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  ABSTRACT 

  Objectives of this study were to identify the man-
ageable risk factors associated with the lactational 
incidence, elimination, and prevalence of coagulase-
negative staphylococci (CNS) intramammary infec-
tions (IMI) while taking into account the difficulties 
inherent to their diagnosis. A second objective was 
to evaluate the effect of CNS IMI misclassification in 
mastitis research. A cohort of 90 Canadian dairy herds 
was followed throughout 2007 to 2008. In each herd, 
series of quarter milk samples were collected from a 
subsample of cows and bacteriological culture was per-
formed to identify prevalent, incident, and eliminated 
CNS IMI. Practices used on farms were captured us-
ing direct observations and a validated questionnaire. 
The relationships between herd CNS IMI prevalence 
and herd incidence and elimination rates were explored 
using linear regression. Manageable risk factors asso-
ciated with the prevalence, incidence, or elimination 
of CNS IMI were identified via Bayesian analyses 
using a latent class model approach, allowing adjust-
ment of the estimates for the imperfect sensitivity and 
specificity of bacteriological culture. After adjustment 
for the diagnostic test limitations, a mean CNS IMI 
quarter prevalence of 42.7% [95% confidence interval 
(CI): 34.7, 50.1] and incidence and elimination rates 
of 0.29 new IMI/quarter-month (95% CI: 0.21, 0.37) 
and 0.79 eliminated IMI/quarter-month (95% CI: 0.66, 
0.91), respectively, were observed. Considerable biases 
of the estimates were observed when CNS IMI misclas-
sification was ignored. These biases were important for 
measures of association with risk factors, were almost 
always toward the null value, and led to both type I 

and type II errors. Coagulase-negative staphylococci 
IMI incidence appeared to be a stronger determinant 
of herd IMI prevalence than IMI elimination rate. The 
majority of herds followed were already using blanket 
dry cow treatment and postmilking teat disinfection. 
A holistic approach considering associations with all 
3 outcomes was used to interpret associations between 
manageable risk factors and CNS IMI. Sand and wood-
based product bedding showed desirable associations 
with CNS IMI compared with straw bedding. Quarters 
of cows that had access to pasture during the sampling 
period had lower odds of acquiring a new CNS IMI and 
of having a prevalent CNS IMI. Many practices showed 
an association with only one of the CNS outcomes and 
should, therefore, be considered with caution. 
  Key words:    dairy cow ,  mastitis ,  coagulase-negative 
staphylococci ,  misclassification 

INTRODUCTION

  Historically, CNS IMI have received less attention 
compared with IMI caused by major pathogens such 
as Staphylococcus aureus, streptococci, and coliforms. 
One reason for this is that CNS IMI most often remain 
subclinical and generally lead to only mild to moderate 
SCC elevations compared with IMI caused by major 
mastitis pathogens (Djabri et al., 2002; Sampimon et 
al., 2010; Supré et al., 2011). With the gradually increas-
ing control of IMI caused by major mastitis pathogens, 
however, recognition of the importance of CNS IMI and 
of their potential effect on udder health is rising. In re-
cent studies conducted in different countries, CNS were 
the most common cause of IMI and were described as 
emerging mastitis pathogens (Tenhagen et al., 2006; 
Pyörälä and Taponen, 2009; Sampimon et al., 2009a;). 
In a Dutch study, 10% of the quarters from low-SCC 
cows and 15% of the quarters from high-SCC cows 
had CNS cultured from their milk (Sampimon et al., 
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2009a). Similarly, in Germany, CNS was cultured from 
8 to 11%, depending on parity and stage of lactation, 
of apparently healthy quarters (Tenhagen et al., 2006). 
Results from different studies are difficult to compare, 
though, as different definitions of what constitute a 
CNS IMI are often used. In addition, regardless of the 
CNS IMI definition used, the use of bacteriological cul-
ture to diagnose CNS IMI always produces a substan-
tial level of IMI misclassification (Dohoo et al., 2011). 
In much research, misclassification bias is ignored or 
discussed strictly qualitatively. Nonetheless, relatively 
mild nondifferential misclassification can yield, in some 
situations, a sizeable bias of the estimates of disease 
frequency and of association with exposures (Höfler, 
2005).

Even though each CNS-infected quarter may only 
show a moderate increase in SCC, the often large pro-
portion of infected quarters in a herd can still have an 
important effect on the bulk milk SCC (BMSCC). In a 
large field study in the United States, it was estimated 
that CNS IMI were responsible for 18% of the BMSCC 
in low-BMSCC herds (<200,000 cells/mL), a BMSCC 
contribution substantially larger than those of any of 
the so-called major mastitis pathogens (Schukken et 
al., 2009). These results suggest that, in herds where 
major mastitis pathogens have been controlled, CNS 
IMI are an important obstacle impeding further udder 
health improvement.

Although CNS IMI have been shown to have an effect 
on individual cow SCC and BMSCC, much debate still 
exists on the harmful effect of acquiring a CNS IMI. 
In some studies, cows or heifers with CNS IMI were 
shown to have slightly higher daily milk production 
when compared with uninfected individuals (Compton 
et al., 2007; Schukken et al., 2009; Piepers et al., 2010). 
Milk production losses can be underestimated, however, 
when infected individuals are compared with healthy 
herd mates rather than to their own pre-infection milk 
production (Pyörälä and Taponen, 2009). It is plau-
sible that higher-producing cows or heifers would be 
more at risk of acquiring a CNS IMI than the other 
way around. In a study conducted by Matthews et al. 
(1990) CNS-infected quarters had lower odds of acquir-
ing a Staph. aureus IMI than CNS-free quarters. In an-
other study, however, an increased risk of Staph. aureus 
IMI acquisition was observed in CNS-infected quarters 
(Dufour et al., 2012). It is still unclear whether or not a 
real protective effect of CNS IMI exists against Staph. 
aureus IMI. It is also unclear whether a hypothetical 
beneficial effect resulting from a few potentially averted 
Staph. aureus IMI would compensate for a higher CNS 
prevalence. With the available knowledge on CNS IMI, 
preventing these IMI seems to remain an appropriate 
recommendation.

Preventing new CNS IMI is the key determinant for 
long-term reduction and control of these IMI. Little is 
known, however, about effective strategies for CNS IMI 
prevention. A recent study has investigated risk factors 
associated with CNS IMI prevalence in early lactation 
of dairy heifers (Piepers et al., 2011), whereas another 
examined the risk factors associated with CNS IMI 
herd prevalence (Sampimon et al., 2009b). No studies 
could be found in the literature to have been conducted 
on risk factors associated with the acquisition or the 
elimination of CNS IMI during lactation.

The study presented is a longitudinal cohort study on 
acquisition and elimination of CNS IMI during lacta-
tion on 90 Canadian dairy herds. The main objective 
was to identify manageable risk factors associated with 
the incidence, elimination, and prevalence of these IMI 
while taking into consideration the difficulties inherent 
to the diagnosis of CNS IMI. A secondary objective 
was to evaluate the effect of CNS IMI misclassification 
on estimates of disease frequency and on estimates of 
association with risk factors.

