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Summary

“Open” livestock production systems, including free-range and organic livestock systems, seek to improve the lives of animals by letting them roam in unconfined spaces.   This increases their exposure to outdoor parasites, bacteria, viruses, and environmental contaminants, potentially degrading food safety and increasing human health risks. For example, both poultry and pork in open production systems have increased risk of Toxoplasma infection, which can threaten the health of unborn children of women infected during pregnancy, and which can kill AIDS patients. This paper applies quantitative risk assessment (QRA) methods to quantify the trade-off between greater use of open livestock production systems and increased risks to human health.  A Monte-Carlo simulation and uncertainty analysis model populated with current data and parameter estimates predicts that moving more hogs from conventional confined operations to alternative open-range conditions will cause more cases of toxoplasmosis and consequent harm to human health, especially AIDS patients and unborn babies. Every 676 hogs moved to open production (95% confidence interval 164-3629 hogs) is projected to cause the loss of one additional human quality-adjusted life year (QALY).  Increasing the fraction of swine raised in non-confinement operations by 1% would cause a loss of approximately 100 human QALYs per year, including between 2 and 3 extra adult deaths per year from toxoplasmosis infections in people with compromised immune systems.  By contrast, conventional (confined) production systems can now keep this human health risk at or near zero. Although quantitative risk assessment alone cannot determine whether these trade-offs are acceptable or desirable, it clarifies the approximate plausible magnitude of the human health harm caused by increased use of open production systems.    




Background

The causative agent of Toxoplasma infection, Toxoplasma gondii, is a common parasite in most warm-blooded animals, including people, worldwide.  It is transmitted primarily via contaminated cat feces, but also via contaminated raw meat (especially pork) and unwashed hands.  Approximately 9% of the US population (ages 12-49) are infected with the parasite, while much higher prevalence can be found in other parts of the world  (Jones et al., 2007) Although risk of parasite-mediated diseases such as toxoplasmosis and trichinosis can be kept at or near zero in modern intensive production systems, open systems are less controllable, and increased risk of toxoplasmosis is part of the price of these alternative production systems (Davies, 2011). 
Most infected adult humans suffer few or no detectable ill effects from toxoplasmosis.  However, infection can be deadly for AIDS patients and devastating for the unborn children of pregnant women. In the mid 1990s, it was estimated that about 1 in 10 AIDS patients in the US died from Toxoplasmosis (Hays, 1996). For a woman infected during pregnancy, there is a 20% to 50% chance of the baby being born with the infection and having increased risk of blindness, mental retardation, or other medical problems.  In 1994, it was estimated that about 0.8 babies in 10,000 in the US were born with the infection (Guerina et al., 2004).  Of all creatures infected with Toxoplasma gondii, only cats shed T. gondii oocysts, which can withstand the external environment and spread the disease.  If infected cat feces contaminate the feed of hogs, humans can subsequently become infected by eating or handling raw or undercooked pork containing the parasite.  
Enhanced bio-security during pork production greatly reduces the incidence of infectious diseases. There has been a steady increase in use of bio-security measures to protect human and animal health, including disinfection, all-in/all-out livestock rotation, visitor control, rodent control, and housing control (using confined spaces that keep out all dogs, cats, birds, etc) (USDA-APHIS, 2008).  Practices used in alternative pork production systems prescribe continuous outdoor access for hogs and preclude the use of confinement facilities.  Although some bio-security measures are still possible, such as herd isolation, visitor control, and quick removal of diseased animals, there are also more opportunities for hogs to come in contact with sources of T. gondii infection.
To quantify the likely impacts on human health of shifting pigs from conventional confinement facilities to open facilities, the following sections develop a probabilistic simulation model incorporating current data on T. gondii prevalence in pigs and pork, human infection rates, and human health effects of infections.  The fraction of pigs in open facilities is an exogenously specified input to the model. Varying this fraction and simulating the resulting changes in toxoplasmosis infections and adverse health effects allows the probable trade-off between greater animal welfare (higher fraction of pigs in open facilities) and greater human health risk (more infections, birth defects, and deaths) to be estimated quantitatively.  

