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  aBStraCt 
  The objective of this study was to investigate pheno-

typic and genetic relationships of common health dis-
orders in dairy cows with milk (PMY) and fat (PFY) 
yield persistencies. Health and production data from 
398 commercial dairy herds were used. Disease traits 
were defined in binary form for individual lactations 
considering mastitis only during the first 100 d in milk 
(MAST1), only after 100 d in milk (MAST2), and at 
any stage of lactation (MAST), and reproductive dis-
orders (REPRO), metabolic disorders (METAB), and 
lameness (LAME). The persistencies were defined to 
be uncorrelated with 305-d yields. Impact of the dis-
eases on PMY and PFY were investigated separately 
in first (FL) and later (LL) lactations. Phenotypic as-
sociations of PMY and PFY with likelihood of diseases 
in current and subsequent lactations were examined 
using odds ratios from a logistic regression model. 
Linear-threshold sire-maternal grandsire models were 
used to estimate genetic correlations of displaced abo-
masums (DA), ketosis (KET), metritis (MET), MAST, 
MAST1, and MAST2 with PMY and PFY across pari-
ties. Metabolic diseases and REPRO had significantly 
positive relationships with PMY and PFY in both FL 
and LL. Significantly greater PMY and PFY were as-
sociated with MAST1 in LL. Significantly lower PMY 
and PFY were related to MAST2 in both FL and LL, 
whereas cows affected by MAST had significantly less 
persistent lactations. Incidence of MAST and MAST2 
decreased with increasing PMY and PFY in the pres-
ent and previous lactation. Heritability of disease in-
cidences were 0.03 (DA), 0.01 (KET), 0.10 (MAST), 
0.02 to 0.05 (MAST1), 0.02 (MAST2), and 0.04 to 0.10 
(MET). Displaced abomasum, KET, MAST, MAST1, 
and MET had unfavorable genetic correlations of 0.35, 
0.46, 0.17, 0.02, and 0.27 with PMY, and 0.16, 0.21, 
0.07, 0.06, and 0.12 with PFY, respectively. Favorable 

genetic correlations were found for MAST2 with PMY 
(−0.24) and PFY (−0.04). Results suggest that diseases 
in early lactation increase persistency of milk and fat 
yield. Selection for greater lactation persistency must 
consider these antagonistic relationships. 
  Key words:    persistency ,  disease ,  genetic correlation , 
 phenotypic correlation 

  IntrODuCtIOn 

  The antagonistic relationship between high milk pro-
duction and disease resistance (Simianer et al., 1991) 
is manifested in increased disease incidence rates in 
dairy cows (Zwald et al., 2004a). Higher susceptibility 
to diseases leads to financial loss and has an adverse 
effect on animal welfare (Jakobsen et al., 2003). Many 
dairy-producing countries are placing more emphasis 
on health relative to production in their selection pro-
grams (Miglior et al., 2005). However, direct selection 
of dairy cattle for disease traits is difficult in many 
countries, including the United States, because data re-
cording practices are not standardized for health traits 
across farms, and mechanisms for routine retrieval of 
such data have only recently become available (Zwald 
et al., 2004b; Cole et al., 2008). 

  Some investigators have considered indirect selection 
for disease resistance using correlated traits such as 
productive life (Rogers et al., 1999) and BCS (Dechow 
et al., 2004). Jakobsen et al. (2003), Muir et al. (2004), 
and Harder et al. (2006) suggested that selection for 
more persistent lactations could be used to reduce the 
likelihood of health disorders in dairy cows. In addi-
tion to anticipated improvement in disease resistance, 
persistent lactations tend to be more profitable as 
they incur lower feed costs and generate more return 
from milk sales when lactations extend beyond 305 d 
(Dekkers et al., 1998). 

  Lack of clear consensus on how best to define persis-
tency is a key issue in genetic evaluation for lactation 
persistency (Cole and VanRaden, 2006). Many avail-
able persistency measures are negatively correlated 
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with 305-d yield (Dekkers et al., 1998; Jakobsen et 
al., 2003; Muir et al., 2004), suggesting that selection 
for higher persistency would occur at the expense of 
total yield. A persistency measure that is independent 
of yield will therefore allow more efficient selection for 
total yield and persistency simultaneously (Muir et al., 
2004). Cole and VanRaden (2006) suggested a method 
to estimate persistency, uncorrelated with yield. We 
performed a preliminary investigation (Appuhamy et 
al., 2007) to examine the phenotypic relationship of 
common health disorders in dairy cows with milk yield 
persistency estimated using that method. We found 
positive phenotypic relationships of periparturient 
disorders such as displaced abomasums (DA), ketosis 
(KET), and metritis (MET) with persistency of milk 
yield. Mastitis (MAST) that occurred in late stages of 
lactation tended to be associated with less persistent 
lactations. Moreover, that study found a phenotypic 
correlation of 0.96 between persistencies calculated us-
ing daily milk weights and one milk weight per month. 
This suggested that test-day (TD) milk records can be 
used to estimate persistency satisfactorily and thereby 
enhanced the confidence of using TD yields from com-
mercial dairy herds in the genetic evaluation for lacta-
tion persistency.

