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Abstract: Waste from cattle production contains protozoa, such as Cryptosporidium spp. and Giardia, which

can be transmitted to humans. People residing in areas of high cattle density may be at increased risk for

protozoan infections. The objective of this study was to assess spatial and temporal associations between cattle

density and hospitalizations for protozoan infections in the U.S. elderly. Data on protozoan infections were

abstracted from Centers for Medicare and Medicaid Services datasets for a 14-year period (1991–2004). Cattle

inventory data were abstracted from the 2002 U.S. Census of Agriculture. Counties were classified into one of

five exposure categories based on both cattle density and human density. Our analyses considered differences in

rates, trends, and variations in seasonal patterns based on exposure categories. Cryptosporidiosis demonstrated

a trend of increasing annual rates related to increased potential exposure to cattle. Both cryptosporidiosis and

giardiasis demonstrated significant seasonal patterns peaking during the fourth week of October in areas of

high cattle/low population density and the second week of September in counties with low cattle/low human

density, respectively. Counties with low human population density (regardless of cattle density) had the highest

rate of all protozoan infections, peaking in the summer. These results demonstrate the elderly population is at

increased risk of protozoan infections in areas of high cattle density, particularly cryptosporidiosis. The

seasonal patterns and higher annual rates seen in rural areas suggest time-variant environmental exposures,

which may be affected with geographical and temporal targeting of agricultural policies and interventions to

improve public health.
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INTRODUCTION

Waste from intensive livestock production may contain

microorganisms of zoonotic origin, such as Salmonella

(Hald and Andersen, 2001; Cox et al., 2005), Campylo-

bacter (Jacobs-Reitsma et al., 1995; Cox et al., 2005),
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Cryptosporidium spp. and Giardia (Caccio et al., 2005;

Hunter and Thompson 2005). These pathogens can be

spread to humans directly via contaminated water or food

or indirectly, transmitted through application of animal

manure onto land. Runoff from agricultural fields after

heavy rainfall or irrigation, potentially carrying pathogens,

often ends up in streams and surface waters, which may

be sources for drinking water; therefore, the waterborne

route of transmission for these protozoa is of increasing

concern. Depending on the microorganism, environmen-

tal conditions, such as manure treatment, season, vege-

tation, moisture and temperature of the soil, and water

will affect their survival (Bicudo and Goyal, 2003). Like-

wise, the potential for disease transmission to humans will

be affected by factors, such as pathogen type, minimum

infective dose, seasonality of pathogen occurrence in

manure, and effect of manure treatment (Bicudo and

Goyal, 2003).

Waterborne protozoa, particularly Cryptosporidium

spp. and Giardia, are associated with zoonotic transmission

(Hunter and Thompson, 2005). Currently, there are at least

16 recognized species of Cryptosporidium of which two

most affect humans, C. hominis and C. parvum (Sopwith

et al., 2005; Cama et al., 2008). The host reservoir for C.

hominis is humans and reservoirs for C. parvum include

cattle, other livestock, and humans (Hunter and Thomp-

son, 2005). Cryptosporidium oocysts are shed in extremely

high numbers, up to 106 oocysts per gram of feces, by

livestock younger than 6 months of age (Garber et al., 1994;

Xiao and Herd, 1994). Only a very low infective dose of

Cryptosporidium oocysts are needed to initiate infection in

humans (Griffiths, 1998). Currently, there are six recog-

nized species of Giardia of which only one is known to

affect humans, Giardia duodenalis, also known as Giardia

intestinalis or Giardia lamblia (Thompson, 2004; Caccio

and Ryan, 2008). Giardia duodenalis cysts are commonly

found in domestic wildlife, ruminants, and humans (Ap-

pelbee et al., 2003). Giardiasis also is highly infectious

requiring only 10–100 cysts for an infectious dose (Rend-

torff, 1954). To compound the infectivity of these diseases,

the (oo)cysts are immediately infective when excreted and

are easily transmitted via person-to-person contact and

animal-to-person contact (Thompson, 2004).

Both Cryptosporidium oocysts and Giardia cysts can

survive for weeks to months in the environment (Smith

et al., 2006) and specifically in manure (Svoboda et al.,

1997). Both protozoa also have prolonged survival times in

water and are resistant to chemical and physical agents

typically used in water treatment (Brandonisio, 2006). One

study demonstrated that movement of Cryptosporidium

ooycsts could occur in runoff for at least 21 days, and up to

70 days, after introduction in the environment (Mawdsley

et al., 1996). High numbers of Cryptosporidium oocysts and

Giardia cysts have been detected in river waters that pass

through areas of extensive animal husbandry (Rose et al.,

1988). Studies have shown that oocyst concentration in

streams depends on the quality of farm and manure

management practices and the intensity of rain.

