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Abstract

Objectives—The Centers for Disease Control and Prevention considers carbapenem-resistant 

Enterobacteriaceae (CRE) an urgent public health threat; however, its economic burden is 

unknown.

Methods—We developed a CRE clinical and economics outcomes model to determine the cost of 

CRE infection from the hospital, third-party payer, and societal, perspectives and to evaluate the 

health and economic burden of CRE to the USA.

Results—Depending on the infection type, the median cost of a single CRE infection can range 

from $22 484 to $66 031 for hospitals, $10 440 to $31 621 for third-party payers, and $37 778 to 

$83 512 for society. An infection incidence of 2.93 per 100 000 population in the USA (9418 

infections) would cost hospitals $275 million (95% CR $217–334 million), third-party payers 

$147 million (95% CR $129–172 million), and society $553 million (95% CR $303–1593 million) 

with a 25% attributable mortality, and would result in the loss of 8841 (95% CR 5805–12 420) 

quality-adjusted life years. An incidence of 15 per 100 000 (48 213 infections) would cost 

hospitals $1.4 billion (95% CR $1.1–1.7 billion), third-party payers $0.8 billion (95% CR $0.6–

0.8 billion), and society $2.8 billion (95% CR $1.6–8.2 billion), and result in the loss of 45 261 

quality-adjusted life years.

Conclusions—The cost of CRE is higher than the annual cost of many chronic diseases and of 

many acute diseases. Costs rise proportionally with the incidence of CRE, increasing by 2.0 times, 

3.4 times, and 5.1 times for incidence rates of 6, 10, and 15 per 100 000 persons.
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Introduction

Although the Centers for Disease Control and Prevention (CDC) considers carbapenem-

resistant Enterobacteriaceae (CRE) to be an urgent public health threat [1] because of its 

increasing prevalence [2,3] and resistance to many antibiotics, the potential economic impact 

is currently unknown. CRE detection increased more than fivefold between 2008 and 2012 

[4]. Within the first 6 months of 2012, 3.9% of acute care hospitals and 17.8% of long-term 

acute care hospitals (LTACs) reported at least one CRE infection [2], and as of January 

2015, CRE infections have been confirmed in 48 states and are estimated at 2.93 per 100 

000 persons [5,6]. With limited treatment options and high associated mortality, there is a 

pressing need to better understand the economic burden of CRE infection to help guide 

investment in CRE prevention and control strategies.

Allocating resources towards a response to CRE necessitates a better understanding of the 

economic impact of CRE infection. Therefore, we developed a clinical and economic model 

to determine the cost of CRE infection by infection type and the annual cost of CRE 

infection in the USA.

Materials and methods

We developed a CRE clinical and economics outcomes model to determine the cost and 

health effects of CRE infection from the hospital, third-party payer, and societal perspectives 

for the duration of infection and outcomes. Each patient entered the model with a CRE 

infection and had a probability of having one of four infection types: bacteraemia, intra-

abdominal infection, pneumonia, or complicated urinary tract infection (UTI). Those with 

pneumonia had a probability of ventilator-associated pneumonia (VAP). All patients, 

regardless of infection type, had probabilities of receiving different types of treatment: 

monotherapy (e.g. tigecycline, aminoglycoside), carbapenem-containing combination 

therapy, or non-carbapenem containing combination therapy. Each patient had a probability 

of mortality, depending on their infection type and treatment received, attenuated by the 

attributable mortality of CRE. Additionally, each patient had a probability of being in an 

intensive care unit (ICU), versus a general ward. Fig. 1 outlines the model structure, and 

Table 1 shows the model input parameters, values, and sources. Parameter estimates came 

from review papers published in the literature, systematic reviews, and nationally 

representative databases when available, other estimates came from an extensive search of 

the scientific literature. When reviews were not available, data from the USA was preferred, 

followed by countries with a similar CRE epidemiology. Where multiple studies were used 

to determine the parameter estimate, raw counts where extracted from studies to calculate 

the overall number or probability.