The objective of this study was to investigate the 
phenotypic and genetic relationships of milk (PMY) 
and fat (PFY) yield persistencies to common health 
disorders in Holstein cows using producer-recorded 
health data and TD yield records.

materIaLS anD metHODS

Data

Persistencies of milk and fat yield for 90,237 Holstein 
lactations in 405 herds initiated from January 1, 1997, 
to June 1, 2002, were calculated from TD data obtained 
from the Animal Improvement Programs Laboratory 

(USDA, Beltsville, MD). The health data pertaining to 
these lactations were provided by Dairy Records Man-
agement Systems (DRMS, Raleigh, NC).

Not all lactations in the data included records for 
all diseases because some diseases were not recorded 
in some herd-years. Lactations from herd-years having 
health records for at least 2 diseases were first chosen 
from the data. The defined minimum and maximum 
ages for first, second, third, and fourth calvings were 
20 to 38, 32 to 52, 43 to 70, and 54 to 88 mo, respec-
tively. Fifth calvings beginning earlier than 66 mo were 
deleted from the data. Edited data included 87,555 
records [43,232 first (FL) and 44,323 later lactations 
(LL)] from 398 herds. Summary statistics of the edited 
data are presented in Table 1.

Defining Disease Traits

The disease traits MAST, MET, retained placenta 
(RP), cystic ovaries (CYST), KET, DA, and lameness 
(LAME) were used because they are common health 
disorders in dairy cows (Zwald et al., 2004a). Three dis-
ease traits pertaining to mastitis: MAST, MAST1, and 
MAST2 representing at least one mastitis incidence at 
any stage of lactation, only before 100 DIM, and only 
after 100 DIM, respectively, were formed. The LAME 
trait was formed considering treatment incidences for 
foot rot, hoof abscess, heel warts, laminitis, and other 
causes of lameness. Health events pertaining to MET, 
RP, and CYST were pooled to form a single reproduc-
tive disease trait (REPRO). Treatment incidences for 
both KET and DA were considered together to form 
one metabolic disease trait (METAB). The individual 
disease traits KET, DA, and MET were used in the 
calculation of genetic correlations. Each disease trait 
was defined as a binary variable distinguishing between 
cows with at least one reported incident during the 
defined period (1) and cows without cases (0) (Carlen 
et al., 2004).
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Table 1. Summary statistics for first and later lactations 

Variable

First lactation Later lactations

Mean SD Mean SD

Milk1 (kg) 11,738 1,974 11,568 2,035
Fat2 (kg) 433 84 427 88
DIM3 381 110 367 95
Days open 166 112 166 101
PMY4 0.533 1.192 0.430 0.922
PFY5 0.366 1.330 0.247 1.027

1Total milk yield (kg).
2Total fat yield (kg).
3Length of lactation (d).
4Milk yield persistency of whole lactation.
5Fat yield persistency of whole lactation.



Disease Incidence

Disease incidence was expressed as lactation inci-
dence rate (LIR):
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where LACd is the number of lactations with at least 
one incidence of the disease and LACt is the total 
number of lactations at risk of the disease. Lactations 
during which the disease of interest was recorded were 
chosen as LACt (i.e., 49,220 lactations were from 226 
herds that recorded KET, DA, or both). Thus, LACt 
of METAB was 49,220 across parities. Similarly, LACt 
of MAST, LAME, and REPRO were 58,118 lactations 
from 260 herds; 43,168 lactations from 193 herds; and 
77,106 lactations from 342 herds, respectively (Table 
2). These data included only the dates of the first dis-
ease incidence and a count of incidents (n) in an indi-
vidual lactation. Lactations in which only one MAST 
incidence (n = 1) was recorded before 100 DIM were 
considered as lactations that were affected by MAST1. 
In determining LACt of MAST1, lactations that not 
only had the first MAST record before 100 DIM, but 
also had multiple incidences (n > 1) were deleted as we 
were unable to recognize the timing (before or after 100 
DIM) of the rest of the incidences. Hence, 2,003 lacta-
tions were deleted, leaving 56,115 for LACt of MAST1 
(Table 2). Lactations with their first mastitis incident 
recorded after 100 DIM were considered to be positive 
for MAST2.