Zoonotic transmission varies both spatially and tem-

porally for these protozoan infections. Outbreaks of cryp-

tosporidiosis infections in humans have been shown to be

associated with drinking water contaminated by livestock

(Meinhardt et al., 1996; Clark, 1999; Hunter and Thomp-

son, 2005). Outbreaks of giardiasis in humans have been

associated with contamination of surface waters from

sewage (Levine et al., 1990) and intensive animal husbandry

operations (Rose et al., 1988). A number of studies have

assessed the difference in seasonal patterns of cryptospo-

ridiosis in humans by species and found that C. parvum

peaks in the late spring, which coincides with the spring

lambing and calving season, whereas C. hominis peaks in

the fall (McLauchlin et al., 2000; Learmonth et al., 2004;

Sopwith et al., 2005). Studies also have reported differing

geographical range for the two species (McLauchlin et al.,

2000; Learmonth et al., 2001). As expected, zoonotic

transmission is more commonly noted in rural areas

(Feltus et al., 2006; Ng et al., 2008). Therefore, the proper

handling and treatment of livestock manure is a public

health concern.

In the United States, large-scale animal production

facilities, such as confined animal feeding operations

(AFOs) and concentrated animal feeding operations (CA-

FOs), are a primary concern because they generate large

amounts of manure waste which can contaminate the

surrounding environment. A study conducted in Sweden

using surveillance data demonstrated a significant statistical

association of cattle and farm density with human Esche-

richia coli infection (Kistemann et al., 2004). Studies con-

ducted in North Carolina also demonstrated adverse

environmental and health impacts for communities near

livestock production facilities (Mirabelli et al., 2006a, b).

Concentrated animal feedlot operations are increasing in

number and size in the United States. In 2003, the U.S. EPA

estimated that animal feeding operations in the United

States produced 500 million tons of manure and that

CAFOs account for more than half of that manure
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(Burkholder et al., 2007; Thorne, 2007). As of 2006, there

are 18,800 CAFO facilities contributing more than 60% of

the farm animal waste in the U.S. (EPA (2006). The

intensification of large-scale animal feeding operations in

the United States poses a public health threat in potential

for increased rates of animal to human transmission of

pathogens via waterborne routes.

Although outbreaks of waterborne diseases have been

associated with water contaminated by livestock feces, a

comprehensive analysis of protozoan infections in areas

with large-scale cattle production has not been conducted.

In this study we evaluate variations in rates, trends, and

seasonal patterns between areas with high density of cattle,

high exposure, and those with low density of cattle, low

exposure. Understanding variations in seasonal patterns

will allow for better assessment of the impact that intensive

cattle farming has on the rates of waterborne protozoan

disease in the United States. These results may be useful for

policy making and will allow for improved geographical

and temporal targeting of agricultural, environmental, and

public health policies and intervention strategies.

METHODS

We assessed spatial and temporal associations between rates

of protozoan diseases in the elderly and cattle density. Each

county in the United States was classified into one of five

exposure categories based on both the density of cattle and

human population density in that county, and analyses

considered the differences in disease rates and seasonal

patterns in the elderly by exposure category.

Outcome Data

For outcome data we utilized hospitalization records of el-

derly patients from the Centers for Medicare and Medicaid

Services. This dataset is the only comprehensive, national

level dataset for hospitalizations in the United States and

covers 98% of the elderly population (Cohen and Naumova,

2007). Hospitalization records for persons aged 65 years or

older were abstracted for each county for a 14-year period

(January 1, 1991–December 31, 2004). The hospitalization

dataset contains individual patient information including

state of residence, gender, age at admission, dates of admis-

sion and discharge, and ten diagnosis codes, which are

populated based on the ICD 9-CM system. We abstracted

records with the following diagnoses in any of the ten diag-

nosis fields: cryptosporidiosis (ICD 007.2, 007.4) (Mor et al.,

2009), giardiasis (ICD 007.1), other protozoa (ICD 007.8,

007.9), and all protozoa (ICD 007.1, 007.2, 007.4, 007.8,

007.9). Records were aggregated according to patient’s

diagnosis code, county of residence, and date of admission.

To facilitate temporal and spatial analysis, for each county we

determined counts of each disease, estimated annual rates,

and created weekly time-series of counts. To minimize spu-

rious high rates caused by extremely low denominators, a

spatial aggregation scheme was applied to incorporate

counties with low elderly population into the adjacent

counties until the total number of elderly exceeded 1,000,

resulting in a total of 2755 counties for analysis (for details

related to aggregation rules see Castronovo et al., 2009).

We supplemented our analysis with sociodemographic

data from the 1990 and 2000 U.S. Census. These data in-

clude county size, population, population density, median

household income, and average household size.

Exposure Data

Data on cattle were abstracted from the 2002 U.S. Census

of Agriculture, which is conducted by the U.S. Department

of Agriculture every 5 years (USDA, 2007a). We abstracted

data on the inventory of calves and cattle and number of

cattle and calf farms per county. The Census of Agriculture

reports inventory of cattle in most counties in the United

States; only 32 counties did not report any cattle inventory.