Drug treatment therapies and dosing followed Micromedex [7], supplemented with expert 

opinion. We used meropenem as the carbapenem of choice. For each of the other drug 
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classes, if more than one drug could be used, we modelled the drug with the lowest cost per 

day to remain conservative. Additionally, to represent the high variability in drug options 

given to patients for each therapy type, we assumed an equal probability of treatment for 

each of the various drugs to model the average across all the possible combinations. Those 

receiving monotherapy had an equal probability of being treated with aminoglycoside, 

tigecycline, meropenem, or colistin. Those receiving a carbapenem-containing combination 

therapy had an equal probability of being treated with meropenem plus one of the following: 

tigecycline, aminoglycoside, or colistin. Patients with a non-carbapenem-containing 

combination therapy had an equal probability of being treated with tigecycline plus 

amikacin, tigecycline plus gentamicin, tigecycline plus colistin, amikacin plus colistin, or 

gentamicin plus colistin. Any patient receiving tigecycline received a loading dose, per 

clinical standards. Treatment durations are listed in Table 1. Aminoglycoside dosing was 

based on once-daily dosing.

As the cost per bed day and hospitalization costs were derived from the Healthcare 

Utilization Project (HCUP) [8], they include service charges (converted to costs) associated 

with a patient's hospital stay, including room and board, thus capturing additional charges 

for the use of single-occupancy/private rooms. Additional tests and procedures were 

infection-specific. All bacteraemic patients had at least two blood cultures, with most (four 

out of five) having had three. Those with complicated intra-abdominal infections received 

two wound cultures, one blood culture, and two abdominal CT scans. Non-VAP patients had 

one sputum culture, one blood culture, and two chest x-rays, while VAP patients received 

two blood cultures, one bronchoscopy, two sputum cultures, and a daily chest x-ray. All 

patients with a UTI got at least one urine culture and one urine analysis, while a few (one in 

three) got two of each.

The hospital perspective measured illness costs in lost bed days (i.e. additional length of stay 

(LOS) attributable to CRE infection) derived from the infection-specific attributable LOS 

and cost per bed day, either ICU or general ward (depending on patient location). This 

represents the opportunity cost of lost bed days because of additional LOS attributable to 

CRE following a method described by Graves [9]. The third-party payer perspective 

included direct costs (e.g. hospitalization, drug treatments, and associated tests). The social 

perspective included direct and indirect (i.e. productivity losses due to absenteeism and 

mortality) costs. Hourly wages for all occupations in the USA [10] were used as a proxy for 

productivity losses. Productivity losses for mortality resulted in the net present value of 

missed lifetime earnings based on the yearly annual wage [10] and years of life lost based on 

that patient's life expectancy [11]. Given the older age of persons with CRE infection, we 

assumed patients with CRE infection to be ≥60 years old. All input parameters were age-

specific when applicable. All costs were discounted to 2016 $US using a 3% discount rate.

Health effects were measured in quality-adjusted life years (QALYs), and we calculated the 

QALYs lost due to CRE infection (i.e. accounting only for reductions in health effects 

because of illness and/or death). Each CRE infection case accrued QALY values based on 

their age-dependent healthy QALY value attenuated by the infection-specific utility weight 

for the duration of their infection. Death resulted in the loss of their discounted lifetime 

QALY values for the remainder of their life expectancy.

Bartsch et al. Page 3

Clin Microbiol Infect. Author manuscript; available in PMC 2017 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Simulations and scenarios

For each scenario, we ran Monte Carlo simulations consisting of 1000 trials varying the 

distributions throughout their ranges. All results reported are median and 95% credibility 

ranges (95% CR). Sensitivity analysis varied the attributable mortality of CRE (26-44% 

[12]) and the carbapenem drug used, that is the cost of treatment with carbapenem 

(meropenem ($134 per day) versus imipenem/cilastatin ($245 per day) [13]). We also 

evaluated the impact of drug treatment options with a scenario that uses only colistin for 

those receiving monotherapy and colistin plus meropenem for those receiving a carbapenem-

containing combination therapy. Additional scenarios varied projected CRE incidences in 

the USA (2.93—15.0 per 100 000), given the rapidly expanding epidemiology.