Calculation of Persistency

Persistency of milk and fat yield were calculated for 
whole lactation by best prediction (Cole and VanRaden, 

2006). According to this method, persistency can be 
calculated for the whole lactation by multiplying TD 
yield deviations from a trait-specific standard lactation 
curve by TD DIM deviations around a trait-specific 
reference date, d0:

 p Y S d di i i
i

n

= - ´ -
=
å( ) ( ),

1
0  

where p = PMY or PFY of an individual lactation; Yi 
= ith TD milk or fat yield; Si = milk or fat yield from 
the standard lactation curve on ith TD; di = DIM at 
ith TD; d0 = reference DIM for milk or fat; and n = 
total number of TD yield records used to calculate the 
persistency. Let t represent the vector whose elements 
are TD yield deviations (Yi − Si) and q represent the 
vector whose elements are TD DIM deviations (di – 
d0). Then, persistency p = q’t. If d is the vector with 
elements, di, then q = d − 1d0 and persistency p = 
(d’ – 1’d0) t. The reference date, d0, is a constant that 
makes lactation persistency uncorrelated with total 
yield. Therefore, d0 was obtained by setting Cov (q’t, 
1’t) to 0 and solving for d0:

Cov (q’t, 1’t) = q’V1 = (d’ – 1’d0) V1 =  

d’V1 – 1’V1d0 = 0,  

d0 = d’V1 / 1’V1, 

where V is the variance of t (Cole and VanRaden, 
2006).

Trait-specific standard curves were calculated for 
each breed and parity group within a herd by fitting 
Wood’s curves to herd average yields (Cole and Van-
Raden, 2007), and 128 and 146 DIM were used as d0 for 
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Table 2. Lactation incidence rates for each disease trait in first lactations (FL), later lactations (LL), and 
across parities (ALL) 

Disease trait1 Herds,2 n LACt 
3

Lactation incidence rate4 (%)

FL LL ALL

MAST1 260 56,115 2.7 3.0 2.9
MAST2 260 58,118 3.9 6.0 5.0
MAST 260 58,118 9.5 12.7 11.2
LAME 193 43,168 13.3 17.3 15.3
REPRO 342 77,106 17.7 20.3 19.0
KET 118 24,528 5.2 5.9 5.6
DA 202 44,839 4.1 3.7 3.9
METAB 226 49,220 6.4 7.0 6.8

1MAST1 = mastitis in only first 100 d of lactation; MAST2 = mastitis only after 100 DIM; MAST = mastitis 
in any stage of lactation; LAME = lameness; REPRO = reproductive disorders; KET = ketosis; DA = dis-
placed abomasums; and METAB = metabolic disorders.
2Number of herds that recorded the disease.
3Total number of lactations considered to be at risk of the disease across parities.
4(Lactations with at least one incidence of the disease trait/total number of lactations at risk) × 100.



milk and fat yields, respectively (Cole and VanRaden, 
2006).

Standardized estimates (ŝ) of PMY and PFY were 
obtained by subtracting the corresponding within-herd 
mean (µp) and dividing by the within-herd standard 
deviation of the persistency p (SDp):

 ˆ .s
p

SD
p

p

=
-m

 

Positive values of ŝ indicate increased persistency 
relative to a cow with average persistency in a herd, 
and negative values of  ̂s indicate decreased persistency. 
Persistencies that exceeded ±4.00 were limited to an 
absolute value of 4 (Cole and VanRaden, 2006). In-
creased persistency means that more milk was produced 
after the reference date than was expected based on the 
standard lactation curve. Decreased persistency indi-
cates less-than-expected yield after the reference date.

Phenotypic Relationships Between  
Diseases and Persistency

We examined the phenotypic relationships of the 
disease traits to persistencies through the effects of the 
diseases on the persistency and then by the effect of 
persistency on probabilities of disease occurrence.

Effects of Diseases on PMY and PFY. The 
following statistical model was used to investigate the 
impact of each disease trait on persistency:

Yijkl = µ + HYSi + Dj + Ok + β1DOijkl  

+ β2AGEijkl + eijkl,

where Yijkl = standardized PMY or PFY; µ = overall 
mean of PMY or PFY; HYSi = fixed effect of herd-
year-season [calving years: 1997, 1998, 1999, 2000, 2001, 
and 2002, and seasons: 1(January–April), 2 (May–Au-
gust), and 3 (September–December)]; Dj = fixed effect 
of the main disease of interest (j = 1 or 0); Ok = fixed 
effect of the other diseases (k = 1 or 0) besides the main 
disease of interest; β1 = regression for days open (DO) 
in lactation l; β2 = regression for age at calving (AGE) 
in mo; and eijkl = residual error   N I e0 2, .s( )  Effect of 

interaction between D and O was statistically nonsig-
nificant and dropped from the statistical model. Days 
open <50 were set to 50, and DO >250 were set to 250 
(Cole and VanRaden, 2006). Separate analyses were 
performed for FL and LL.