MATERIALS AND METHODS

The herds selected were members of the National Co-
hort of Dairy Farms (NCDF) of the Canadian Bovine 
Mastitis Research Network (CBMRN). A complete 
description of the herd selection process as well as of 
the characteristics of these herds has been published 
previously (Reyher et al., 2011). Briefly, 91 herds were 
recruited in 4 regions of Canada to participate in a 2-yr 
(2007 and 2008) cohort study. Early in 2007, one herd 
refused to pursue participation because of the extent of 
work involved. The study presented in this manuscript 
was carried out with data from the 90 herds that par-
ticipated to the NCDF for at least 1 yr.

During the 2-yr course of the study, management 
practices in place and other important farm conditions 
were measured on multiple occasions using direct ob-
servations and a validated questionnaire (Dufour et al., 
2010). These repeated observations were designed to 
allow the use, in subsequent analyses, of the practices 
and conditions in place at the beginning of each of 4 
different sampling periods rather than merely those 
used at the beginning of the cohort study. Management 
practices under investigation have been described thor-
oughly elsewhere (Dufour et al., 2010, 2012) and could 
be summarized in 8 categories: 1) milking procedures, 
2) milking equipment, 3) stalls and housing, 4) ma-
ternity pens, 5) general management and biosecurity, 
6) nutrition, 7) clinical mastitis, and 8) demographic 
and IMI prevalence. Attitudes, motivations, knowledge, 
and beliefs of dairy producers were also investigated as 
on-farm conditions that could potentially modify the 
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effect of the practices under investigation. Individual 
and herd-level milk production and SCS data, as well 
as herd demographic data were obtained from DHI 
records from 2005 to 2009. A complete description of 
the data-collection process as well as the prevalence of 
use of the selected management practices in the NCDF 
herds can be found in Dufour et al. (2010).

Milk Sampling

At the beginning of each of 4 different sampling 
periods (March–May 2007, June–August 2007, Janu-
ary–March 2008, and June–August 2008), a sample of 
15 apparently healthy lactating cows from each NCDF 
herd was selected. During each sampling period, series 
of 3 milk samples were collected from each quarter of 
the selected cows at intervals of 3 wk by a team of 
trained technicians using a standardized protocol (Rey-
her et al., 2011). Signs of inflammation of the quar-
ter and teat end condition scores (Neijenhuis et al., 
2000) were recorded. Quarters showing signs of clinical 
mastitis were excluded. Cows that were treated for 
conditions other than mastitis were not excluded. Bac-
teriological culture of the milk samples was carried out 
using a protocol based on National Mastitis Council 
guidelines (Hogan et al., 1999). Ten microliters of milk 
was streaked on a Columbia agar +5% sheep blood 
plate and incubated aerobically at 35°C for 24 h. The 
different types of colonies were enumerated (up to 10 
colonies) and speciated after 24 h using recommended 
bacteriologic procedures, then reincubated for another 
24 h. Somatic cell count measurements were obtained 
for each quarter milk sample using the Fossomatic milk 
cell counter (Fossomatic 4000 series; Foss Electric A/S, 
Hillerød, Denmark).

Quarter milk samples for which 3 or more pathogen 
species were cultured were considered contaminated and 
were excluded. A quarter was considered infected with 
CNS whenever bacteriological culture yielded ≥100 
phenotypically identical CNS cfu/mL of milk. This 
threshold was chosen based on the results of Dohoo 
et al. (2011). The same threshold was chosen to define 
IMI due to Staph. aureus, Corynebacterium spp., Strep-
tococcus uberis, Streptococcus agalactiae, Streptococcus 
dysgalactiae, and other streptococci species (presum-
ably, primarily enterococci). Pathogen-specific quarter, 
cow, and herd prevalence of IMI at the first sampling of 
each sampling period were computed for the previously 
mentioned pathogens and investigated as explanatory 
variables.

For each outcome (incidence, elimination, and preva-
lence of CNS IMI) a different data set was constituted. 
To investigate CNS IMI incidence and elimination, sam-
ples from each series were organized in 2 pairs (first and 

second samples, second and third samples) and pairs 
with incomplete results were discarded (i.e., pairs with 
a contaminated sample). Only pairs negative for CNS 
in the first sample of the pair were considered at risk of 
becoming infected and an incident IMI was deemed to 
have occurred if CNS was cultured from the following 
sample. Conversely, only pairs where CNS was cultured 
from the first sample of the pair were considered at risk 
of eliminating an existing CNS IMI, which was deemed 
to have occurred if the following sample was negative. 
Based on these definitions, outcomes for the incidence 
and elimination data sets were, respectively, acquisition 
and elimination of a CNS IMI over a 3-wk period (i.e., 
between milk samples of a pair).

For CNS IMI prevalence, the series of quarter milk 
samples collected during a specific sampling period 
were considered as one single observation. A prevalent 
CNS IMI was deemed to be present if 1 or more of the 
3 samples collected was found to be positive for CNS. 
Series where CNS was never cultured were defined as 
free of CNS IMI. The outcome for the prevalence data 
set was, therefore, the presence of a CNS IMI in any of 
the milk samples of a series. Based on these definitions, 
3 separate data sets specific to each of the 3 outcomes 
of interest (CNS IMI incidence, elimination, and preva-
lence) were generated.

Analyses

First, the 2-yr CNS IMI incidence rate, elimination 
rate, and prevalence were computed for each NCDF 
herd. Next, the relative effect of incidence and elimina-
tion rates on the prevalence of CNS IMI was investi-
gated using a linear regression model with dependent 
variable (the computed 2-yr CNS IMI herd prevalence) 
and explanatory variables (the herd incidence and 
elimination rates).

Screening of Explanatory Variables. Descriptive 
analyses were conducted for each variable in each of 
the 3 data sets to identify distributions and unlikely 
values. In one herd, premilking teat disinfection and 
wearing gloves during milking were only used by half 
of the milkers; observations from this herd for these 
specific variables were, therefore, excluded from sub-
sequent analyses. Only one of the participating herds 
had not implemented postmilking teat disinfection 
(PMTD). This practice was, therefore, not retained as 
an explanatory variable, as its measure of association 
would be perfectly confounded by other characteristics 
specific to this herd. Back-flush of the milking units 
between groups of cows was also used in one herd only 
and was not retained as explanatory variable for the 
same reason. Finally, maternity pen variables were not 
considered in the incidence analyses, as cows were not 



Journal of Dairy Science Vol. 95 No. 6, 2012

3113

exposed to these variables anymore when CNS IMI 
acquisition was measured during the lactation.