We calculated the density measure, number of cattle per 10

square miles, for each county as our primary exposure

measure. We also calculated the number of cattle per farm

for each county.

Exposure Classification

Preliminary analysis of the exposure parameter, density of

cattle by county, demonstrated that this variable has and

extremely skewed distributions, which would require

complex transformations to achieve normality. Therefore,

we categorized the exposure and assessed associations by

exposure category. Each county in the United States was

classified based on both cattle density and human popu-

lation density to account for different modes of disease

transmission, animal-to-human and human-to-human.

Counties were categorized into one of five categories rep-

resenting increasing exposure to protozoan diseases: lim-

ited exposure (0); low cattle/low human density (I); low

cattle/high human density (II); high cattle/low human
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density (III); or high cattle/high human density (IV).

Counties which did not report any cattle were assigned to

the limited exposure category (0). The remaining counties

were divided into two equal categories (high and low)

based on the median number of cattle per 10 square miles.

Both of these groups were then further divided into two

equal groups based on the median human population

density (high and low) of the county.

ANALYSES

Descriptive Analysis

Descriptive statistics of sociodemographic and cattle den-

sity parameters (including population density, density of

elderly population, percent elderly in the county, median

household income, average household size, cattle per 10

square miles, and cattle per farm) were calculated for each

of the five exposure categories and analysis of variance

(ANOVA) was used to test difference of the mean by

exposure category. The density of cattle per 10 square miles

and exposure category by county were mapped using

ArcGIS 9.2 (ESRI, Redlands, CA) (Figs. 1, 2).

Because the outcomes of interest had low counts, we

calculated the proportion of counties with no cases for each

outcome. To assess significant differences between catego-

ries, we compared proportions of counties within each

exposure category without cases using the Marascuillo

procedure for comparison of multiple proportions (She-

skin, 2003). We also tested whether the proportion of

counties with no records of hospitalizations within each

exposure category was significantly different from the na-

tional proportion (all counties) using the v2 test.

Trend Analysis

Average annual rates for each outcome were calculated for

each county using linearly interpolated elderly population

for 1997 (midpoint of the 14-year, 1990–2004, data time-

frame) from 1990 to 2000 U.S. Census data as the

denominator. Mean and standard deviations of annual

outcome rates were calculated for all counties in each

exposure category. To assess whether annual outcome rates

demonstrate a significant increasing trend with an increase

in exposure, we ran a simple linear regression predicting

outcome rates by exposure category (0–IV) for each out-

come.

Seasonality Analysis

Weekly time series of counts were created for each exposure

category for each of the four disease outcomes: crypto-

Figure 1. Density of cattle and

calves in the United States per

county (per 10 square miles) with

metropolitan areas (defined by

the U.S. Census Bureau, 1998)

indicated.
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sporidiosis, giardiasis, other protozoa, and all protozoa.

The time series of counts were recalculated as a time series

of rates using the total sum of the elderly population in

1997 in the counties in each exposure category as a con-

stant denominator (Figs. 3–6). Average weekly rates are

provided as reference for scale for the weekly times series

data. We estimated seasonal parameters for each category

for each disease outcome using harmonic regression. Sea-

sonality is characterized as systematic, periodic fluctuations

within the course of a year and is assessed by several

parameters: 1) the time when the seasonal curve reaches its

maximum; 2) annual maximum value (peak); and 3) an-

nual minimum value (nadir) (Naumova et al., 2007;

Naumova and MacNeill, 2007). These seasonal parameters

are calculated based on values predicted by the harmonic

regression:

lnðYðtÞÞ ¼ b0 þ b1 sinð2pxtÞ þ b2 cosð2pxtÞ þ e

—for which t is time, x is frequency, Y(t) is a time-series

of a specific outcome, b0 is intercept, b1 and b2 are

parameters and e is the error term. The regression

parameters b1 and b2 are used to estimate the peak tim-

ing, 95% confidence interval around the peak timing and

the relative intensity. The details of these calculations can

be found in the Supplemental material. All analyses were

conducted using SPSS 13 (Chicago, IL) and SPlus 7.0

(Seattle, WA).

RESULTS

Descriptive Analysis

We assessed spatial and temporal trends in rates of protozoan

diseases in the elderly based on exposure categories defined

by both cattle density and population density. The categories

display a distinct gradient between low and high human

population density categories (I, III and II, IV) and low and

high cattle density categories (I, II and III, IV) (Table 1). As

expected, the counties in the limited exposure category (0)

are significantly more densely populated than all other

counties. Counties with lower population density also

demonstrate a lower density of elderly population (I and III).

Counties with the highest cattle density are primarily in the

central Plains states (Fig. 1). The exposure categories dem-

onstrate distinct clusters with high cattle/high human density

areas in the Appalachian region and high cattle/low human

density categories in the Plains states (Fig. 2).