The variable other diseases (O) included respiratory 
diseases, dystocia, and fever (elevated temperature) as 
well as the disease traits other than the disease of inter-

est in an analysis. Thus, the other diseases for MAST1 
were MAST2, REPRO, METAB, LAME, respiratory 
diseases, dystocia, and fever. The effect of O was defined 
as a binary variable distinguishing between lactations 
with at least one incidence of any other disease (1) and 
lactations with no incidence of other disease (0).

Effects of PMY and PFY on Disease Incidence. 
We examined the effect of persistency on likelihood of 
the diseases in same lactation as well as next lactation 
through odds ratios and associated confidence intervals 
(CI) using the following logistic regression model (Ap-
puhamy et al., 2007):

ηijk. = β0 + HYSi + Oj + β1Pijk  

+ β2AGEijk + β3DOijk,

where η = logit of observing the disease; β0 = intercept; 
HYSi = fixed effect of ith herd-year-season; Oj = fixed 
effect of presence (j = 1) or absence (j = 0) of any 
other disease; β1 = regression for PMY or PFY; β2 = 
regression for age (AGE) at calving in months; and β3 
= regression for DO.

An odds ratio can be interpreted as the estimated 
change in the dependent variable in response to a unit 
change in an independent variable (Montgomery et 
al., 2001). An odds ratio of 1.0 is interpreted to mean 
that there is no association between the dependent 
variable and the independent variable of interest. The 
significance of the odds ratio was determined based on 
its 95% CI; a CI including 1 indicates a nonsignificant 
change in the probability of the disease in response to 
increasing persistency. The effects of persistency on 
the probabilities of MAST2, MAST, and LAME in the 
same lactation were examined separately for FL and 
LL. The same logistic model with addition of DO in the 
previous lactation was used to investigate the effects of 
persistency on disease incidence in the next lactation. 
Data included 9,035 cows from 184 herds for MAST1; 
10,184 cows from 186 herd for MAST2 and MAST; 
14,500 cows from 253 herds for REPRO; 7,562 cows 
from 137 herds for LAME; and 8,088 cows from 157 
herds that had both first and second lactations.

Genetic Relationships Between  
Diseases and Persistency

A bivariate sire-maternal grandsire (S-MGS) linear-
threshold model was fit to the data across parities. Dis-
ease status was treated as a binary trait and persistency 
of milk or fat yield as a continuous trait:

pijkl = HYi + Sj + LACk + β1DIM + eijkl, and  

λijkl = HYi + Sj + LACk + β1DIM + eijkl,
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where p is a vector of persistency of yield of daugh-
ters; λ is a vector of unobserved liabilities to disease; 
HY is the random effect of herd-year of calving i; S 
is the random effect of sire j; LAC is the fixed effect 
of lactation (parity) k; DIM is the effect of days in 
milk; and eijkl is a random residual effect. Residual vari-
ances were 0.85 and 0.79 for persistency of milk and 
fat, respectively (Cole and VanRaden, 2006), and the 
health traits were assigned a value of 1. (Co)variance 
components were estimated from the data using Bayes-
ian procedures (Sorensen et al., 1995) as implemented 
in the THRGIBBS1F90 computer program (Tsuruta 
and Misztal, 2006).

A random herd-year effect was used to avoid the 
extreme category problem in which all records in a 
fixed group belong to the same category (Harville and 
Mee, 1984; Misztal et al., 1989; Luo et al., 2001). This 
strategy has been successfully used in the United States 
calving ease system for almost 20 yr (Berger, 1994; Van 
Tassell et al., 2003).