Data and Methods

Data on T. gondii Prevalence in Pigs

In a nationwide survey performed in 1983-1984, 23% of all market pigs tested positive for T. gondii antibodies, indicating past (or present) infection (Dubey, J. P. et al., 1991).  A decade later, a 1995 USDA study (Patton et al., 1996) found that only 3% of market pigs tested positive.  A 2006 USDA study (Hill et al., 2010) found a mean within-herd prevalence of T. gondii antibodies of 2.7%.  This is the value used in our base case risk model (see Table 1).  Thus, a sharp decline in prevalence of T. gondii antibody prevalence has coincided with increased use of modern farming practices that emphasize biosecurity, such as confinement rearing, rodent control, hygienic feed handling, and exclusion of cats (USDA-APHIS, 2008; Davies, P. R., 2011).  Intensive farming systems house pigs indoors, mostly on concrete bedding.  Pigs are fed regular feed (concentrates) and receive vaccinations and antibiotic treatments in case of disease. In free range and organic farming systems, pigs have access to outdoor pens. They have straw bedding, a large proportion of forage in addition to their concentrates, and at least 80% of feed in organic farms must originate from organic agriculture. 
Not surprisingly, prevalence of T. gondii in pigs decreases when pigs are isolated from potential infection sources.  In a 1995 study, samples from pigs in total confinement production systems in North Carolina were found to be positive for T. gondii  in only 1 out of 1752 (0.06%) cases (Davies, P.R et al., 1998).  A 2006 USDA swine survey found that, among pigs in total confinement facilities, 0.3% tested positive, while in other facilities (open buildings with or without outside access, hut, lot, or pasture), the rate was more than twenty-fold greater, at 6.5%  (USDA-APHIS-VS-CEAH, 2011).  A 2008 study of over 74,000 market pigs in the United States detected T. gondii in 0.8% of samples overall, ranging from 0.5% in the largest systems to 2.6% in the smallest (less than 1000) (McKean et al., 2009).  Larger systems are more likely to be confinement production systems.  According to the USDA, in 2006, 73.6% of hog production sites in the U.S. used either total confinement (53.2%) or open buildings with no outside access (20.4%) (USDA-APHIS, 2008).  The rest were classified as “open building with outside access” (23.3%), lot with hut or no building (1.8%), or pasture with no hut or no building (1.3%).   At present, it appears that pigs raised in confinement can be T. gondii free, provided that there is adequate rodent control and prevention of contamination of food and water with oocysts (Dubey, J. P., 2009).
Pigs raised using so called natural, open, organic, or free range production practices have, by definition, greater exposure to the open environment.  Gebreyes, Wondwossen et al. (2008) compared serum samples taken from swine reared in conventional intensive indoor production systems and outdoor anti-microbial free (ABF) production systems (616 fully analyzed samples from three different states in the US:  Wisconsin, Ohio, and North Carolina).  The percentage of samples testing positive for T. gondii was 1.1% in swine from conventional systems versus 6.8% in swine from ABF systems.  For, pigs raised on two organic farms in Michigan, Dubey, J. P. et al., (2012) found antibodies to T. gondii in 30 of 33 pigs (indicating previous infection), and isolated T. gondii itself from 17 (51.5%).  A study of feral pigs in North Carolina found that 23 of 83 pigs (27.7%) tested positive for T. gondii antibodies (Sandfoss et al., 2011).  An earlier study found 33 of 108 wild European hogs (30.6%) in the Great Smoky Mountains and 55 of 149 feral pigs (36.9%) in South Carolina positive for T. gondii antibodies (Dideprich et al., 1996)
Research in the Netherlands has provided similar results.  Kijlstra et al. (2004) compared T. gondii prevalence among swine from free range, organic, and intensive/conventional.  The rates were 4.7% (30/635), 1.2% (8/660), and 0% (0/621) respectively.   A few years later, van der Giessen et al. (2007) found rates of 5.62% (10/178) for free range, 2.74% (11/402) for organic, and 0.38% (1/265) for intensive/conventional.  