Next, for each outcome (acquisition of a CNS IMI 
over a 3-wk period, elimination of an existing CNS 
IMI over a 3-wk period, and presence of a CNS IMI 
in a series of milk samples), unconditional associations 
between explanatory variables and occurrence of the 
outcome were estimated. Explanatory variables at the 
herd, cow, quarter, and pair (of samples) level were 
considered. The correlation structure of the data was a 
hierarchical cross-classified structure. Briefly, although 
2 pairs of observations were available per quarter dur-
ing a sampling period, the definitions used for incident 
and eliminated IMI precluded correlation of observa-
tions per quarter per sampling period. For instance, a 
quarter acquiring an IMI in the first pair (first sample 
of the pair negative and second sample positive) would 
not be considered at risk of acquiring a new IMI for 
the second pair (first sample of the pair is positive); 
thus, pairs of samples collected on a quarter during 
a sampling period could be considered independent 
observations. In the prevalence data set, only one ob-
servation was considered per quarter during a sampling 
period, therefore precluding any quarter correlation 
within a sampling period. For the 3 outcomes, however, 
observations were clustered within cow, and because 
cows could be randomly selected in multiple sampling 
periods, observations from some cows could be cross-
classified by herd and by sampling period. In all 3 data 
sets, however, most of the cows were randomly selected 
for only one sampling period, and only 18, 2, and <1% 
of cows were selected for, respectively, 2, 3, and all 4 
sampling periods. To facilitate the first stages of the 
analyses, unconditional analyses were carried out using 
a hierarchical logistic regression model, which accounted 
only for cow and herd clustering of observations. These 
analyses were performed with the GLIMMIX procedure 
of SAS 9.2 (SAS Institute Inc., Cary, NC) using Laplace 
approximation. For continuous variables, linearity was 
evaluated by visual inspection of the locally weighted 
scatterplot smoothing (lowess) curve of the relationship 
between the continuous variable and the log odds of the 
outcome (Dohoo et al., 2009); variables were catego-
rized whenever the linearity assumption could not be 
met. Variables with P ≤ 0.20 (Wald test) were retained 
as potentially important explanatory variables. Pearson 
and Spearman correlation coefficients were computed 
among the retained variables to identify colinearity is-
sues (ρ < −0.6 or ρ > 0.6).

Rough Models Construction. For each outcome, 
a putative causal diagram based on theoretical back-
ground was developed with the retained variables to 
identify potentially important confounders and effect 
modifiers. A stepwise backward selection strategy was 

then used to construct a rough model for each of the 
3 outcomes using the previously described simplified 
logistic hierarchical model. In these models, only the 
retained variables that could theoretically be modified 
relatively easily (referred to as manageable risk fac-
tors in the remainder of the manuscript) were tested 
for inclusion. Initial quarter, cow, or herd prevalence 
of IMI by pathogens other than CNS were strictly 
considered in these models as potential confounders 
or effect modifiers. Initial quarter SCC measurements 
were treated likewise. A relatively liberal P-value of 
0.10 was chosen as the inclusion criterion so variables 
that might have been significantly associated with the 
true outcome (the true unmeasured CNS IMI status) 
would not be excluded because of the inability to cor-
rectly and precisely measure this outcome using routine 
bacteriological culture. During the selection process, 
variables identified as potential confounders in the 
putative causal diagram were included in the model 
whenever one of the confounded variables was present. 
For each management practices included in the model, 
a maximum of 3 logically plausible effect modifiers were 
then tested. These effect modifiers were included in the 
model if a Wald test conducted on the cross-product 
terms yielded a P-value lower than 0.05/n, where n was 
the total number of effect modifiers tested in the model 
(Bonferroni adjustment for multiple comparisons).

Misclassification Adjustment of the Models. 
Estimates from these 3 rough models were then re-
vised to take into account the cross-classified part of 
the structure and to correct for the likely CNS IMI 
status misclassification due to the imperfect sensitiv-
ity (Se) and specificity (Sp) of bacteriological culture. 
For this last step, a Bayesian approach using a latent 
class model similar to the one described by McInturff 
et al. (2004) was used. A latent class model relates an 
observed variable to a latent unmeasured variable; in 
the current study, the IMI status measured using milk 
bacteriological culture needed to be related to the true 
but unmeasured quarter IMI status. With the proposed 
approach, prior distributions for the Se and Sp of the 
test used to measure the outcome can be used to relate 
the latent and observed variables. In the current study, 
estimates of Se and Sp of bacteriological culture for an 
IMI definition based on isolation of ≥100 CNS cfu/
mL, and obtained using NCDF bacteriological isolates 
(Dohoo et al., 2011) were used to generate prior distri-
butions for CNS IMI misclassification parameters. In 
this latent class model, misclassification of IMI status 
was deemed to be independent of the other variables 
in the model (nondifferential misclassification). For 
instance, misclassification of the CNS IMI status of a 
quarter milk sample was deemed to be independent of 
the management practices used on the farms.
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The effect of misclassification of exposures has been 
well described by Gustafson (2004) and, in some situ-
ations, will also lead to an important and sometimes 
unpredictable bias of the estimate of association and 
of its standard error. A validation study was, there-
fore, conducted with the NCDF participants to obtain 
Se and Sp estimates of the exposure measurements 
obtained using a questionnaire compared with direct 
observations (Dufour et al., 2010). For some exposures 
that could not directly be observed, estimates of re-
peatability rather than Se and Sp were available; in this 
situation, the method proposed by Lash et al. (2007) 
was used to generate Se and Sp estimates. Sensitiv-
ity and Sp estimates of the explanatory variables were 
inspected, and these variables were further categorized 
when needed to restrict the magnitude of the potential 
misclassification bias. This bias was minimized by en-
suring that moderately observed exposures (30–70%) 
used in the analyses had both Se and Sp estimates 
≥0.90, that uncommonly observed exposures (≤30%) 
had Sp estimates ≥0.95, and, finally, that commonly 
observed exposures (≥70%) had Se estimates ≥0.95. 
These values were chosen based on results from Höfler 
(2005) to restrict the analyses to situations where the 
magnitude of exposure misclassification bias was likely 
to be small.

During this last phase of analyses, the complete 
cross-classified hierarchical structure of the data was 
taken into account. The informative prior distributions 
specified for the misclassification parameters (Se and 
Sp) are described in Table 1. Briefly, unimodal β distri-
butions centered on the Se and Sp estimates obtained 
using NCDF isolates and reported in Dohoo et al. 

(2011) were chosen for Se and Sp. Furthermore, these 
distributions were truncated at values of more and less 
than 5 percentage points around the reported estimate. 
This latter restriction was implemented to avoid less-
probable and sometimes inappropriate Se and Sp com-
binations and, therefore, improve convergence of the 
Markov chain Monte Carlo chains. In addition, for the 
IMI prevalence analysis, different Se and Sp prior dis-
tributions were used for series where 1 (n = 1,439), 2 (n 
= 4,852), or 3 (n = 13,551) culture results were avail-
able to account for the increasing Se and decreasing Sp 
resulting from the parallel interpretation of multiple 
diagnostic tests (Dohoo et al., 2009). Noninformative 
prior distributions were used for the risk factors and 
random effects parameters. To evaluate the effect of 
using traditional analyses where IMI misclassification 
is usually ignored, the 3 models were also run with Se 
and Sp of exactly 100%.

Finally, traditional and misclassification-adjusted es-
timates of the mean CNS IMI prevalence and incidence 
and elimination rates were obtained using the same ap-
proach. To achieve this, a model with only an intercept 
(β0) and random effects was used for each outcome us-
ing first Se and Sp estimates of exactly 100% and then 
the Se and Sp estimates presented in Table 1. Mean 
estimates of prevalence, incidence rate, and elimination 
rate were then obtained by transformation of their re-
spective intercepts using the following formula (Dohoo 
et al., 2009):

 P =
+ −( )
1

1 0e β
, [1]

Table 1. Prior distributions used in the latent class model for bacteriological culture sensitivity (Se) and 
specificity (Sp) 

Analysis Param.1 Distribution (CI) Mean2

Limit3

Lower Upper

Incidence and elimination Se β(165, 39.0) 0.81 0.76 0.86
Sp β(145, 22.5) 0.87 0.82 0.92

Prevalence
 Series with 1 culture result Se β(165, 39.0) 0.81 0.76 0.86

Sp β(145, 22.5) 0.87 0.82 0.92
 Series with 2 results4 Se β(92, 4.0) 0.96 0.91 1.00

Sp β(174, 55.5) 0.76 0.71 0.81
 Series with 3 results4 Se β(68, 1.5) 0.98 0.93 1.00

Sp β(172, 89.0) 0.66 0.61 0.71
1Parameter estimated.
2All distributions were centered on the parameter estimate obtained using Canadian Bovine Mastitis Research 
Network (CBMRN) isolates and reported in Dohoo et al. (2011).
3Lower and upper truncations of the distributions were implemented to avoid selection of less-probable and 
sometimes inappropriate Se and Sp combinations and improve Markov chain Monte Carlo convergence. Lower 
and upper limits correspond to the parameter estimate reported in Dohoo et al. (2011) ± 5 percentage points.
4Whenever CNS IMI status was determined using 2 or 3 bacteriological culture results interpreted in parallel, 
the Se and Sp estimates reported in Dohoo et al. (2011) were adjusted accordingly.
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where e is Euler’s number (the base of the natural 
logarithm). Incidence and elimination rates were then 
converted to number of events per quarter-month.