Prior distributions were flat for the fixed effects and 
normal for the herd-year and sire effects. Quasi-REML 
(co)variance components estimated from linear-linear 
models in which disease incidence was analyzed as a 
linear trait were used as starting values for the Bayes-
ian analysis (data not shown). For each of the 12 analy-
ses, a single Gibbs chain of 50,000 samples was drawn, 
the first 10,000 samples were discarded as burn-in, and 
every fifth sample from the remaining 40,000 samples 
was included in the summary. Given that only a single 
threshold was used and that no trend was observed 
in plots of the Gibbs samples for each of the random 
effects, a longer burn-in period was not needed. Herita-
bilities and correlations were calculated from the poste-
rior means of the (co)variance components.

reSuLtS anD DISCuSSIOn

Persistency Estimates

Means for PMY and PFY in FL and LL are in Table 
1. These means were calculated for the lactations in the 
edited data. The positive mean values indicate that the 
edited data included more highly persistent lactations 
than the standard lactation curves used as reference. 
The frequency histograms of PMY and PFY appear in 
Figure 1. The persistency values were rounded to form 
persistency classes for the histograms (e.g., persistency 
class 0 included lactations having persistency <0.5 and 
>−0.5). Greater frequencies of the positive persistency 
classes further indicate that data included more of the 
highly persistent cows (persistency >0) than lowly 
persistent cows (persistency <0). The mean PMY and 
PFY were greater in FL than in LL, consistent with the 

consensus that lactation curves of primiparous cows are 
more persistent than those of multiparous cows.

Disease Incidence

As shown in Table 2, 342 herds of 398 herds (86%) 
recorded REPRO, whereas KET was recorded by only 
30% of the herds in our data. Zwald et al. (2004a) noted 
that fewer commercial Holstein herds recorded KET and 
LAME in their data. Difficulties in uniform diagnosis 
and high variation of the threshold level for veterinary 
treatment might have restricted the recording of these 
diseases in commercial herds. Furthermore, Zwald et 
al. (2004a) and Cole et al. (2008) noted that herd man-
agement software might also influence the health data 
recording in dairy farms. According to these authors, 
herds that use DairyCOMP 305 (Valley Agricultural 
Software, Tulare, CA) and PCDART (DRMS) are more 
likely to record health events.

Table 2 has LIR of the diseases considered in this 
study. It is difficult to compare disease incidence across 
different studies because procedures for diagnosis, data 
recording methods, and disease trait definitions vary 
from study to study (Harder et al., 2006). However, 
Zwald et al. (2004a) reported mean LIR for DA, KET, 
MAST, LAME, and MET (including retained placenta) 
using some of the same data recording systems as used 
in this study. Lactation incidence rates for MAST and 
KET in this study were much smaller (11.2 vs. 20% for 
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Figure 1. Distribution of milk (PMY) and fat (PFY) yield persis-
tencies; persistency classes were formed by rounding the standardized 
persistency values across parities to the nearest integer.



MAST and 5.6 vs. 10% for KET) and that for LAME 
was greater (15.6 vs. 10%) compared with results of 
Zwald et al. (2004a). Those authors obtained health 
data from DRMS and from Alta Genetics (Watertown, 
WI) Advantage Progeny Test Program cooperators. 
Trends of disease frequencies from FL to LL in this 
study were similar to those of Wilson et al. (2004) and 
Appuhamy et al. (2007). The disease frequencies of 
MAST and LAME increased from FL to LL, whereas 
REPRO and METAB were relatively similar in FL and 
LL.

The distribution of first incidence of each disorder 
by months in milk across a 305-d lactation appears in 
Table 3. As expected, most KET (94%), DA (83%), 
and REPRO (67%) events occurred during the first 30 
d of lactation. Zwald et al. (2004a) observed similar 
frequencies: 90% for KETO, 79% for DA, and 61% RE-
PRO (excluding cystic ovaries), during the first month 
of lactation. Using data from university research herds, 
Appuhamy et al. (2007) reported that more than 85% 
of the incidences of KET, DA, and MET occurred dur-
ing the first 30 d after calving. About 36% of MAST 
incidences occurred in the first month of lactation with 
the rest of the incidences equally distributed across lac-
tation. Wilson et al. (2004) and Hinrichs et al. (2005) 
observed a similar pattern of mastitis incidence distri-
bution. Incidences of LAME were evenly distributed 
throughout the lactation.

Phenotypic Relationships Between Diseases  
and Persistency in Current Lactation

First Lactations. Table 4 has the least squares 
means (LSM) for PMY and PFY with (1) or without 
(0) each health disorder and the significance (P-value) 
of the impact of each disorder on the persistencies. 
Mastitis only in late lactation, MAST, REPRO, and 
METAB had significant (P < 0.01) associations with 