Risk Model

Recall that a 2006 USDA swine survey found that, among pigs in total confinement facilities, 0.3% tested positive; while in all other facilities (including conventional and natural/organic/free range facilities) the rate was 6.5% (USDA-APHIS-VS-CEAH, 2011).  The non-confinement rate is similar to that found by Gebreyes et al. (Gebreyes, W. A. et al., 2008) for outdoor ABF systems.  It is also close to the rates found in the Netherlands for free range systems.  Since much higher rates have also been observed among pigs raised on organic farms and in feral pigs, as discussed previously, the substantial variability in these rates will be modeled via a frequency distribution for prevalence.  We use beta probability distributions to approximate T. gondii prevalence in the two facility categories for which USDA data are available, total confinement and all other.  The beta distribution parameters, alpha and beta, are derived from assumed values for minimum, maximum, mean, and variance of prevalence using the equations described in (Davis, 2008).  The variance was assumed to follow the standard (beta) PERT form,  .  Table 1 summarizes these parameters.



	Facility Type
	Mean Prevalence
	Min
(assumed)
	Max
(assumed)
	Variance
(computed)
	Alpha
(computed)
	Beta
(computed)

	Total confinement
	0.003
USDA-APHIS-VS-CEAH, 2011
	0

	0.027
(Hill et al., 2010 see text)
	2.025E-5
	0.284
	2.2716

	Non confinement
	0.065
USDA-APHIS-VS-CEAH, 2011
	0.027
(Hill et al., 2010; see text)
	0.515
(Dubey et al., 2012; see text)
	0.0066
	0.1234
	1.4616


Table 1.  Beta Distribution Parameters for T. gondii Antibody Prevalence in Pigs

The lower bound of zero on prevalence in total-confinement systems reflects the fact that zero prevalence of antibodies to T. gondii (reflecting past or present infection) has been reported in many cases, as discussed previously, together with the fact that elimination of this risk appears to be realistic for current total-confinement systems (Davies, 2011). To reflect the fact that prevalence rates are unambiguously lower (by at least an order of magnitude, based on the results reviewed previously)in total confinement facilities compared to other facilities, the plausible upper bound on prevalence in total confinement systems is set equal to the plausible lower bound on prevalence in other systems.  Both are equated to the estimated mean prevalence rate of 0.027 (Hill et al., 2010), since this is presumably a weighted average of a lower mean value for total confinement systems and a higher mean value for other systems.  The upper bound of 0.515 for antibody prevalence in non-confinement hogs is more arbitrary.  It is the infection rate reported by Dubey et al. (2012), but is higher than the antibody prevalences reported among feral hogs (0.277, 0.306, and 0.369) in other studies previously cited, even though it is considerably lower than the antibody prevalence of 30/33 = 0.91 found in the same study by Dubey et al. (2012).  A value of 51.5% assures that the entire range of plausible values falls within less than a factor of 2 of this estimate; hence, we tentatively accept it as a plausible upper bound, after rejecting the 0.91 value as an outlier, but vary this parameter over a 2-fold range in sensitivity analyses.    
Figures 1 and 2 show the beta distributions implied by the base case parameter values in Table 1. These represent the base-case modeled frequency distributions of T. gondii antibody prevalence rates across operations of each type, confined and unconfined, respectively.  Since these specific distributions reflect plausible but unproved modeling assumptions about plausible maximum and minimum values and variances, sensitivity analyses will be performed to study the robustness of conclusions to variations in these assumptions.
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Figure 1.  Beta Distribution for T. gondii Prevalence in Confined Operations
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Figure 2.  Beta Distribution for T. gondii Prevalence in Unconfined Operations

Although the USDA report did not include it, the current fraction of total hogs in each facility category can be estimated by solving for the proportion of hogs in total confinement (denoted by x) needed to match the implied mean prevalence rate (i.e., the weighted average of the mean rates for the two facility types from Table 1, 0.003 for total confinement systems and 0.065 for all others) to the observed mean prevalence rate of 0.027:

x*0.003 + (1 - x)*0.065 = 0.027.  Solving for x then yields x = 0.6129

This gives the baseline model for overall prevalence of T. gondii as:

Pavg = 0.6129*Pc + (1 - 0.6129)*Pnc, where PC is a random variable described by the Beta distribution in Figure 1, and Pnc is described by the Beta distribution in Figure 2.