Results

Cost per CRE infection

The cost of a single CRE infection (regardless of infection type and assuming meropenem 

was the primary carbapenem used) was $29 157 (95% CR $22 993-$35 503) from the 

hospital perspective and $15 647 (95% CR $13 701-$18 286) from the third-party payer 

perspective. Cost from the societal perspective varied with the attributable mortality, ranging 

from $58 692 (95% CR $32 155-$169 153) to $86 940 (95% CR $43 961-$256 870). Most 

societal costs were made up of productivity losses due to mortality (approximately 70–79%, 

depending on the attributable mortality), followed by direct medical costs. CRE infection 

resulted in the loss of 1 QALY. Increasing the costs of carbapenem therapies to $245 per day 

(assuming imipenem/cilastatin use) only increased third-party payer costs by a relative 5% 

($16 480 vs. $15 647) and societal costs by a relative 0% ($87 059 vs. $86 940) to 2% ($59 

671 vs. $58 692), depending on the attributable mortality. Assuming colistin as monotherapy 

and colistin plus meropenem as the carbapenem-containing combination therapy, did not 

substantially change the cost of a CRE infection (decreased by a relative 1%). Third-party 

payer costs decreased to $15 488 (95% CR $13 924-$16,785), while the decrease in the cost 

to society ranged from $58 026 (95% CR $32 044-$169 890) to $86 484 (95% CR $42 495-

$279 174), depending on the attributable mortality.

Table 2 shows the cost of a single CRE infection by infection type from each perspective 

assuming the use of meropenem. From the hospital perspective, intra-abdominal infections 

were the most costly, while pneumonia was the most costly from the third-party payer (VAP) 

and societal (non-VAP) perspectives. Again, most of the productivity losses incurred 

resulted from mortality.

Cost of CRE infection in the USA

Between 2012 and 2013, the Multi-site Gram-Negative Surveillance Initiative (MuGSI) 

estimates a CRE infection incidence of 2.93 per 100 000 persons (based on US census 

estimates of the surveillance area population) [5]. Extrapolating this to the entire US 

population (an estimated 321 418 820 in 2015 [14]) and assuming CRE incidence has not 

changed, would equate to 9418 CRE infections in the USA in 2015. Table 3 reports the 

number of CRE infections, deaths, and economic burden for varying incidence rates in the 

USA, assuming meropenem use and a 26% attributable mortality. Assuming an incidence of 
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2.93 per 100 000 persons, these infections would cost hospitals $275 million (95% CR 

$217-$334 million) and third-party payers $147 million (95% CR $129-$172 million). The 

number of deaths, cost to society, and QALYs lost vary with CRE's attributable mortality. 

With a 35% attributable mortality applied to incidence rates of 2.93 to 15.0 per 100 000 

population, CRE infection resulted in 1131–5790 deaths and societal costs of $681 million 

(95% CR $356-$2060 million) to $3489 million (95% CR $1822-$10 547 million), and 11 

835 (95% CR 7764 16-648) to 60 590 (95% CR 39 745 to 85 230) QALYs lost. An 

attributable mortality of 44% would increase the number of CRE infection deaths from 1422 

to 7279, and cost $819 million (95% CR $414-$2419 million) to $4.2 billion (95% CR $2.1-

$12.4 billion) from the societal perspective, and results in 14 825 (95% CR 9717-20 899) to 

75 898 (95% CR 49 746-106 993) QALYs lost (varying with incidence rates 2.93 to 10.0 per 

100 000 population).

Assuming imipenem/cilastatin use for carbapenem therapies and a 26% attributable 

mortality, 9418 CRE infections (incidence of 2.93 per 100 000 population) in the USA cost 

$155 million (95% CR $131-$172 million) to third-party payers and $562 million (95% CR 

$301-$1554 million) to society. An incidence of 10.0 per 100 000 population (32 142 

infections) would cost third-party payers $530 million (95% CR $447-$588 million) and 

society $1.9 billion (95% CR $1.0-$5.3 billion) assuming imipenem/cil-astatin use. Thus, 

resulting cost differences compared with meropenem (Table 2) are minimal.