PMY and PFY in FL. Primiparous cows that were af-
fected by metabolic diseases such as DA and KET, and 
reproductive disorders such as RP and MET tended 
to have more persistent lactations compared with 
healthy cows. As Table 3 shows, the majority (67%) 
of METAB and REPRO incidences occurred during 
first 30 d of lactation. Thus, illness in early lactation of 
primiparous cows leads to more persistent lactations. 
Appuhamy et al. (2007) made the same observations 
in research herd data. Muir et al. (2004) and Harder et 
al. (2006) observed similar relationships with respect to 
calving difficulty and postpartum metabolic diseases. 
Appuhamy et al. (2007) further observed a positive 
phenotypic correlation of 0.70 between PMY and DIM 
at peak yield. Early lactation diseases may delay peak 
yield and thereby make the lactations more persistent. 
Ferris et al. (1985) suggested that delayed peak allows 
cows to utilize energy slowly and efficiently without ex-
periencing a rapid decline of yield in late lactation. On 
the other hand, the primiparous cows that developed 
MAST and MAST2 tended to have significantly lower 
PMY (P = 0.002 and P < 0.0001, respectively) and 
PFY (P < 0.0001).

Odds ratios and associated CI for the effect of persis-
tency on probabilities of diseases in current FL and LL 
are presented in Table 5. As previously discussed, the 
majority of MAST1, METAB, and REPRO incidences 
occurred during first 30 d of lactation (Table 3). The 
phenotypic expression of these periparturient disease 
traits was under minimal influence of persistency in the 
same lactation. Hence, we chose not to include MAST1, 
METAB, and REPRO in the analyses for the effects of 
diseases on persistencies in same lactation. Odds ratios 
<1 and CI that do not include zero indicate that both 
PMY and PFY tended to reduce the likelihood that a 
cow would develop MAST, particularly MAST2. The 
disease incidences of MAST and MAST2 in primiparous 
cows were reduced by 0.12 and 0.21, respectively, for a 
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Table 3. Frequencies for the first incidence of health disorders by month of lactation (month) across parities 

Month

Trait1

MAST1 MAST2 MAST KET DA METAB LAME REPRO

1 64.88 — 36.47 93.92 82.65 88.3 11.61 66.54
2 14.75 — 8.42 2.86 5.67 4.27 10 9.42
3 14.19 — 8.29 0.88 1.39 1.14 10.01 6.80
4 6.18 12.81 8.39 0.37 1.04 0.71 11.24 5.51
5 — 16.67 7.35 0.22 1.68 0.95 10.48 3.50
6 — 15.85 6.99 0.29 1.27 0.78 9.89 2.91
7 — 15.56 6.86 0.22 1.56 0.89 9.70 1.75
8 — 14.81 6.53 0.44 1.04 0.74 8.63 1.31
9 — 12.06 5.32 0.29 1.50 0.90 8.47 1.21
10 — 12.24 5.40 0.18 2.20 1.19 9.97 1.02

1MAST1 = mastitis in only first 100 d of lactation; MAST2 = mastitis only after 100 DIM; MAST = mastitis in any stage of lactation; KET = 
ketosis; DA = displaced abomasums; METAB = metabolic disorders; LAME = lameness; and REPRO = reproductive disorders.



1-SD-unit increase of PMY. Moreover, the correspond-
ing 95% CI of 0.85 to 0.90 for MAST and 0.75 to 0.83 
for MAST2 suggest significant associations of PMY to 
MAST and MAST2 in primiparous cows.

Later Lactations. Table 6 has the LSM of PMY and 
PFY in LL that were affected (1) or not affected (0) 
by each health disorder and the significance (P-value) 
of the association between each health disorder and 
persistency measures in multiparous cows. The positive 
effects of MAST1 that were not significant (P = 0.115 
for PMY and P = 0.0745 for PFY) in FL were signifi-
cant (P < 0.0001 for PMY and P < 0.0022 for PFY) 
in LL. A sharp peak followed by a rapid decline in milk 
yield often characterizes lactation curves of multiparous 
cows. Conversely, primiparous cows have flatter lacta-
tion curves (Stanton et al., 1992). The depressing effect 
of MAST1 on early lactation yields, leading to a more 
persistent lactation, appears to be more important in 
multiparous cows than in primiparous cows.