An increase in the fraction of all hogs not in total confinement (i.e. natural, organic, free range, etc.),  denoted by Δnc, causes a corresponding increase ΔP in net prevalence of T. gondii:

ΔP = Δnc*(Pnc - Pc)								(1)

Let P0 = baseline fraction of pigs with T. gondii antibodies = 0.027.  Then the excess relative risk factor, r, associated with an increase, Δnc, in the fraction of pigs not in total confinement is:
Excess risk from Δnc = r = ΔP/P0  = Δnc*(Pnc - Pc) /P0 				(2)

Attribution to Pork

The fraction of human Toxoplasmosis cases attributed to pork consumption is the product of the fraction attributed to all food as a source, and the fraction of all food cases attributed to pork.  Food sources have been estimated to cause half of all cases (Scallan et al., 2011), based on earlier assumptions (Mead et al., 1999) and on a European six-city survey of pregnant women, which used survey data and logistic regression to estimate a food-attributable fraction between 0.30 to 0.63   Other estimates appearing in the literature include 0.32 (Cressey & Lake, 2005), 0.50 (Vaillant et al., 2005), and 0.56 (Havelaar et al., 2008), based on data and perceptions in New Zealand, France, and the Netherlands respectively.  
Fractions of cases attributable to specific foods within the foodborne category are based on expert judgment, i.e., guesses.  Structured expert elicitations have yielded a mean estimate for pork of 0.50 with a 5th and 95th percentile of 0.21 and 0.99 respectively (Havelaar et al., 2008); and a mean attribution of 0.41 for pork in relation to other possible U.S. food sources, with a standard error of 0.059 (Batz et al., 2012).  Both the foodborne and pork-specific attribution values exhibit significant uncertainty and variability.   Actual values will vary depending on food consumption patterns, climate, cultural practices, and other geographic specific dynamics.  For the selection of pork within the food category we will simply use the mean and standard deviation parameters in the Batz et al. data to define a Normal (0.41, 0.059) probability distribution.  The resulting 95% confidence interval [0.29, 0.53] contains the Havelaar et al. mean estimate without introducing the statistical anomalies implied by its corresponding wide and asymmetric estimation interval.  We will assume that the overall food attribution fraction varies uniformly over the interval 0.30 to 0.70 with a mean of 0.50.   This seems consistent with available values above (it also covers the range of previous estimates) and better accounts for a high degree of uncertainty than does a peaked distribution.  Table 2 summarizes these and other parameter estimates.

	Model Input
	Data sources(s)
	Distribution
	Parameters (Min, Mode, Max;  or Mean, Std. Dev.)

	Prevalence
	Estimated prevalence for persons aged 40-49 years (Jones et al., 2007) was assumed to be the cumulative result of 45 years of constant incidence.  Upper/lower limits correspond to published 95% CI.
	Constant
	0.1137, 0.157, 0.177

	Incidence
	1-(1-Prevalence)^(1/45) applied to non-infant fraction (.9872 per 2010 composition) of 2013 population (approx. 315M) = 310.98M[footnoteRef:1] [1:  Scallan et al. used the 2006 total population of 299M.  We have excluded the infant population since they do not normally eat foods that could contain T. gondii and have also updated the population total to 2013.  Note that we have handled the congenital cases separately.] 