Discussion

Our study demonstrates that a single CRE infection can cost hospitals up to $66 031, third-

party payers up to $31 621, and society up to $83 512, depending on infection type. CRE 

infections in the USA (incidence of 2.93 per 100 000 persons) cost hospitals $275 million, 

third-party payers $147 million, and society $553 million (26% attributable mortality). 

However, the rising incidence of CRE suggests a high risk for a rapidly escalating economic 

burden of CRE infection into billions of dollars ($1.1-$2.8 billion in societal costs for CRE 

infection incidence 6.0–15.0 per 100 000 persons). Sensitivity analyses showed minimal 

impact of carbapenem choice (from $134 up to $245 per day) and other drug treatment 

options (use of colistin for monotherapy and in carbapenem-containing combination 

therapy), while societal costs varied greatly with attributable CRE mortality. Thus, 

attributable mortality is a key driver of societal costs and QALYs lost. For every 9% increase 

in attributable mortality, there is a 20–35% relative increase in CRE deaths, an approximate 

21% relative increase in societal costs, and 25% relative increase in QALYs lost. 

Productivity losses because of mortality make up 70–79% of societal costs for any CRE 

infection, but this varies by infection type and attributable mortality, ranging from 7.1% 

(VAP, 26% attributable mortality) to 83.4% (UTI, 44% attributable mortality). Therefore, 

averting CRE deaths should be a focus of infection control and prevention and the 

development of potential new drugs or a vaccine.

Quantifying and having a better understanding of the economic burden of CRE infections 

can assist various decision makers. For example, hospital administrators, infection control 

practitioners, and policy makers could use this information to determine investment in CRE 

prevention and control measures. This information can also help policy makers and third-
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party payers make insurance coverage and reimbursement decisions. Additionally, 

manufacturers and drug companies can use such information to develop and price CRE tests 

and treatments.

As the prevalence of CRE has been steadily on the rise [2–4,6], now is an important time to 

consider investment for infection control and prevention measures for CRE. Reducing the 

number of CRE carriers not only results in epidemiological benefits of fewer transmission 

events and subsequent infections, but would also result in substantial reductions in the 

economic and health burdens. Coordinated approaches to control should be considered, as 

the gains achieved (i.e. reductions in CRE prevalence) by coordinated approaches are better 

than those seen when healthcare facilities act alone [15]. Such regional approaches to 

primary prevention strategies to limit CRE spread could lead to reductions in the cost of 

CRE infection and may represent a strategy with potential for cost-savings or a return on 

investment, garnering benefits to all.

It should be noted that our resulting costs to the hospital perspective are consistently higher 

than costs to third-party payers as they are based on attributable LOS, while the third-party 

costs are based on hospitalization cost data for the infection outcome and may not reflect 

only those caused by CRE. Thus, our costs to third-party payers may be underestimates. 

Additionally, our economic burden estimates of CRE infections in the USA are most likely 

an underestimate as surveillance for CRE is not routinely in place in the USA. The incidence 

estimates based on the MuGSI study are limited (based on data from seven metropolitan 

areas [5]) and thus may not provide an adequate picture of real world incidence across the 

USA. These estimates may change as more data become available.

Compared with other infection and health conditions, the cost of CRE infection and other 

healthcare-associated infections (e.g. Acinetobacter baumannii [16,17], norovirus [18], 

vancomycin-resistant enterococcal (VRE) bloodstream infections [19], methicillin-resistant 

Staphylococcus aureus (MRSA) [20], and healthcare-acquired Clostridium difficile infection 

(CDI) [21]) show that infection control and prevention needs more attention. CRE infections 

are more costly than episodes of other infectious diseases. For example, in 2016 values, the 

cost of one influenza case is an estimated $2807 to $8889 to society [22]; the societal costs 

of pertussis in adolescents and adults is an estimated $600 to $1169 [23]; Lyme disease cost 

societyan estimated $451 per case [24]; and food-borne illness because of salmonella cost 

society $3899 per case [25]. CRE infections are also more costly compared with the annual 

costs of some chronic diseases. For example, high blood pressure cost society $672 annually 

per person [26], asthma cost $4008 per case in direct costs [27], and diagnosed diabetes cost 

$13 015 annually per person [28] (all in 2016 values). While similar methodologies were 

used to estimate costs for these conditions, care should be taken when making comparisons. 