Mastitis occurring only after 100 DIM was signifi-
cantly associated with low PMY and PFY in LL, in-

dicating that multiparous cows with MAST2 tended 
to produce less milk in late lactation than uninfected 
cows. Mastitis may enhance the apoptosis rate of mam-
mary secretory cells, which is solely responsible for the 
decline in milk yield after peak lactation (Capuco et al., 
2001). Therefore, the effect of mastitis on persistency 
can be negative when it occurs in late lactation. The 
relationships of MAST to PMY (P = 0.24) and PFY 
(P = 0.35) were not significant in multiparous cows. 
Lactations that were affected by MAST in early, late, 
or both stages of lactations were considered to be posi-
tive for MAST. Therefore, the nonsignificant associa-
tion between MAST and the persistencies result from 
counteracting positive effects of MAST1 and negative 
effects of MAST2 on PMY and PFY. Metabolic disease 
incidence and REPRO were significantly (P < 0.0001) 
related to greater persistencies in LL as observed for 
FL. This suggests that both primiparous and multipa-
rous cows that develop periparturient health disorders 
tend to have more persistent lactations for milk and fat 
yields. Nonsignificant relationships of LAME to PMY 
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Table 4. Least squares means (LSM) and associated standard errors, and significance (P-value) for the effect of each disease trait on PMY and 
PFY in first lactations 

Disease trait1

PMY2 PFY3

04 15 P-value 0 1 P-value

MAST1 0.30 ± 0.01 0.44 ± 0.05 0.115 0.33 ± 0.02 0.42 ± 0.05 0.0745
MAST2 0.36 ± 0.01 0.09 ± 0.04 <0.0001 0.35 ± 0.01 0.11 ± 0.03 <0.0001
MAST 0.36 ± 0.02 0.28 ± 0.03 0.002 0.36 ± 0.01 0.26 ± 0.03 <0.0001
REPRO 0.29 ± 0.01 0.46 ± 0.02 <0.0001 0.31 ± 0.01 0.40 ± 0.02 <0.0001
METAB 0.37 ± 0.02 0.96 ± 0.05 <0.0001 0.34 ± 0.02 0.74 ± 0.06 <0.0001
LAME 0.33 ± 0.01 0.25 ± 0.03 0.090 0.30 ± 0.02 0.25 ± 0.02 0.1279

1MAST1 = mastitis in only first 100 d of lactation; MAST2 = mastitis only after 100 DIM; MAST = mastitis in any stage of lactation; REPRO 
= reproductive disorders; METAB = metabolic disorders; and LAME = lameness.
2Milk yield persistency of whole lactation.
3Fat yield persistency of whole lactation.
4LSM of lactations not affected by the disease.
5LSM of lactations affected by at least a single incidence of the disease.

Table 5. Odds ratios with associated 95% confidence intervals (CI) and P-values for the effect of current lactation persistency on the likelihood 
of diseases in first and later lactations 

Persistency trait Disease trait1

First lactation Later lactations

Odds ratio CI P-value Odds ratio CI P-value

PMY2 MAST 0.88 0.85–0.90 0.0001 0.92 0.88–0.95 0.0011
MAST2 0.79 0.75–0.83 <0.0001 0.84 0.80–0.88 <0.0001
LAME 0.98 0.95–1.02 0.1807  1.01 0.98–1.05 0.1927

PFY3 MAST 0.9 0.87–0.93 0.0005 0.97 0.93–1.01 0.4711
MAST2 0.83 0.79–0.87 <0.0001 0.91 0.87–0.96 0.0002
LAME 1.01 0.97–1.04 0.4875  0.99 0.95–1.03 0.3505

1MAST = mastitis in any stage of lactation; MAST2 = mastitis only after 100 DIM; and LAME = lameness.
2Milk yield persistency of whole lactation.
3Fat yield persistency of whole lactation.



and PFY in both FL and LL indicate that the effect of 
locomotive diseases on lactation curve shape is almost 
negligible.

The odds ratios (Table 5) associated with PMY and 
PFY in multiparous cows (0.84 and 0.91 for MAST2 
and 0.92 and 0.97 for MAST, respectively) were closer 
to 1.0 than those in primiparous cows. The effect of 
persistencies on mastitis is weaker in multiparous cows 
than in primiparous cows. The odds ratios 0.84 for 
PMY and 0.91 for PFY indicate that the probability 
of MAST2 in multiparous cows tended to decrease 
by 16 and 9% for each SD unit increase in PMY and 
PFY, respectively. Figure 2 shows that MAST and 
MAST2 frequencies (estimated across parities) tended 
to decrease as PMY and PFY increased. Overall, the 
effect of increasing persistency on MAST2 was greater 
than that on MAST. Phenotypically, MAST1 is not 
under the control of persistencies in the same lactation. 
Hence, the impact of persistency on MAST is similar to 
the impact of persistency on MAST2.

Phenotypic Associations Between Diseases  
and Persistency in Previous Lactation

Table 7 has the odds ratios and CI for the effect of 
the persistency traits on probability of disease in next 
lactation. The model included the effect of DO in the 
previous lactation. Thus, the impact of the persistency 
in previous lactation on disease incidence was indepen-
dent of the influence of reproductive status in previous 
lactation. Higher PMY and PFY tended to reduce the 
incidence of MAST and MAST2 in the next lactation. 
An SD unit increase in persistency tended to reduce the 
probabilities of MAST and MAST in next lactation at 
least by 10%. The effects of PMY and PFY on disease 
probabilities were similar, as expected. We found a phe-
notypic correlation of 0.75 between PMY and PFY.