Inferences presented were obtained using WinBUGS 
1.4.3 (MRC Biostatistics Unit, Cambridge, UK). These 
were based on Markov chain Monte Carlo samples of 
size 75,000 composed of 3 different chains with differ-
ent starting values. Visual inspection of the trajectories 
and of the evolution of the Gelman-Rubin statistic were 
used to monitor the convergence of the chains (Ntzou-
fras, 2009). Plots of the chain autocorrelation were 
inspected and thinning of the chains was used when 
appropriate. The WinBUGS code is available from the 
main author upon request. No further attempts were 
made to prune off the models from the variables that 
were not statistically significant after the misclassifica-
tion adjustment was conducted. In the revised models, 
explanatory variables with 95% credibility interval not 
containing the null value (1.0) were considered statisti-
cally significant.

RESULTS

On average, 85 cows (range 32 to 326) were milked in 
herds selected in this study and had a mean 305-d milk 
production of 9,781 kg of milk (range 7,734 to 12,377 
kg). A complete description of the NCDF herds can be 
found in Reyher et al. (2011). Over the 2-yr course of 
the study, 59,167 quarter milk samples were collected; 
67 samples were lost or damaged before bacteriological 
culture could be realized, 159 samples were excluded 
because signs of clinical mastitis (mastitis score >0) 
were observed, and 7,145 samples were excluded be-
cause 3 or more pathogen species were cultured.

CNS IMI Prevalence, Incidence, and Elimination

The nonadjusted herd CNS IMI quarter prevalence 
and incidence and elimination rates were all normally 
distributed with respective medians (25th and 75th 
percentiles) of 58.8% (47.2, 67.3), 0.36 new CNS IMI/
quarter-month (0.28, 0.49), and 0.76 eliminated CNS 
IMI/quarter-month (0.67, 0.86). Both herd CNS IMI 
incidence and elimination rates were significant (P ≤ 
0.05) predictors of the herd prevalence. Scatter plots 
of the relationships between herd prevalence and inci-
dence and elimination rates are displayed in Figure 1. 
The herd incidence rate had a greater effect on the herd 
prevalence than the elimination rate. An increase in the 
herd incidence rate by its interquartile range (0.21 new 
IMI/quarter-month) was associated with an increase 
in the herd prevalence of 16.5 percentage-points. An 
equivalent decrease of the herd elimination rate by 
its interquartile range (0.19 eliminated IMI/infected 

quarter-month) was associated with an increase in the 
herd prevalence of only 2.3 percentage points.

Risk Factors

CNS IMI Incidence. The incidence data set was 
composed of 20,354 pairs of milk samples at risk of 
becoming infected. These pairs were obtained from 
11,221 quarters belonging to 3,707 cows. A new CNS 
IMI was identified in 5,009 of these pairs. When cor-
recting for misclassification due to imperfect Se and 
Sp of bacteriological culture, a CNS IMI incidence of 
0.29 new IMI/quarter-month (95% CI: 0.21, 0.37) was 
observed. In comparison, an incidence rate of 0.36 new 
IMI/quarter-month (95% CI: 0.32, 0.40) was estimated 

Figure 1. Scatter plots of the herd CNS IMI prevalence against 
herd IMI incidence and elimination rates.
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when misclassification was ignored. The direct conse-
quences from the imperfect Se and Sp of bacteriological 
culture coupled with the observed prevalence of CNS 
IMI were, therefore, a substantial overestimation of 
the true CNS IMI incidence rate and an overly narrow 
confidence interval.

Conditional estimates of associations between man-
ageable risk factors and odds of CNS IMI acquisition are 
presented in Table 2. Quarters of cows that had access 
to pasture during the sampling period had lower odds 
of acquiring a new CNS IMI compared with quarters 
of cows that were confined inside. The type of bedding 
used in lactating cows’ stalls or pens was significantly 
associated with CNS IMI acquisition; use of sand or 
wood-based product bedding was associated with lower 
odds of acquiring a CNS IMI compared with straw bed-
ding. Lower odds of CNS acquisition were observed in 
herds where milkers received a bonus for milk quality.

For the incidence risk factors analysis, ignoring CNS 
IMI misclassification resulted in a bias toward the null 
value for all of the computed measures of association. 
In addition, IMI misclassification lead to narrower in-
terval estimates for these measures. For this analysis, 
however, ignoring IMI misclassification did not result 
in any type I (association wrongfully identified as sta-

tistically significant) or type II (association wrongfully 
identified as insignificant) errors.

CNS IMI Elimination. The elimination data 
set comprised 10,054 pairs of milk samples at risk of 
eliminating a CNS IMI. These pairs of samples were 
obtained from 7,132 different quarters from 3,304 cows. 
An elimination of the existing CNS IMI was observed 
in 5,121 of these pairs. When correcting for imperfect 
Se and Sp of the bacteriological culture, an estimate of 
0.79 eliminated IMI/infected quarter-month (95% CI: 
0.66, 0.91) was observed. When misclassification was 
ignored, an estimate of 0.80 eliminated IMI/infected 
quarter-month (95% CI: 0.75, 0.86) was obtained. 
Coagulase-negative staphylococci IMI elimination rate 
was, therefore, only slightly overestimated when IMI 
misclassification was present. The width of the asso-
ciated 95% confidence interval was, however, grossly 
underestimated.