Higher annual rates of giardiasis and outcome of all

protozoa were seen in areas with low population density

(I and III) (Table 2). For cryptosporidiosis, the lowest

proportion of counties with no records of hospitalizations

was seen in the limited exposure (0) category. For giardiasis

and all protozoa, the lowest proportion of counties with no

records of hospitalization was seen in the low cattle/high

human density (II) category (Table 2).

Figure 2. Exposure categories

based on cattle and human den-

sity by county with metropolitan

areas (defined by the U.S. Census

Bureau, 1998) indicated.
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Trend Analysis

Only cryptosporidiosis demonstrated a trend with in-

creased exposure; the other outcomes did not demonstrate

a trend with increased potential exposure to cattle. There

was a significant increasing trend in mean disease rate for

cryptosporidiosis with increased exposure to protozoan

diseases (category 0 to IV; b = 0.036, P < 0.0001).

Seasonality Analysis

Figures 3–6 demonstrate the seasonal patterns for each

exposure category for the outcomes of cryptosporidiosis,

giardiasis, other protozoa, and all protozoa, respectively.

For cryptosporidiosis, the highest weekly rate was seen in

the category with high cattle/low human density (III;

Fig. 3). Significant seasonal patterns were seen in the low

cattle/high human density (II) and high cattle/low human

density (III) categories with the peak week estimated

approximately during the third week of March (week 12.71)

and the fourth week of October (week 43.72), respectively.

For giardiasis, the highest weekly rates are seen in categories

with low human population density (I and III; Fig. 4). The

low cattle/low human density category (I) is the only cate-

gory that demonstrated a significant seasonal pattern

peaking during the second week of September (week 37.01).

The highest weekly rate for the outcome of other protozoa is

seen in the high cattle/low human density (III) category

(Fig. 5). This outcome demonstrates significant seasonal

WEEKLY 

RATE PEAK ESTIMATE 95% CI  

CATEGORY AND SEASONAL PATTERN

(TIME SERIES OF WEEKLY RATE PER 10,000,000 ELDERLY)
(MEAN

± STD) WEEKS (P-VALUE)
RELATIVE 

INTENSITY
      

0 – LIMITED EXPOSURE 

0.27 ± 
1.13 

39.40  
~ 3rd week of September 

38.39, 40.42 
(0.274) 

1.39 

I – LOW CATTLE /LOW HUMAN DENSITY

0.23 ± 
0.99 

17.31  
~ 3rd week of April 

16.05, 18.56 
(0.220) 

1.46 

II – LOW CATTLE /HIGH HUMAN DENSITY

0.29 ± 
0.87 

12.71* 
~ 3rd week of March 

12.41, 13.01 
(< 0.0001) 

2.67 

III – HIGH CATTLE /LOW HUMAN DENSITY

0.35 ± 
1.33 

43.72* 
~ 4th week of October 

43.32, 44.12 
(< 0.0001) 

3.77 

IV – HIGH CATTLE /HIGH HUMAN DENSITY

0.32 ± 
0.71 

27.06 
~ 4th week of June 

26.20, 27.93 
(0.357) 

1.30 

Milwaukee outbreak 

Figure 3. Average weekly rate (per 10,000,000 elderly) and seasonal

pattern for cryptosporidiosis reported by CMS (ICD 007.2, 007.4)

during a 14 year-period (1991–2004) by exposure categories based

on cattle and human density. Seasonal parameters that are significant

(P < 0.05) are denoted with an asterisk (*).
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patterns in all categories except the limited exposure (0) and

high cattle/high human density (IV) categories. The esti-

mated peaks range from the second week of April (week

16.08) to the fourth week of May (week 22.88). The highest

weekly outcome rate for all protozoa is seen in the low

human population density categories (I and III). A signifi-

cant seasonal pattern is only seen in the low cattle/low hu-

man density category (I) with a peak estimated during the

third week of August (week 34.44) for the outcome of all

protozoa. The relative intensity fluctuated from 1.03 to 3.77

across all disease outcomes. Values for relative intensity

close to 1 indicate an absence of seasonal pattern regardless

of the calculated peak timing. High values for relative

intensity indicate a strong seasonal pattern or an unusual

event such as an outbreak of the disease.

DISCUSSION

Increased livestock production and the concentration of

livestock production can pose a public health threat

through direct contamination of food and water, or indi-

rectly by improper management of animal waste. In this

study, we developed exposure categories based on both

density of cattle and human population density to account

for both animal-to-human and human-to-human disease

transmission. We assessed whether rates and seasonal pat-

terns of protozoan diseases varied by these exposure cate-

gories.