	Degenerate
	0.00268, 0.00379, 0.00432

	Seroconversion rate
	The symptomatic faction was estimated at 15%.  Uncertainty was based on a 50% relative increase/decrease from .15 on a log odds scale.
	PERT-Beta[footnoteRef:2] [2:  The PERT-Beta probability distribution we use is described in Davis (2008).  We followed his formulas for deriving alpha and beta from the minimum, mode, and maximum.  We have chosen this over the (Modified) PERT distribution used in Scallan et al. and introduced by Vose (2000), but which Davis characterizes as an “aberration away from the correct formulas”. ] 

	0.11, 0.15, 0.21

	Proportion hospitalized
	2000-2006 Nationwide Inpatient Sample (NIS) using ICD---CM code 130 (Toxoplasmosis) http://www.hcup-us.ahrq.gov/nisoverview.jsp 
	PERT-Beta
	0.017, 0.026, 0.033

	Proportion who died
	2000-2006 Nationwide Inpatient Sample (NIS) using ICD---CM code 130 (Toxoplasmosis)
	PERT-Beta
	0.0014, 0.0019, 0.0022

	Under-diagnosis (hospitalizations, deaths)
	Assumed by (Scallan et al., 2011)
	PERT-Beta
	1, 2, 3

	Proportion travel-related
	Assumed by (Scallan et al., 2011)
	PERT-Beta
	0, 0, 0.2

	Proportion foodborne
	Covers known estimates (see discussion above) and assuming high uncertainty.[footnoteRef:3] [3:  Scallan et al. used the same mode, but high and low values of 0.40 and 0.60 and a Modified PERT distribution.] 

	Uniform
	0.30, 0.50, 0.70

	Proportion from pork[footnoteRef:4] [4:  Not included in Scallan et al.] 

	(Batz et al., 2012)
	Normal
	(0.41, 0.059)

	Congenital Rate
	Cases per 10,000 live births (3,942,000 annually)
	PERT-Beta
	0.2, 0.5, 0.8


Table 2.  Estimated parameters for pork-attributable cases, hospitalizations, and mortality

Human Case Rates

A recent study estimated 86,686 (90% credible interval 64,861-111,912) domestically acquired foodborne cases of Toxoplasmosis  in the US, based on the 2006 population (Scallan et al., 2011).  The study also estimated 4,428 hospitalizations (90% range 2634-6674) and 327 deaths (90% range 200-482) attributable to foodborne infections.  The estimates were generated by a probability model with parameters derived from literature reviews, hospital records, and expert judgment.   We incorporated this model with the modifications described in Table 2 (added or modified parameters are shaded grey).
The total number of (non-infant) pork-attributable cases is the product of the following factors:

Total Cases = 	310.98M x Incidence x Seroconversion Rate x 
Proportion foodborne x Proportion from Pork 				(3)

Distributions for hospitalizations and deaths are computed as:
Hospitalizations = Total Cases x Proportion hospitalized x Under-diagnosis factor	(4)
Deaths = Total Cases x Proportion who died x Under-diagnosis factor			(5)

For example, multiplying 310.98M (estimated US non-infant population in Jan 2013) by the mean or mode of the appropriate distributions yields approximately 36,242 total cases, 1885 hospitalizations, and 138 deaths attributable to T. gondii in pork.   As expected, these are just slightly above the mean pork attributable outcomes given in Batz et al. (2012), Table 6. More detailed estimates are presented and discussed in the Results section.