Results from the final model on risk factors associ-
ated with CNS IMI elimination are reported in Table 
3. Briefly, the use of sand bedding was associated with 
higher odds of IMI elimination. Higher odds of IMI 
elimination was also seen for quarters of cows with very 
dirty lower legs. Lower odds of CNS IMI elimination 
were seen when straw was used as bedding in maternity 

Table 2. Final multivariable cross-classified hierarchical model of the relationship between manageable risk 
factors and odds of acquisition of new CNS IMI without and with adjustment for outcome misclassification 

Independent variable

Nonadjusted estimate
Misclassification- 
adjusted estimate

OR1

OR percentile

OR1

OR percentile

2.5th 97.5th 2.5th 97.5th

Housing type2

 Tie-stall Ref3 Ref Ref Ref Ref Ref
 Freestall 0.97 0.75 1.3 0.91 0.54 1.5
 Bedded pack barn 0.72 0.46 1.1 0.51 0.18 1.3
Outside access
 No outside access Ref Ref Ref Ref Ref Ref
 Access to exercise yard 0.92 0.63 1.4 0.81 0.40 1.6
 Access to pasture 0.71* 0.61 0.81 0.52* 0.38 0.70
Type of bedding
 Straw Ref Ref Ref Ref Ref Ref
 Sand 0.51* 0.33 0.78 0.27* 0.10 0.64
 Wood products 0.73* 0.57 0.94 0.55* 0.31 0.90
 Hay 1.0 0.58 1.8 1.0 0.36 3.0
 Wood and straw 0.90 0.72 1.1 0.84 0.55 1.3
Milkers receive bonus for milk quality 0.59* 0.36 0.96 0.33* 0.11 0.91
% of clinical mastitis (CM) cases treated
 <50% Ref Ref Ref Ref Ref Ref
 50 to 90% 0.88 0.66 1.2 0.76 0.43 1.3
 ≥90% 1.3 0.98 1.6 1.6 0.98 2.7
1Median odds ratio (OR) estimate.
2Variable kept in the model as confounding variable.
3Ref = reference.
*Odds ratio was statistically significant (95% credibility interval, not including the null value).
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pens and when new bedding was added fewer than 1 
time per day in these pens. Lower odds of IMI elimina-
tion was also seen in herds where milk conductivity was 
measured during milking. Finally, higher odds of CNS 
IMI elimination was seen in herds where cows had been 
purchased in the preceding 6 mo.

Like the incidence analysis, ignoring misclassification 
lead to bias of the odds ratio toward the null value and 
to narrower confidence intervals. In addition, a type II 
error was made (lower leg cleanliness score) when CNS 
IMI misclassification was ignored.

CNS IMI Prevalence. The prevalence data set 
contained 19,842 series of quarter milk samples. These 
series of samples were obtained from 15,771 different 
quarters from 3,998 cows. A total of 11,603 CNS-posi-
tive series were observed. Of these, 7,054 series (60.8%) 
had 1 CNS-positive sample, 3,183 (27.4%) had 2 posi-
tive samples, and for 1,366 series (11.8%), all 3 samples 
were positive for CNS. After adjusting for IMI misclas-
sification, the true CNS IMI prevalence was estimated 
to be 42.7% (95% CI: 34.7, 50.1%). When IMI misclas-
sification was ignored, a prevalence of 60.8% (95% CI: 

Table 3. Final multivariable cross-classified hierarchical model of the relationship between manageable risk 
factors and odds of elimination of CNS IMI without and with adjustment for outcome misclassification 

Independent variable

Nonadjusted estimate
Misclassification- 
adjusted estimate

OR1

OR percentile

OR1

OR percentile

2.5th 97.5th 2.5th 97.5th

Housing type2

 Tie-stall Ref3 Ref Ref Ref Ref Ref
 Freestall 1.2 0.94 1.6 1.9 0.80 4.4
 Bedded pack barn 1.2 0.79 2.0 2.0 0.51 8.6
Type of bedding
 Straw Ref Ref Ref Ref Ref Ref
 Sand 1.7* 1.1 2.5 4.9* 1.4 21.0
 Wood products 1.1 0.92 1.4 1.6 0.79 3.2
 Hay 0.91 0.62 1.3 0.67 0.18 2.3
 Wood and straw 1.5* 1.2 1.8 3.3* 1.7 7.9
Lower leg cleanliness score
 Very clean Ref Ref Ref Ref Ref Ref
 Clean 0.90 0.73 1.1 0.82 0.42 1.6
 Dirty 1.1 0.90 1.4 1.7 0.83 3.6
 Very dirty 1.4 1.0 1.8 2.9* 1.2 8.1
Distance from neck rail to curb
 <1.7 m Ref Ref Ref Ref Ref Ref
 1.7 to 1.8 m 1.2 0.94 1.5 1.8 0.83 4.3
 1.8 to 1.9 m 0.93 0.65 1.3 0.76 0.23 2.4
 >1.9m 0.91 0.69 1.2 0.74 0.30 1.8
Type of bedding in maternity pens (MP)
 Wood products Ref Ref Ref Ref Ref Ref
 Straw 0.59* 0.45 0.76 0.20* 0.07 0.51
 Hay 0.45 0.11 1.8 0.06 <0.01 6.6
 Wood products and straw 0.65* 0.47 0.90 0.26* 0.08 0.82
Bedding added to MP
 ≥once/d Ref Ref Ref Ref Ref Ref
 once/d to once/mo 0.72* 0.60 0.80 0.37* 0.18 0.69
 <once/mo 0.72 0.45 1.2 0.46 0.09 2.0
 After every calving 0.70* 0.54 0.92 0.34* 0.13 0.81
 As needed 1.7 0.58 5.0 9.4 0.24 >100.0
Measures milk conductivity 0.57* 0.42 0.76 0.16* 0.05 0.41
Ration balanced based on forage analyses 0.63 0.47 1.1 0.32 0.04 1.6
Purchase habits in preceding 6 mo
 Never buys cattle Ref Ref Ref Ref Ref Ref
 Usually buy cattle but not in last 6 mo 0.42 0.17 1.1 0.04 <0.01 1.0
 Purchased only heifers 1.2 0.94 1.5 1.8 0.84 4.0
 Purchased cows 1.3* 1.1 1.5 2.3* 1.4 3.9
1Median OR estimate.
2Variable kept in the model as confounding variable.
3Ref = reference.
*Odds ratio was statistically significant (95% credibility interval, not including the null value).
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57.1, 64.1%) was estimated. Ignoring IMI misclassifica-
tion, therefore, resulted in a gross overestimation of the 
true CNS IMI prevalence and, again, in a too narrow 
95% confidence interval.

Results from the model on the manageable risk fac-
tors for CNS IMI prevalence are reported in Table 4. 
Similar to the incidence model, quarters of cows that 
had access to pasture during the sampling period had 
lower odds of having a prevalent IMI. In herds using 
sand or wood-based product bedding, a lower CNS IMI 
prevalence was observed. Odds of having a CNS IMI 

generally increased, although nonsignificantly, with the 
initial average herd SCS. This increase was constant 
across bedding type with the exception of hay bedding, 
for which a significant and steep decrease of the odds 
of a CNS IMI was seen with increasing average herd 
SCS. Lower odds of a prevalent IMI were seen in herds 
where cows were left in a maternity pen for more than 
a week following calving. Finally, providing a bonus to 
milkers for milk quality and drying teats with paper 
or cloth towels as part of the milking procedures were 
associated with lower CNS IMI prevalence.