Because cattle are host reservoirs for the protozoa

Cryptosporidium ssp. and Giardia, we expected to see high

rates of cryptosporidiosis and giardiasis in areas with high

WEEKLY 

RATE PEAK ESTIMATE (95% CI) 95% CI  

CATEGORY AND SEASONAL PATTERN

(TIME SERIES OF WEEKLY RATE PER 10,000,000 ELDERLY)
(MEAN

± STD) WEEKS (P-VALUE)
RELATIVE 

INTENSITY
      

0 – LIMITED EXPOSURE 

0.99 ± 
2.14 

20.82 
~ 2nd week of May 

20.40, 21.23 
(0.196) 

1.21 

I – LOW CATTLE /LOW HUMAN DENSITY

3.78 ± 
4.17 

37.01* 
~ 2nd week of September 

36.90, 37.11 
(<0.0001) 

1.31 

II – LOW CATTLE /HIGH HUMAN DENSITY

1.82 ± 
1.06 

33.84 
~ 2nd week of August 

30.78, 36.90 
(0.939) 

1.03 

III – HIGH CATTLE /LOW HUMAN DENSITY

3.70 ± 
4.60 

24.37 
~ 2nd week of June 

24.06, 24.68 
(0.143) 

1.11 

IV – HIGH CATTLE /HIGH HUMAN DENSITY

2.28 ± 
1.68 

35.80 
~ 4th week of August 

34.23, 37.38 
(0.815) 

1.05 

Figure 4. Average weekly rate (per 10,000,000 elderly) and seasonal

pattern for giardiasis reported by CMS (ICD 007.1) during a 14 year-

period (1991–2004) by exposure categories based on cattle and

human density. Seasonal parameters that are significant (P < 0.05)

are denoted with an asterisk (*).
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cattle density. The annual rate of cryptosporidiosis did

demonstrate an increasing trend by category, suggesting

that increased spatial exposure to cattle poses a risk for this

infection. High weekly rates and significant seasonal pat-

terns for cryptosporidiosis were seen in areas with low

cattle/low human density (II) and areas of high cattle/low

human density (III) peaking during the third week of

March and the fourth weeks of October, respectively. Al-

though studies conducted in the United Kingdom dem-

onstrate two seasonal peaks for cryptosporidiosis based on

species genotype (McLauchlin et al., 2000; Sopwith et al.,

2005), the seasonal pattern in the low cattle/low human

density (II) category is driven by the large spring outbreak

in 1993 (Fig. 3). Upon further investigation, these counts

are all from Milwaukee County, which experienced a large

outbreak of cryptosporidiosis in March 1993 (Morris et al.,

1998; Naumova et al., 2003). This outbreak is clearly seen

in the time series for the low cattle/high human density

category (II) for the outcome of all protozoa (Fig. 6). For

giardiasis, higher rates and significant seasonal patterns

were seen in areas with low cattle/low human density (I).

For all protozoa, counties with low human population

density (regardless of cattle density) had the highest rate of

hospitalization and a significant seasonal pattern was only

seen in the low cattle/low human density (I) category

peaking during the third week of August.

This analysis demonstrates that seasonal patterns do

vary based on overall cattle density. However, the analysis

WEEKLY 

RATE PEAK ESTIMATE  95% CI  

CATEGORY AND SEASONAL PATTERN

(TIME SERIES OF WEEKLY RATE PER 10,000,000 ELDERLY)
(MEAN

± STD) WEEKS (P-VALUE)

RELATIVE 

INTENSIT

Y
      

0 – LIMITED EXPOSURE 

0.24 ± 
1.11 

42.34 
~ 2nd week of October 

41.59, 43.09 
(0.091) 

1.60 

I – LOW CATTLE /LOW HUMAN DENSITY

0.28 ± 
1.06 

16.08* 
~ 2nd week of April 

15.94, 16.21 
(< 0.0001) 

2.57 

II – LOW CATTLE /HIGH HUMAN DENSITY

0.216 ± 
0.404 

17.63* 
~ 4th week of April 

17.00, 18.25 
(0.064) 

1.70 

III – HIGH CATTLE /LOW HUMAN DENSITY

0.40 ± 
1.57 

22.88* 
~ 4th week of May 

22.77, 22.98 
(< 0.0001) 

2.09 

IV – HIGH CATTLE /HIGH HUMAN DENSITY

0.22 ± 
0.54 

16.10 
~ 2nd week of April 

15.12, 17.07 
(0.202) 

1.49 

Figure 5. Average weekly rate (per 10,000,000 elderly) and seasonal

pattern for other protozoa reported by CMS (ICD 007.8, 007.9)

during a 14 year-period (1991–2004) by exposure categories based

on cattle and human density. Seasonal parameters that are significant

(P < 0.05) are denoted with an asterisk (*).
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cannot differentiate between the types of cattle production,

such as dairy and beef, which utilize different manure

management practices and may therefore lead to differing

seasonal patterns. Our ability to detect differences relating

to beef or dairy cattle is limited by the relatively low

number of protozoan diseases reported in the CMS dataset.

Variation in seasonal patterns based on type of cattle

production can be assessed in a future study using local

surveillance data or site specific data which can provide the

needed power and sufficient level of detail.