Although our study focuses on the cost of CRE infection in the USA, our results can be used 

in the context of other countries; and while the estimated value of cost per infection may be 

different, the magnitude would be similar. Cost estimates would be more comparable for 

countries that have similar standards of care and economic indicators (e.g. GNI) and less 

comparable for countries that are less similar.
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Our model attempted to be conservative about the costs and health effects of CRE infections. 

While our attributable LOS estimates are based at the higher end of those reported in the 

literature for each outcome, we did not directly adjust for carbapenem resistance. Therefore, 

these estimates may underestimate the true attributable LOS of CRE infection, making our 

results from the hospitals perspective conservative. Additionally, our antibiotic treatment 

selection does not include estimates for uptake of novel anti-CRE antibiotics like 

ceftazidime-avibactam or other drugs in development. These novel antibiotics will likely sell 

for a premium over the values used in our model, thus our estimates for costs may be 

artificially low. For example, ceftazidime-avibactam costs approximately $300 a day [13], 

which would increase the estimated costs. Although the standard of care for CRE infections 

may also require use of single rooms or cohorting, we did not include potential costs of 

transferring patients in and out of private rooms based on isolation needs. However, this 

issue may become more obsolete in the near future as hospitals move toward the use of 

single-occupancy rooms.

All models, by definition, are simplifications of reality [29] and therefore cannot account for 

every possible event or outcome. We did not consider any costs that may be incurred outside 

the duration of hospitalization (e.g. continued treatment or home health care). We used 

utility values associated with each outcome, but they are not CRE specific nor did we adjust 

for CRE which may lead to more severe outcomes. Our model was designed to calculate the 

economic costof CRE infection from the hospital perspective, rather than the financial cost 

to the hospital, thus we did not consider hospital occupancy rates. Additionally, as we 

modelled only the duration of hospitalization for each infection, we did not consider the 

potential for resistance to colistin or tigecycline or further resistance to carbapenems. Our 

model drew from literature of varying quality and across multiple geographic locations 

because of disparate sources; thus, results may change as better data become available.

Conclusions

The cost of CRE infection is higher than the annual cost of many chronic diseases and of 

many acute diseases. Costs rise proportionally with the incidence of CRE infection, 

increasing by 2.0 times, 3.4 times, and 5.1 times for incidence rates of 6, 10, and 15 per 100 

000 persons. Given the increasing trends in CRE prevalence in the USA, prevention and 

control strategies should be considered now, before becoming endemic.
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Fig. 1. 
Model outline.
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Table 1
Clinical and economic model input parameters, values, and sources

Parameter Mean or median Standard deviation or range Source

Costs (2016 $US)

ICU bed day 4893 31.66 [30,31]

General ward bed daya,b 2877 25.43 [8]

Hospitalizationa,c

 Bacteraemia 13 231 396 [8]

 Intra-abdominal infection 14 572 278 [8]

 Pneumonia (non-VAP) 20 968 1844 [8]

 Ventilator-associated pneumonia (VAP) 27 981 2351 [8]

 Urinary tract infection (UTI) 7767 126 [8]

Drug treatments per day

 Tigecycline 294.01 [13]

 Meropenem 132.93 [13]

 Gentamicin 44.68 [13]

 Amikacin 59.44 [13]

 Colistin 87.51 [13]

PICC line insertion 98.45 [32]

Urine analysis 3.01 0.14 [33]

Urine culture 11.02 1.08 [33]

Abdominal CT scan 260.68 76.80 [32]

Bronchoscopy 138.31 25.17 [32]

Wound culture 11.90 0.93 [33]

Chest x-ray 28.79 [32]

Sputum cultures 17.77 2.10 [32]

Blood culture 14.00 1.59 [33]

Median hourly wage (all occupations) 18.13 9.36–45.94d [10]

Median annual wage (all occupations) 37 704.39 19 467.52–95 544.65d [10]

Registered nurse hourly wage 33.99 23.40–50.44d [10]

Probabilities (%)

Bacteraemia 20.28 [34–39]

Intra-abdominal infection 5.92 [34–39]