Table 4. Final multivariable cross-classified hierarchical model of the relationship between manageable risk factors and odds of a prevalent CNS 
IMI without and with adjustment for outcome misclassification 

Independent variable

Nonadjusted estimate
Misclassification-
adjusted estimate

OR1

OR percentile

OR1

OR percentile

2.5th 97.5th 2.5th 97.5th

Housing type2

 Tie-stall Ref Ref Ref Ref Ref Ref
 Freestall 1.2 0.83 1.7 1.5 0.78 2.9
 Bedded pack barn 0.76 0.41 1.4 0.73 0.23 2.5
Herd mean SCS in preceding 24 mo2 1.1 0.83 1.4 1.3 0.80 2.1
Outside access
 No outside access Ref Ref Ref Ref Ref Ref
 Access to exercise yard 1.3 0.85 1.9 1.5 0.75 3.2
 Access to pasture 0.80* 0.68 0.93 0.71* 0.52 0.97
Type of bedding
 Straw Ref Ref Ref Ref Ref Ref
 Sand 0.58* 0.36 0.96 0.39* 0.16 0.96
 Wood products 0.70* 0.54 0.92 0.48* 0.29 0.79
 Hay 3.9* 1.7 8.7 7.8* 2.0 37.3
 Wood and straw 0.72* 0.56 0.91 0.56* 0.36 0.87
Type of bedding by herd SCS
 Straw by herd SCS Ref Ref Ref Ref Ref Ref
 Sand by herd SCS 0.93 0.49 1.8 0.95 0.25 3.6
 Wood products by herd SCS 1.0 0.76 1.4 1.1 0.65 1.9
 Hay by herd SCS 0.21* 0.11 0.41 0.11* 0.03 0.29
 Wood and straw by herd SCS 0.97 0.69 1.4 0.91 0.48 1.8
Distance from neck rail to curb
 <1.7 m Ref Ref Ref Ref Ref Ref
 1.7 to 1.8 m 0.85 0.58 1.2 0.63 0.30 1.3
 1.8 to 1.9 m 0.69 0.40 1.2 0.43 0.15 1.1
 >1.9 m 1.1 0.73 1.7 0.99 0.43 2.1
Cows left >7 d in maternity pen after calving 0.38* 0.18 0.82 0.12* 0.02 0.57
Milkers receive bonus for milk quality 0.59 0.33 1.0 0.27* 0.08 0.89
Staphylococcus aureus cows milked last or with a specific unit 1.3 0.95 1.8 1.6 0.89 3.3
Teat drying method
 No drying Ref Ref Ref Ref Ref Ref
 Paper towels 0.67* 0.51 0.89 0.51* 0.32 0.85
 Reusable cloth towels 0.63* 0.46 0.86 0.39* 0.21 0.73
Feed TMR 1.3* 1.1 1.7 1.6 1.0 2.6
% of clinical mastitis cases treated
 <50% Ref Ref Ref Ref Ref Ref
 50 to 90% 0.85 0.63 1.1 0.70 0.42 1.2
 ≥90% 1.2 0.88 1.5 1.4 0.85 2.2
Herd SCS at beginning of sampling period 1.2 0.99 1.4 1.3 0.96 1.7
1Median odds ratio (OR) estimate.
2Variable kept in the model as confounding variable.
3Ref = reference.
*Odds ratio was statistically significant (95% credibility interval, not including the null value).
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For the prevalence analysis, ignoring misclassifica-
tion resulted, for almost all measures of association, 
in a bias toward the null value. For one estimate (sand 
bedding and herd SCS interaction term, a continuous 
variable), however, a bias away from the null value was 
observed. All confidence intervals were narrower when 
misclassification was ignored and 1 type I (feed TMR) 
and 1 type II (milkers receive bonus for milk quality) 
error were made.

DISCUSSION

This is the first longitudinal study reporting lacta-
tional incidence and elimination rates of CNS IMI and 
the manageable risk factors associated with acquisition 
and elimination of these in a large sample of herds over 
an extended period of time. An important strength of 
this study was the attempt to account for the imperfect 
Se and Sp of bacteriological culture for identifying CNS 
IMI. A lack of agreement still exists in the scientific 
community on what constitutes a CNS IMI, and efforts 
should, therefore, be made to link the milk bacteriologi-
cal culture results interpreted within a given IMI defini-
tion to the proper quarter IMI status. Using the method 
proposed by McInturff et al. (2004) or simpler methods 
developed for 2 × 2 tables (Lash et al., 2009) would 
certainly improve the comparability across studies. In 
the current study, for instance, CNS IMI was identified 
in 42.7% of apparently healthy mammary quarters. In 
comparison, a quarter prevalence of 42% was observed 
in early lactating heifers in Belgium (Piepers et al., 
2011) but using a CNS IMI definition requiring ≥200 
CNS cfu/mL of milk. In Germany (Tenhagen et al., 
2006) and in the Netherlands (Sampimon et al., 2009a), 
using IMI definitions of ≥1,000 and ≥500 CNS cfu/
mL of milk, respectively, quarter prevalences of 8 to 
11% and 10 to 15% were reported. It is difficult indeed 
to directly compare these results because of the differ-
ent IMI definitions used and the lack of adjustment for 
these imperfect definitions.

In this study, a CNS IMI definition of ≥100 pheno-
typically identical CNS cfu/mL of milk was used. This 
less specific but more sensitive definition was chosen 
to optimize the negative predictive value (NPV) of 
the diagnostic test used to diagnose the outcome, but 
also to initially select quarter at risk of becoming in-
fected. Essentially, a less sensitive IMI definition would 
have lead to the incorrect inclusion of a larger number 
of already infected quarters in the incidence analysis, 
which was deemed to be the most important part of 
this study. For instance, assuming a prevalence of CNS 
IMI of 40%, and using the Se and Sp estimates reported 
in Dohoo et al. (2011), when requiring ≥200 CNS cfu/
mL of milk, 24% of the recruited quarters would actu-

ally be already infected and, thus, wrongly recruited 
(NPV: 76%). This proportion would be decreased to 
13% (NPV: 87%) with a ≥100 CNS cfu/mL of milk 
IMI definition. The ≥100 CNS cfu/mL IMI definition 
was, therefore, chosen to decrease a selection bias that 
could not be handled analytically. Under the same as-
sumptions, using the ≥100 CNS cfu/mL of milk IMI 
definition to diagnose subsequent acquisition of a new 
CNS IMI would, however, result in a higher, but not as 
spectacular, proportion of wrongly identified new IMI 
(20%), when compared with the ≥200 CNS cfu/mL 
IMI definition (12%). This potentially greater misclas-
sification bias could, however, be handled analytically 
with the latent class model used to adjust estimates of 
disease frequency and of association with exposures. In 
fact, when using such analytical treatment of misclas-
sification bias, the choice of a specific IMI definition 
over another should not significantly alter the results, 
as long as well-informed Se and Sp distributions can 
be specified for the chosen definition. To illustrate this 
point, the presented incidence model was also run using 
a ≥200 CNS cfu/mL IMI definition to diagnose acquisi-
tion of a new CNS IMI, and using a similar latent class 
model with Se and Sp distributions centered on 0.56 
and 0.95, respectively (the Se and Sp estimates for a 
≥200 CNS cfu/mL IMI definition reported in Dohoo 
et al., 2011). When comparing measures of association 
between the 2 misclassification-adjusted models, mea-
sures of association obtained using the ≥100 cfu/mL 
misclassification-adjusted model corresponded, on aver-
age, to 95% of those obtained using the ≥200 cfu/mL 
IMI misclassification-adjusted model (data not shown). 
Using the ≥100 cfu/mL CNS IMI definition, therefore, 
resulted in only very slightly weaker measures of asso-
ciation with exposures and should not affect the results 
from these analyses.