This study uses secondary data sources, such as the

Centers for Medical Services and Census of Agriculture, to

assess relationships between human health and livestock.

These secondary data repositories are particularly useful for

better understanding the spatiotemporal pattern of diseases

on a national scale, especially for diseases with zoonotic

transmission and a strong environmental link. Although

these data are not collected specifically for public health

analyses, their importance should not be underestimated.

These large databases are not collected specifically for

public health investigations and, therefore, do not contain

detailed information on pathogen genotype or patient’s

exposure or route of transmission. However, hospitaliza-

tion records are collected uniformly and comprehensively

on a national scale and provide a general understanding of

magnitude and complexity of the examined relationship. In

the United States, diarrheal diseases with zoonotic poten-

tial, such as cryptosporidiosis and giardiasis, are rarely

WEEKLY 

RATE PEAK ESTIMATE  95% CI  

CATEGORY AND SEASONAL PATTERN

(TIME SERIES OF WEEKLY RATE PER 10,000,000 ELDERLY)
(MEAN

± STD) WEEKS (P-VALUE)
RELATIVE 

INTENSITY
      

0 – LIMITED EXPOSURE 

1.49 ± 
2.68 

32.20 
~ 1st week of August 

30.72, 33.68 
(0.794) 

1.06 

I – LOW CATTLE /LOW HUMAN DENSITY

4.28 ± 
4.40 

34.44* 
~ 3rd week of August 

34.33, 34.54 
(0.002) 

1.20 

II – LOW CATTLE /HIGH HUMAN DENSITY

2.32 ± 
1.54 

15.01 
~ 1st week of April 

14.85, 15.17 
(0.097) 

1.16 

III – HIGH CATTLE /LOW HUMAN DENSITY

4.43 ± 
5.03 

28.56 
~ 1st week of July 

28.17, 28.95 
(0.169) 

1.10 

IV – HIGH CATTLE /HIGH HUMAN DENSITY

2.81 ± 
1.84 

26.33 
~ 3rd week of June 

25.73, 26.93 
(0.674) 

1.06 

Milwaukee outbreak 

Figure 6. Average weekly rate (per 10,000,000 elderly) and seasonal

pattern for all protozoa reported by CMS (ICD 007.1, 007.2, 007.4,

007.8, 007.9) during a 14 year-period (1991–2004) by exposure

categories based on cattle and human density. Seasonal parameters

that are significant (P < 0.05) are denoted with an asterisk.
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Table 1. Descriptive statistics for counties based on exposure classification