Pneumonia (VAP and non-VAP) 25.70 [34–39]

Urinary tract infection (UTI) 48.09 [34–39]

Ventilator-associated pneumonia (VAP) given CRE pneumonia 5.76 [34–39]

Probability of ICU at onset 44.2 4.53 [36,40]

Treatment probabilities

 Monotherapy 47.03 [41,42]

 Carbapenem containing combination therapy 38.86 [41,42]

 Non-carbapenem containing combination therapy 14.11 [41,42]
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Parameter Mean or median Standard deviation or range Source

Mortality from bacteraemia

 Monotherapy 46.4 [42]

 Carbapenem containing combination therapy 40.7 [42]

 Non-carbapenem containing combination therapy 18.2 [42]

Mortality from intra-abdominal infection

 Monotherapy 33.3 [42]

 Carbapenem containing combination therapy 31.4 [42]

 Non-carbapenem containing combination therapy 0.0 [42]

Mortality from pneumonia

 Monotherapy 46.7 [42]

 Carbapenem containing combination therapy 30.4 [42]

 Non-carbapenem containing combination therapy 27.8 [42]

Mortality from urinary tract infection

Monotherapy 38.9 [42]

Carbapenem containing combination therapy 28.6 [42]

Non-carbapenem containing combination therapy 10.0 [42]

Mortality attributable to CRE 26–44 [12]

Durations (days) and numbers

Attributable length of stay

 Bacteraemia 9–10 [21–23]

 Intra-abdominal infection 14–21 Expert opinion

 Pneumonia (non-VAP) 4–10 [43]

 Ventilator-associated pneumonia (VAP) 10–14 [44–48]

 Urinary tract infection (UTI) 4–8 [49]

Treatment durations

 Bacteraemia 14 [7], Expert opinion

 Intra-abdominal infection 10–14 [7], Expert opinion

 Pneumonia (non-VAP) 10–14 [7], Expert opinion

 Ventilator-associated pneumonia (VAP) 14 [7], Expert opinion

 Urinary tract infection (UTI) 14–21 [7], Expert opinion

Patient contacts per day 25–50 [50]

 Weight (kg) adults ≥60 years 78.35 64.8–90.5 [51]

 Baseline QALY value 0.84

Utility weights

 Bacteraemia 0.985 0.015 [52–56]

 Intra-abdominal infection 0.518 0.179 [57–62]

 Pneumonia (non-VAP) 0.969 0.046 [52,54,63,64]

 Ventilator-associated pneumonia (VAP) 0.875 0.064 [65]

 Urinary tract infection (UTI) 0.807 0.086 [57,66–68]

a
Values are weighted means for those aged 45–64 years and 65–84 years.

b
Estimated for all non-neonatal, non-material discharges.
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c
Estimated using the following International Classification of Diseases, 9th Revision (ICD-9) codes: 790•7 for bacteraemia; 540•0 for intra-

abdominal infection; 482•0 for pneumonia (non-VAP); 997•31 for ventilator-associated pneumonia; and 599•0 for urinary tract infection.

d
Values are 10–90% range.
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Table 3
Epidemiologic and economic burden (median (95% credibility range), costs in millions 
($US)) of CRE infections in the United States assuming a 26% attributable mortality and 
meropenem use for carbapenem therapies

CRE incidence per 100 
000

2.93 6 10 15

Infections 9418 19 285 32 142 48 213

Deaths 840 1721 2868 4301

QALYs lost 8841 (5805–12 420) 18 105 (11 888–25 
433)

30 174 (19 814–42 
388)

45 261 (29 720–63 
581)

Hospital perspective 275 (217–334) 562 (443–685) 937 (739–1141) 1406 (1109–1712)

Third-party payer perspective 147 (129–172) 302 (264–353) 503 (440–588) 754 (661–882)

Productivity losses because of 
absenteeism

11 (5–46) 22 (9–94) 37 (16–157) 56 (24–236)

Productivity losses because of 
death

389 (149–1407) 796 (306–2882) 1327 (509–4803) 1990 (764–7205)

Societal perspective 553 (303–1593) 1132 (620–3262) 1886 (1034–5437) 2830 (1550–8155)
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