Effect of CNS IMI Misclassification

In this study, ignoring CNS IMI misclassification 
yielded substantial bias of most measures of disease 
frequency. Usually, investigators tend to rely on intu-
ition to qualitatively discuss how the misclassification 
bias may affect their results. In the authors’ opinion, 
relying solely on intuition is unlikely to lead to a cor-
rect appraisal of the magnitude and direction of the 
resulting biases. Even for relatively simple analyses, 
such as estimating IMI prevalence, the resulting bias 
will be influenced by 3 components: the frequency of 
the disease in the population, the test Se, and the test 
Sp. Although the bias can very easily be assessed quan-
titatively, correctly appraising the combined effects of 
these 3 components qualitatively is very difficult. As 
observed by Lash (2007), when asked to intuitively 
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appraise such bias, the vast majority usually fail to 
take into account the frequency of the disease in the 
population. In this study, most would have wrongfully 
guessed, for instance, that the relatively low test Se 
for CNS IMI would result in an underestimation of the 
true CNS incidence.

Important biases were also seen in measures of as-
sociation with manageable risk factors. In the incidence 
and prevalence models, for instance, traditional regres-
sion coefficients corresponded, in general, to roughly 
50% of the misclassification-adjusted coefficients 
(Tables 2 and 4). In the elimination model, they cor-
responded more or less to 30% of the misclassification-
adjusted ones (Table 3). Although bias away from the 
null value was seen, the resulting biases were almost al-
ways toward the null value, as would be expected with 
nondifferential misclassification of binary variables. At 
first sight, type I errors may seem almost impossible 
with a bias toward the null value, but it is not once the 
grossly underestimated 95% confidence intervals are 
taken into consideration. Therefore, although direction 
of the biases was often predictable, these biases were 
sufficient to lead to either type I or type II errors. In 
this study, pretending that the outcome was measured 
perfectly would have lead to different recommendations 
to dairy producers. Similar findings have been reported 
before by McGlothlin et al. (2008) and by Tarafder 
et al. (2011). Finally, estimates of association with ex-
posures reported in the literature are commonly used 
later on in economic studies, meta-analyses, or for the 
computation of other epidemiologic measures such as 
population-attributable fractions. Reporting unadjust-
ed estimates in one scientific manuscript is, therefore, 
very likely to lead to a certain number of subsequent 
erroneous recommendations.

Results from this study clearly highlight the impor-
tant impact of ignoring CNS IMI misclassification. The 
method proposed by McInturff et al. (2004), however, 
can be used to handle this problem and offers many 
particularities that make it extremely interesting for 
mastitis research: it can correctly estimate both mea-
sures of disease frequency and measures of association 
with exposures; it can easily deal with hierarchical data 
structure; and, finally, uncertainty around Se and Sp 
estimates can be built in.

CNS Epidemiology

As for many diseases, the rate at which new CNS 
IMI were acquired seemed to be a stronger determinant 
of the herd IMI prevalence than the elimination rate. 
These results would suggest that the control of risk 
factors associated with CNS IMI incidence would have 

a greater effect over time than the control of risk fac-
tors associated with elimination of existing CNS IMI. 
Actually, the relatively high CNS IMI incidence rate is 
certainly a striking feature of CNS IMI epidemiology 
compared with other common mastitis pathogens. As-
suming that CNS IMI acquisitions are evenly distribut-
ed across quarters, a healthy quarter would have a 29% 
chance of getting infected in any 1-mo period, which 
translates into an 87% chance of getting infected over 
a 6-mo period. On the NCDF farms, CNS IMI yielded 
by far the highest incidence rate among the mastitis 
pathogens reported (S. Dufour, unpublished data). In 
contrast, Staph. aureus incidence rates of 0.012 (Dufour 
et al., 2012) and 0.019 new IMI/quarter-month (Zadoks 
et al., 2001) have been reported. With the often short 
duration (Taponen et al., 2007; Supré et al., 2011) and 
high prevalence of infection reported for CNS, that 
CNS would have such a high IMI incidence rate was 
already suspected, and these results only corroborate 
this general belief. Coagulase-negative staphylococci 
IMI natural elimination rates have been reported before 
(McDougall, 1998; Deluyker et al., 2005; Taponen et 
al., 2006) and were quite variable across the popula-
tions studied and across the IMI definitions used. Al-
though it cannot be directly compared with previously 
published studies, the CNS IMI elimination rate of 0.79 
eliminated IMI/infected quarter-month observed in the 
current study would be considered rather high. This 
high elimination rate could be the result of specific 
differences on Canadian farms in either or both the 
CNS species found and the host characteristics altering 
the response to these IMI. In a convenient sample of 
387 of the NCDF CNS isolates recovered from appar-
ently normal milking cows and speciated using gene se-
quencing, a large proportion (49.4%) were found to be 
Staphylococcus chromogenes (J. R. Middleton, Univer-
sity of Missouri, Columbia, personal communication). 
In terms of the most frequent CNS species, therefore, 
the CNS isolates in the current study would be compa-
rable to those of studies conducted in the United States 
(Gillespie et al., 2009), Belgium (Piessens et al., 2011; 
Supré et al., 2011), and the Netherlands (Sampimon et 
al., 2009b), but would differ from those of studies car-
ried out in Sweden (Thorberg et al., 2009; Waller et al., 
2011) and Finland (Taponen et al., 2006). Remaining 
NCDF CNS isolates speciated by gene sequencing were 
found to be mainly Staphylococcus simulans (24.0%), 
Staphylococcus xylosus (8.8%), Staphylococcus haemo-
lyticus (4.9%), and 16 other CNS species (12.9%; J. R. 
Middleton, University of Missouri, Columbia, personal 
communication).

One drawback of this study was the consideration of 
the CNS retrieved from NCDF farms as one homoge-
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neous group. As can be seen from the small sample of 
CNS isolates that could be speciated, the isolates stud-
ied could be further differentiated into a few groups 
that could potentially show a certain level of heteroge-
neity in term of incidence and elimination rates, as well 
as risk factors for these. Because of the large number 
of isolates involved, identification of the CNS isolates 
at the species level was not available when the analyses 
were carried out. Plans for speciation of a larger sample 
of the NCDF CNS isolates have been laid and, in fu-
ture research, this issue will be resolved. The present 
study should, therefore, be regarded as an exploratory 
study on the epidemiology of CNS as a group, keeping 
in mind the possible heterogeneity of the isolates that 
constitute this group. In addition, because CNS IMI 
duration or persistence could not be precisely estab-
lished, this important aspect was not addressed in the 
current study. The presented study was strictly focused 
on acquisition and elimination of CNS IMI over 3-wk 
periods and on the presence of CNS IMI.

Manageable Risk Factors

Many management practices were associated with the 
odds of having a prevalent CNS IMI. It is important to 
realize that these associations can only be mediated by 
an effect on CNS IMI incidence, elimination, or both. 
In addition, when measures of disease prevalence on 

their own are used, it is difficult to identify the cor-
rect time order of occurrence between exposure and 
disease, and this can potentially lead to the identifi-
cation of spurious associations. For these reasons, less 
consideration should be given to management practices 
associated solely with CNS IMI prevalence in particular 
or with only one outcome in general. For a thorough in-
terpretation of the study’s results, the authors suggest 
consideration of a holistic analysis and interpretation of 
associations with all 3 outcomes jointly. A conceptual 
chart of the associations between manageable risk fac-
tors and prevalence, incidence, and elimination of CNS 
IMI based on the results from Tables 2, 3, and 4 is 
presented in Figure 2, and should help the reader to 
bridge this gap.