Exposure category N Mean** Standard

deviation

Minimum Maximum

Population density 0: Limited exposure 32 3009.63 5670.47 1.14 26043.96

I: Low cattle/low human density 681 9.64a 5.85 0.29 20.68

II: Low cattle/high human density 680 149.10b 235.21 20.75 2151.39

III: High cattle/low human density 681 8.12a 4.50 0.40 16.30

IV: High cattle/high human density 681 58.28a,b 66.91 16.34 753.93

Total: all counties 2755 90.56 692.90 0.29 26043.96

Density of elderly

population

0: Limited exposure 32 850.83 1489.94 0.60 6689.89

I: Low cattle/low human density 681 3.84a 2.45 0.11 17.16

II: Low cattle/high human density 680 47.57b 79.27 3.27 715.41

III: High cattle/low human density 681 3.78a 1.75 0.25 11.56

IV: High cattle/high human density 681 19.04a,b 20.50 3.55 176.93

Total: all counties 2755 28.21 186.85 0.11 6689.89

Percent elderly 0: Limited exposure 32 14a,b,c,d 4 9 23

I: Low cattle/low human density 681 15a,b 4 3 28

II: Low cattle/high human density 680 13a,c,d 3 4 32

III: High cattle/low human density 681 17 4 6 34

IV: High cattle/high human density 681 13a,c,d 3 5 35

Total: all counties 2755 15 4 3 35

Median household income 0: Limited exposure 32 41193a,c 14522 18546 78993

I: Low cattle/low human density 681 31688b 6426 16271 62682

II: Low cattle/high human density 680 41043a 10607 18279 82929

III: High cattle/low human density 681 31725b 4716 16844 47964

IV: High cattle/high human density 681 37977a,c 8169 16504 80648

Total: all counties 2755 35671 8879 16271 82929

Average household size 0: Limited exposure 32 2.48a,b,c,d,e 0.23 1.99 2.92

I: Low cattle/low human density 681 2.52a,b 0.19 2.12 3.54

II: Low cattle/high human density 680 2.55a,c,e 0.17 2.14 3.66

III: High cattle/low human density 681 2.50a,b,d 0.16 2.14 3.29

IV: High cattle/high human density 681 2.56a,c,e 0.16 2.13 3.62

Total: all counties 2755 2.53 0.17 1.99 3.66

Cattle per 10 sq. miles 0: Limited exposure 32 0.00a 0.00 0.00 0.00

I: Low cattle/low human density 681 126.80a 79.77 0.50 283.27

II: Low cattle/high human density 680 130.63a 82.33 0.15 282.36

III: High cattle/low human density 681 822.64 614.70 283.61 4654.17

IV: High cattle/high human density 681 648.24 372.58 283.97 2813.75

Total: all counties 2755 427.17 477.19 0.00 4654.17

Cattle per farm* 0: Limited exposure 15 0.00a,b,c,d 0.00 0.00 0.00

I: Low cattle/low human density 681 81.69a,b,d 71.99 8.00 564.01

II: Low cattle/high human density 680 44.15a,c 48.51 1.00 972.56

III: High cattle/low human density 681 172.49 331.31 26.27 6533.77

IV: High cattle/high human density 681 76.76a,b,d 72.95 23.60 954.53

Total: all counties 2738 93.28 181.04 0.00 6 533.77

*Number of counties for this variable reflects missing data from the U.S. Census of Agriculture for the number of farms per county.

**Proportions that share the same superscript letter (e.g., a,b) are not significantly different (P > 0.05) from each other with each outcome.
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tested for, particularly in the elderly population. When

protozoan pathogens are tested for and found, the data are

typically aggregated at a coarse spatial level (i.e., by state)

and temporal levels (i.e., by month). These factors make a

detailed analysis at fine temporal and spatial scales (i.e., by

week and by county) difficult.

The analysis undertaken in this paper demonstrated

that a future, more detailed national level evaluation of the

effects of livestock on human health will be complex and

should ideally incorporate a number of factors. Pathogen

transmission can be affected by climatic conditions and

extreme meteorological events (Naumova et al., 2005; Jagai

et al., 2007; Jagai et al., 2009); therefore, it would be

valuable to explore such effects on the detected associa-

tions. The probability of exposure to pathogen of interest

and the dominant routes of transmissions may be better

described by measures other than those we have used and

those measures, as well as adequate adjustments for marked

differences in county size and adjacency, need to be

examined Furthermore, the designed exposure categories,

as demonstrated in Table 1, varied by socioeconomic sta-

tus, age of infrastructure, and other factors that can

potentially affect health care and access to healthcare; these

factors should be assessed on a more refined spatial scale.

In estimating annual and weekly disease rates, we ap-

plied a standard approach of using a single constant for

county-specific population as a denominator. Whereas the

population estimate was centered at the midpoint for the

study time period, such estimation can be further improved

by using county-specific annual elderly population data.

Table 2. Average annual rate (per 10,000 elderly) for each outcome as reported by CMS by exposure classification category

Exposure category N No. counties

w/o cases

% counties

w/o cases*

Counts Mean rate Standard

deviation

of rate

Cryptosporidiosis

(ICD 007.2, 007.4)

0: Limited exposure 32 19 59.38a 42 0.07� 0.11

I: Low cattle/low human density 681 647 95.01b 41 0.10� 0.54

II: Low cattle/high human density 680 530 77.94a 406 0.14� 0.45

III: High cattle/low human density 681 644 94.57b 48 0.18� 0.86

IV: High cattle/high human density 681 561 82.38a,** 188 0.21� 0.77

Total: all counties 2755 2401 87.15 725 0.16 0.67

Giardiasis (ICD 007.1) 0: Limited exposure 32 10 31.25a,c,** 157 0.86 1.44

I: Low cattle/low human density 681 366 53.74a,b 671 2.09 4.25

II: Low cattle/high human density 680 186 27.35c 2518 1.28 1.63

III: High cattle/low human density 681 398 58.44b 515 2.09 3.74

IV: High cattle/high human density 681 222 32.60c 1332 1.43 1.86

Total: all counties 2755 1182 42.90 5193 1.71 3.09

Other protozoa

(ICD 007.8, 007.9)

0: Limited exposure 32 17 53.13a 38 0.21 0.48

I: Low cattle/low human density 681 638 93.69b 50 0.15 0.75

II: Low cattle/high human density 680 531 78.09a 298 0.11 0.32

III: High cattle/low human density 681 636 93.39b 55 0.22 0.95

IV: High cattle/high human density 681 584 85.76** 131 0.15 0.61

Total: all counties 2755 2406 87.33 572 0.16 0.69

All protozoa

(ICD 007.1, 007.2,

007.4, 007.8, 007.9)

0: Limited exposure 32 10 31.25a,b,** 210 1.09 1.67

I: Low cattle/low human density 681 344 50.51a 751 2.31 4.36

II: Low cattle/high human density 680 162 23.82b 2982 1.48 1.71

III: High cattle/low human density 681 362 53.16a 609 2.45 4.04

IV: High cattle/high human density 681 186 27.31b 1599 1.74 2.15

Total: all counties 2755 1064 38.62 6151 1.99 3.28

* Proportions sharing the same superscript (e.g., a, b) are not significantly different (p > 0.05) from each other with each outcome. Proportion of counties

with no cases of the outcome in each category was compared using the Marascuillo Procedure.

