1.00 1.00 CRS 

Zambia 309 0.62 0.62 1.00 1.00 CRS 

Zambia 310 1.00 1.00 1.00 1.00 CRS 

Zambia 312 0.41 0.41 1.00 1.00 CRS 

Zambia 314 0.36 0.36 1.00 0.99 IRS 

Zambia 315 0.55 0.55 1.00 1.00 CRS 

Zambia 317 0.61 0.62 1.00 0.98 IRS 

Zambia 318 0.10 0.10 1.00 0.99 IRS 

Zambia 319 0.15 0.15 0.20 1.00 CRS 

Zambia 320 0.17 0.17 0.19 0.99 IRS 

Zambia 321 0.60 0.60 1.00 1.00 CRS 



Zambia 322 0.37 0.37 0.55 1.00 IRS 

Zambia 323 0.96 1.00 1.00 0.96 IRS 

Zambia 325 0.17 0.17 0.25 1.00 CRS 

Zambia 326 0.25 0.25 0.35 1.00 CRS 

Zambia 327 0.38 0.43 1.00 0.86 IRS 

Note: RTS refers to returns to scale. IRS – increasing returns to scale (marginal productivity equals to 

1). CRS – constant returns to scale (marginal productivity equals to 0). 
 



S3 Table. Average value of input slacks by efficiency and country 

Country Efficiency Personnel Infrastructure Procedure Equipment Supplies 

Tanzania e<1 0.795 1.047 3.146 0.724 3.613 

 

e<0.5 

 

0.505 2.909 0.594 1.438 

Malawi e<1 1.337 1.167 2.160 2.281 3.344 

 

e<0.5 0.727 0.585 0.839 1.378 0.931 

Zambia e<1 0.640 0.716 2.722 1.676 1.866 

  e<0.5 0.640 0.613 2.143 1.355 1.420 

Note: Hospitals were divided into two categories based on the DEA efficiency score: low efficiency (e<1) and 

extremely low efficiency (e<0.5).  

 



S4 Table. Relationship between surgical productivity and production factors – quantile 

regression at 25th, 50th, and 75th percentiles 

Variables 25th - DLH 25th - Country 50th - DLH 50th - Country 75th  - DLH 75th - Country 

Personnel 8.547*** 5.916*** 10.145*** 5.632*** 13.017*** 5.068** 

 (1.656) (2.118) (1.653) (1.931) (1.588) (2.018) 

Infrastructure 1.276 3.450 -9.931 1.158 -2.271 2.900 

 (7.455) (8.493) (7.442) (8.516) (7.151) (7.346) 

Procedures -0.278 -1.203 1.378 -0.084 0.796 1.907 

 (2.911) (1.386) (2.906) (2.131) (2.792) (2.247) 

Equipment -0.581 -1.303 -1.356 1.882 5.294 4.154 

 (4.198) (3.104) (4.191) (2.570) (4.027) (3.014) 

Supplies 1.270 0.441 2.929 1.285 1.308 -1.125 

 (2.443) (1.068) (2.439) (1.417) (2.343) (1.607) 

Tanzania  Ref  Ref  Ref 

Malawi  32.461  83.771*  93.377** 

  (38.861)  (45.495)  (41.312) 

Zambia  -6.483  -30.140  -57.559** 

  (21.515)  (25.855)  (22.823) 

Constant -14.688 28.958 51.629 -1.580 -76.500 -13.430 

 (108.236) (62.007) (108.053) (70.526) (103.821) (86.679) 

Observations 61 61 61 61 61 61 

R-squared 0.235 0.259 0.346 0.393 0.42 0.492 

Notes: Standard errors clustered at hospital/country level shown in parentheses. *** p<0·01, ** 

p<0·05, * p<0·1.  
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S5 Table. Relationship between surgical efficiency and production factors using Tobit and two-

stage bootstrap models 

Variables Tobit-DLH Tobit-Country Variables BS-DLH BS-Country 

Personnel 0.017** 0.013*** Personnel 0.021*** 0.008 

 (0.007) (0.002)  (0.005) (0.006) 

Infrastructure 0.016 0.006 Infrastructure 0.002 0.015 

 (0.031) (0.014)  (0.018) (0.019) 

Procedures -0.013 -0.012 Procedures -0.011 -0.016** 

 (0.010) (0.009)  (0.007) (0.007) 

Equipment -0.019 -0.008 Equipment -0.017 -0.019* 

 (0.017) (0.026)  (0.011) (0.010) 

Supplies -0.010 -0.009 Supplies 0.004 0.009 

 (0.010) (0.005)  (0.006) (0.006) 

Tanzania  Ref Tanzania  Ref 

Malawi  -0.181*** Malawi  0.175* 

  (0.050)   (0.093) 

Zambia  -0.297*** Zambia  -0.174** 

  (0.072)   (0.081) 

Constant  1.241*** Constant 0.628** 0.726*** 

  (0.335)  (0.270) (0.267) 

Observations 61 61 Observations 61 61 

R-squared 0.191 0.283 P-value 0.000 0.000 

Notes: Standard errors clustered at hospital/country level shown in parentheses. BS – two-stage 
bootstrap model. *** p<0·01, ** p<0·05, * p<0·1.  