Congenital Toxoplasmosis
Congenital cases (where infection is transferred vertically from the pregnant mother to the fetus) can be estimated from historical rates and current populations.  The provisional count of births in the United States for the 12-month period ending June 2012 was 3,942,000 (Hamilton & Sutton, 2012).  Some fraction of these infants was born with congenital toxoplasmosis.  However, the only available survey data regarding the prevalence of congenital toxoplasmosis in the U.S. is largely outdated.  Two prospective studies in the 1970s both reported rates of congenital toxoplasmosis of approximately 10 per 10,000 live births.  More recent data regarding the rate of congenital toxoplasmosis are available from the New England Regional Newborn Screening Program (Guerina et al., 1994). All infants born in the catchment area of this program are tested for evidence of congenital toxoplasmosis; infected infants undergo clinical evaluation and treatment for 1 year. Of 635,000 infants who underwent serologic testing in 1986-1992, 52 were infected, representing an infection rate of approximately 0.8 per 10,000 live births.
Jones et al. (2007) found that the T. gondii prevalence in U.S. females ages 12-49 declined from 13.4% [95% CI - 11.6, 15.1] during 1988-1994 (the approximate time frame of the Guerina et al. study) to 8.2% [95% CI – 6.6, 9.8] during 1999-2004, or approximately 38.8%.  It has also been shown that prevalence tends to be highest in the Northeast U.S. (the area of the Guerina et al. study).  For the period 1988-1994, Jones et al. (2001) estimated a prevalence of 29.2% for the Northeast, 22.8% for the South, 20.5% for the Midwest, and 17.5% for the West.  Given these data, and assuming that the rate of congenital toxoplasmosis is approximately proportional to the prevalence of T. gondii in adult women, it seems plausible that 0.8 per 10000 live births from the 1994 Guerina et al. study is an upper bound on the 2012 nationwide average rate.  Using the observed prevalence reduction, we will assume that the mean prevalance is now 0.8 x (1-.388) ≈ 0.5 per 10,000 births.  Correspondingly, the low estimate (accounting for regional differences and potential further reductions) is assumed to be 0.2 per 10,000 live births.  Using a total number of births of 3,942,000 (Hamilton & Sutton, 2012), the mean estimate for congenital toxoplasmosis in 2012 is then 197 cases with a range of 79 to 315.  The mean pork-attributable count is 40.4.  More precise estimates are presented and discussed in the Results section.

Congenital Cases = (3,942,000/10000) x Congenital Rate x 
Proportion foodborne x Proportion from Pork		(6) 

QALYs Lost

Data provided by Hoffman et al. (2012) can be used to derive an average QALY loss per incident of Illness, hospitalization, and death due to T.  gondii  for both adult and congenital cases.  The averaged values are shown in bold in Table 3.




	Outcome
	Base Count
	Total QALYs
	QALYs/Case

	Adult Illness (Mild)
	69,862
	0
	0

	Adult Illness (Moderate)
	12,396
	11
	8.8738 e-4

	Adult Average Illness
	82,258
	11
	1.3373 e-4

	Adult Hospitalization (only)
	4168
	64
	.0145

	Adult Chronic Illness
	260
	186
	.7154

	Adult Average Hospitalization
	4428
	250
	.0565

	Adult Death
	327
	9062
	27.71

	Congenital  Chronic Illness 
	341
	603
	1.7683

	Congenital Death[footnoteRef:5] [5:  Additional cases due to neonatal deaths, stillbirths, and miscarriages due to congenital infection] 

	15 
	1038
	69.2

	Congenital Case (Mild)
	387
	0
	0

	Congenital Average Case
	743
	1641
	2.2086


Table 3. Average QALYs Lost Per Case By Outcome

The total pork-attributable QALYs lost due to toxoplasmosis is distributed as:

Total QALY loss = 1.3373e-4 x (Total Cases – Hospitalizations) + 0.0565 x Hospitalizations 
+ 27.71 x Deaths + 2.2086 x Congenital Cases		(7)

Analysis

This section assesses the excess risk associated with a shift in the proportion of hogs from confined to unconfined production, with the size of the shifted fraction of hogs ranging from 0 to 0.01.  The number of USDA certified organic swine in 2006 was 7508, growing to 10,111 in 2010 (USDA-ERS, 2010).  In contrast, for the same year, the USDA estimated the total U.S. swine population at 64,925,000 head (USDA-NASS, 2012).   Therefore, about 1 out of every 6421 hogs was raised organically in 2010, corresponding to a production shift, Δnc, of approximately 1/6421 = 0.00015.  To measure the impact of a range of possible future values, we varied Δnc from 0 to 0.01 in increments of 0.0001 (100 values). Each successive value of Δnc was supplied as an input to a probabilistic simulation model developed in the R (version 2.15) statistical programming environment (http://www.r-project.org/), using the mc2d (Tools for Two-Dimensional Monte Carlo Simulations) add-in package for its 4-parameter Beta distribution random number generator.  We generated 10,000 random values for each underlying probability distribution to obtain 10,000 random values for each relative risk factor (equation 2) and each health outcome (equations 3 to 7).  Multiplying these numbers yielded the distribution of relative risk results:  

rk ~ [Δnc*(Pnc - Pc) /P0]*Hk							(8),

is the excess risk of human toxoplasmosis associated with a production shift Δnc in hogs from confined to non-confined production, where Hk denotes the random variable measuring annual loss for health outcome measure k, for k = total cases, hospitalizations, deaths, or total QALYs.  