As a starting point, it is worth mentioning that all 
risk factors associated with CNS IMI incidence were 
also associated with IMI prevalence. Conversely, a few 
of the risk factors associated with CNS IMI prevalence 
were not associated with IMI incidence. These differ-
ences may be explained, in part, by the higher power 
of the study for the prevalence data set for which the 
number of observations and the distribution of the 
outcome were superior. Only one of the management 
practices studied—the type of bedding used in stalls or 
pens—showed similar associations with all 3 outcomes. 
Matos et al. (1991) have already reported disparities in 
bacterial load between bedding types and between fresh 

Figure 2. Conceptual chart of associations between manageable risk factors and CNS IMI incidence, elimination, and prevalence. Color ver-
sion available in the online PDF.



3122

Journal of Dairy Science Vol. 95 No. 6, 2012

and used bedding. Those researchers observed different 
distributions of staphylococci species among bedding 
types and reported these species as common in the 
cows’ environment. Results from the present study sug-
gest that bedding type plays a substantial role in CNS 
epidemiology and, based on these previously published 
results, this role is probably mediated through differ-
ential selection of CNS species that are more or less 
competent at causing IMI. When compared with straw 
bedding, the use of sand bedding showed a desirable 
association with all 3 outcomes. In the literature, sand 
bedding has been consistently associated with lower 
SCC (Dufour et al., 2011). Compared with organic bed-
ding, very little substrate is available to support bacte-
rial growth in inorganic bedding, such as sand, and this 
may explain the lower IMI incidence and prevalence 
observed. Given that the odds of IMI elimination was 
greater for sand bedding, it also suggests that more 
poorly host-adapted CNS species or strains would be 
found in the environment of sand-bedded barns. Our 
results also suggest that, among the organic bedding 
used, wood-based product would support either a lower 
quantity of CNS, less well host-adapted CNS species, 
or both. This is supported by results from Matos et 
al. (1991) who reported generally decreasing bacte-
rial counts between hay, straw, and sawdust beddings 
as well as different CNS species populations between 
bedding types. In their study, the very different CNS 
populations found in alfalfa hay could explain the lower 
odds of IMI elimination observed in the present study.

In this study, quarters of cows that had access to 
pasture during the sampling period had lower IMI in-
cidence and prevalence, which suggests a lower CNS 
infection pressure from pasture compared with confine-
ment housing. These results are in contrast with those 
of Sampimon et al. (2009b) who found higher herd 
CNS prevalence in herds where cows had access to pas-
ture during the outdoor season. In that Dutch study, 
however, the yearly herd CNS prevalence rather than 
the seasonal prevalence was used as the outcome. The 
direct effect of pasture access, therefore, would be dif-
ficult to evaluate. In addition, it is likely that the very 
different weather and pasture conditions prevailing in 
the Netherlands compared with Canada could have led 
to these different observations.

The only other manageable risk factor associated 
with at least 2 of the studied outcomes was to provide 
a bonus for milk quality to the persons milking. It is 
difficult, however, to clearly evaluate the direct effect 
of such practice. Providing a bonus for milk quality 
could, for instance, motivate the milkers to be more 
thorough and to follow more closely the recommended 
milking procedures, which would help prevent acqui-

sition of new CNS IMI. The association seen would 
then be an indirect effect of this practice. On the other 
hand, providing such bonus could also be an indication 
of a more proactive attitude toward udder health in 
general, which would, in turn, lead to a greater adop-
tion of other recommended practices. The association 
observed would then be a spurious association resulting 
from residual confounding by general attitude toward 
udder health.

A few manageable risk factors related to maternity 
pen management, cow cleanliness, purchase habits, and 
monitoring of udder health were associated solely with 
CNS IMI elimination. Further investigation into these 
possible risk factors should be undertaken before draw-
ing any conclusions. Similarly, some practices related 
to milking procedures and maternity pen management 
were associated with IMI prevalence exclusively. Again, 
it is recommended that caution be used in drawing 
conclusions in these cases.

Two cornerstones of every mastitis control program, 
blanket dry cow therapy (DCT) and PMTD, were 
already used by a vast majority of the NCDF herds 
(88% for blanket DCT, and 99% for PMTD). Because 
of the low number of dairy producers not using these 
practices, the power to find significant associations be-
tween CNS IMI outcomes and blanket DCT or PMTD 
was limited. These practices should certainly not be 
rejected as potential important risk factors for CNS 
IMI based on the study’s results. One should instead 
consider the manageable risk factors identified in this 
study as practices that could be use to control CNS IMI 
in herds already using blanket DCT and PMTD.

Finally, as mentioned before, it is still unclear whether 
or not CNS IMI are indeed detrimental to udder health. 
The SCC increases that have been generally reported 
for CNS IMI, though, seem to indicate that prevention 
of these IMI, at least in low-BMSCC herds, is a cau-
tious approach. In addition, most of the manageable 
risk factors for CNS IMI identified in this study have 
shown desirable association in previous studies with 
other measures of udder health. It would, therefore, 
be very unlikely that implementing these practices to 
control CNS IMI would result in a general deterioration 
of udder health.

Potential Bias

Like most exploratory studies, many potential biases 
may have led to the observed estimates of association. 
First of all, the herds selected were a convenience sam-
ple of Canadian dairy herds and, although they shared 
some similar attributes with the Canadian dairy herd 
population (Reyher et al., 2011), they may have differed 
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from the target population in terms of CNS IMI burden 
or of management practices used. The resulting selec-
tion bias would affect estimates of CNS IMI prevalence, 
incidence, and elimination. It would, however, be much 
less likely to affect estimates of association between 
manageable risk factors and CNS IMI outcomes.

Second, although an effort was made to adjust for the 
most obvious confounders, it is likely that residual con-
founding still may bias the presented estimates to some 
extent. In a previously published study on manageable 
risk factors associated with Staph. aureus IMI (Dufour 
et al., 2012), however, and using an extended and thor-
ough investigation procedure to identify confounding, 
very few of the theoretically identified confounders 
were actually modifying the reported estimates by a 
significant amount (S. Dufour, unpublished data). So, 
in the opinion of the authors, although the direction of 
residual confounding bias is unpredictable, its magni-
tude is likely to be small.

Finally, despite the use of a latent class model ap-
proach to adjust the presented estimates for disease 
misclassification, and despite the use of Se and Sp 
thresholds for explanatory variables, a limited degree 
of misclassification bias probably remains. The level of 
control of misclassification bias that can be achieve us-
ing the latent class model approach, or any other mis-
classification adjustment approach, is directly related to 
the exactitude of the misclassification parameters (the 
Se and Sp) chosen (Lash et al., 2009). In the current 
study, because the Se and Sp estimates were obtained 
from an internal validation study using a sample of the 
studied CNS isolates, the misclassification parameters 
used are likely to be very close to the true Se and Sp 
values. Any remaining misclassification bias should, 
therefore, be fairly small.

CONCLUSIONS

Like several infectious diseases, prevention seems 
to be the key to long-term CNS IMI control. When 
an outcome is measured with an obviously imperfect 
diagnostic procedure, such as bacteriological culture 
for CNS, determining the direction and magnitude of 
the resulting bias on estimates of prevalence, incidence, 
elimination, or on associations with risk factors rapidly 
becomes intractable. In these situations, using a tech-
nique accounting for the test limitations would provide 
better estimates and would improved comparability be-
tween studies. In herds already using blanket DCT and 
PMTD, many additional practices can be implemented 
to prevent acquisition of new CNS IMI. These practices 
seemed to be mainly related to management of the 
environment of the cow such as bedding condition or 
pasture access.
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