** Proportions are not significantly (p > 0.05) different from the national average for each outcome.
�A significant (P < 0.05) trend in rate with increasing cattle and human density.
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Our investigation on the accuracy of rate estimation using

Census data and Medicare Denominator Files has dem-

onstrated that these two denominators produce very sim-

ilar results (Cohen et al., 2008) and it is unlikely that our

approach introduced a systematic bias. Obviously, a com-

parison of disease trends in rural and urban environments,

especially in vulnerable populations, requires attention to

the accurate estimation of population at risk with the most

appropriate information.

Data for cattle inventory were gathered from the 2002

U.S. Census of Agriculture (USDA, 2007a). Although this is

a comprehensive data source for livestock in the United

States, it has several complex aspects that limit this analysis.

The Census is conducted every 5 years at the end of the

calendar year and farmers are asked to report their current

inventory (USDA, 2007a). Therefore, data collected are

inventory of cattle on the farm at the time of survey and

may not be representative of the annual production and

seasonal variation. For example, there may be seasonal

variations in the number and type of cattle on a farm that

are not accounted for in this year-end inventory. The

density of cattle, and therefore, manure and waste on the

land, is the primary concern when assessing public health

risk, and the Census data do not provide this directly. The

Census of Agriculture also censors counties with only one

farm for a particular type of livestock for privacy purposes

(USDA, 2007a; Sneeringer, 2009). If a county has only one

farm of a certain type, it is possible that it is a large farm

and may pose an increased threat to human health with

increased waste to manage. For cattle production only 32

counties did not report any cattle, therefore, censoring may

not be an issue. However, the map of cattle density by

county demonstrates that some of the counties that do not

report cattle neighbor counties with high density of cattle

(Fig. 1). Therefore, it is possible that these counties actually

have no cattle production or they may have one farm for

which the data are censored.

The average size of livestock farms has grown consis-

tently in the past 50 years as the industry has consolidated

into fewer farms while producing the same number of

animals (Sneeringer, 2009). This has lead to livestock

production being one of the primary polluters of rivers and

streams and sources of agricultural runoff (Burkholder

et al., 2007; EPA, 2009), which is a cause for concern for the

surrounding area. To address these concerns, the Envi-

ronmental Protection Agency revised the Clean Water Act,

permitting requirements and effluent limitations for CA-

FOs in 2003 because they were considered point source

polluters. However, in response to the decision in the case

of Waterkeeper Alliance et al. v EPA, the EPA has changed

these requirements (EPA, 2008). Under the new rule only

those CAFO facilities that discharge or propose to dis-

charge waste are required to apply for National Pollutant

Discharge Elimination System (NPDES) permits. Assess-

ment of discharge is determined by the owner or operator

of the CAFO, with no independent assessment of the po-

tential for environmental contamination through the dis-

charge of waste. Permitted CAFOs that apply for NPDES

permits are required to present Nutrient Management

Plans with their applications (EPA, 2008). The changes in

the CAFO rule apply only to designated CAFO facilities,

which are determined based on a minimum threshold of

the number of animals on the farm, and not to those

facilities with livestock numbers just below the threshold

(Burkholder et al., 2007; Thorne, 2007). It can be argued

that facilities just below the threshold can pose the same

risk to the surrounding community and are not required to

adhere to Nutrient Management Plans. The changes to the

CAFO rule took effect in December 2008, and it remains to

be seen whether they will have an impact on the public

health of surrounding communities.

This study demonstrates that the density of cattle is a

risk factor for protozoan infections, particularly crypto-

sporidiosis, in the U.S. elderly. Overall, rural communities

are at a greater risk for protozoan infections, regardless of

cattle density. The strong seasonal patterns and higher

annual rates seen in rural areas also suggest a strong effect

of environmental exposure. The areas of low population

density are, by definition, rural and tend to use self-sup-

plied water sources or public water sources with older water

treatment infrastructure that communities find difficult

and costly to maintain (USDA, 2007b). Therefore, counties

with small populations may not offer the same degree of

protection in their water treatment as more densely pop-

ulated areas. The seasonal nature of livestock production

also may affect the seasonal patterns seen in outcome rates.

This association may be driven by the time varying seasonal

parameters of water quality, such as snow melt and runoff

due to precipitation. The fact that we demonstrated well-

defined seasonal patterns in certain exposure categories and

not in all is suggestive of time-variant environmental

contamination. This provides the basis for further investi-

gation on patterns of environmental contamination,

infrastructure, and human exposure. Our findings offer

insight about the potential impact of climate change, which

may result in more variable precipitation and increased
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flooding leading to increased runoff and pathogens in soil

and water, on gastrointestinal infections.
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