A high level diagram of the simulation model is depicted in Figure 3 below.

[image: ]

Figure 3.  Causal Diagram Underlying the Toxoplasmosis Simulation Model.


Results

Health Outcomes

Table 4 provides the simulated distributions for current levels of pork-attributable toxoplasmosis related health outcomes.  These estimates are very similar to those obtained by Batz et al. (2012).

	
Outcome (Equation)
	Mean
	5%
	95%

	Total Cases            (3)
	37,027.08
	21,128.75
	56,698.22

	Hospitalizations    (4)
	1904.72
	962.80
	3173.62

	Deaths                    (5)
	138.40
	71.07
	226.88

	Congenital Cases  (6)
	40.45
	20.66
	66.55

	Total QALYs         (7)
	4036.72
	2091.79
	6587.93


Table 4.  Estimates of Current Pork-Attributable Human Toxoplasmosis Health Outcomes Per Year

Figures 4 to 8 show histograms of these health outcome distributions.

[image: ]
Figure 4.  Distribution of Current Total Cases [image: ]
	Figure 5.  Distribution of Current Hospitalizations
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Figure 6.  Distribution of Current Deaths			[image: ]
		      Figure 7.  Distribution of Current Congenital Cases
[image: ]
Figure 8.  Distribution of Current Total QALYs Lost per Year

Excess Risk Factor and QALYs Lost Due to Reduced Confinement

A reduction in the confinement fraction by Δnc  = 0.01 increases the excess risk factor by an average of 0.0238 (95% CI = 0.0060, 0.0996).  Since the distribution (Equation 2) is a composite of two beta distributions with long right-hand tails, it is also highly skewed as shown in Figure 9 (left panel). The corresponding distribution of QALYs lost, shown in the right panel of Figure 9 (and calculated via Equation 8 with Hk = Equation 7) has a mean of 96.09 quality-adjusted life-years (95% CI = 17.89, 396.09).  A production shift fraction of 0.01 corresponds to approximately 64,925 hogs moving from confinement operations to non-confinement.  This causes an expected loss of one human QALY for every 64925/96.09 ≈ 676 hogs moved from confinement production.  From the confidence limits for QALYs lost, as many as 3629 hogs, or as few as 164 hogs, shifted from confinement operations, could cause the loss of approximately one human QALY.  Figure 10 shows the lower, mean, and upper estimates of the excess QALYs lost as the production shift fraction increases from 0 to 0.01.



[image: ][image: ]
Figure 9.  Distribution of the Excess Risk Factor (left panel) and QALYs lost per year (right panel) at 0.01 Production Shift

[image: ]
Figure 10.  Excess QALYs Lost (Lower, Mean, and Upper Estimates) Versus Production Shift Fraction


Discussion and Conclusions

The quantitative risk assessment implied by equations 1-8 and the data and parameter estimates in Table 1-4 indicate that, under present conditions, it is plausible that moving more hogs from conventional confined operations to alternative open-range conditions will lead to more cases of toxoplasmosis and to increased human health risks.  Every 676 hogs moved to open production (95% confidence interval 164-3629) cause an expected additional loss of a human quality-adjusted life year (QALY).  As of 2006, the relatively small number of USDA certified organic swine (7508) corresponded to an expected human health loss of about (7508/676) = 11 human QALYs lost per year. Increasing the fraction of swine raised in non-confinement operations by 1% would cause a loss of approximately 100 human QALYs per year, including between 2 and 3 adult deaths per year.  Quantitative risk assessment alone cannot determine whether these trade-offs are desirable, but it clarifies the approximate magnitude of the plausible human health harm that can realistically be expected to be caused by open production systems.    
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