The odds ratios near 1.0 and associated CI reflect 
that there were no significant associations among PMY, 
PFY, and likelihood of METAB and REPRO in next 
lactation. On the other hand, we observed highly sig-
nificant (P < 0.0001) effects of these periparturient dis-
eases on the persistency measures in both primiparous 
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Table 6. Least squares means (LSM) and associated standard errors, and significance (P-value) for the effect of each disease trait on PMY and 
PFY in later lactations 

Disease trait1

PMY2 PFY3

04 15 P-value 0 1 P-value

MAST1 0.23 ± 0.02 0.39 ± 0.04 <0.0001 0.38 ± 0.02 0.49 ± 0.04 0.0022
MAST2 0.26 ± 0.01 0.11 ± 0.02 <0.0001 0.39 ± 0.03 0.29 ± 0.04 <0.0001
MAST 0.26 ± 0.02 0.24 ± 0.03 0.2412 0.39 ± 0.02 0.37 ± 0.03 0.3520
REPRO 0.21 ± 0.02 0.33 ± 0.02 <0.0001 0.36 ± 0.01 0.45 ± 0.02 <0.0001
METAB 0.26 ± 0.06 0.71 ± 0.07 <0.0001 0.37 ± 0.06 0.65 ± 0.08 <0.0001
LAME 0.25 ± 0.01 0.23 ± 0.02 0.4916 0.38 ± 0.01 0.36 ± 0.02 0.5092

1MAST1 = mastitis in only first 100 d of lactation; MAST2 = mastitis only after 100 DIM; MAST = mastitis in any stage of lactation; REPRO 
= reproductive disorders; METAB = metabolic disorders; and LAME = lameness.
2Milk yield persistency of whole lactation.
3Fat yield persistency of whole lactation.
4LSM of lactations not affected by the disease.
5LSM of lactations affected by at least a single incidence of the disease.

Figure 2. Frequency distribution of mastitis occurring at any 
point in lactation (MAST) and mastitis occurring only after 100 DIM 
(MAST2) by persistency of milk (PMY) and fat (PFY) yield classes; 
persistency classes were formed by rounding the standardized persis-
tency values across parities to the nearest integer.



and multiparous cows. One general conclusion is that 
periparturient health disorders in dairy cows tend to 
significantly affect persistency, whereas disease occur-
rence is not greatly affected by increasing persistency 
in the current or previous lactation. Our definition of 
persistency was independent of total lactation yield. 
Hence, the effects of diseases investigated in this study 
were the effects on the shape of the lactation curve 
rather than on total milk produced. The probability 
of LAME was not significantly affected by PMY and 
PFY of either the same lactation or the previous lacta-
tion. We made similar observations in the study with 
research herd data (Appuhamy et al., 2007). Moreover, 
LAME had no significant impact on the persistencies 
in either primiparous or multiparous cows. Perhaps 
lameness was not severe enough to affect daily yields 
in a meaningful way. We did not choose LAME for the 
genetic analysis in this study.

Genetic Relationships Between Diseases  
and Persistency Across Parities

Bivariate linear-threshold S-MGS models were used 
to estimate genetic correlations between diseases and 
lactation persistencies. Besides the genetic correlations, 
these models produced an estimate of heritability for 
each health disorder, as presented in Table 8. Simi-
lar heritability estimates of 0.03, 0.01, 0.10, and 0.02 
were obtained from both models for DA, KET, MAST, 
and MAST2, respectively. However, the 2 models gave 
different heritability estimates for MAST1 and MET: 
0.05 and 0.10 from the model including PMY and 0.02 
and 0.04 from the model including PFY, respectively. 
Harder et al. (2006) used 2 single-trait threshold sire 
models to estimate genetic correlations between health 
disorders and lactation persistency in German Holstein 
cows. They obtained somewhat similar heritability es-
timates (0.05 to 0.08) for udder disorders (95% of the 
incidences were MAST) but greater heritability esti-

mates (0.04 to 0.12) for METAB. Moreover, Zwald et 
al. (2004a) obtained quite similar heritability estimates 
of 0.06 for MET and 0.09 for MAST using a multiple-
trait threshold model. Their heritability estimates for 
DA and KET (0.14 and 0.06, respectively) were greater 
than our results in this study. We obtained small stan-
dard deviations for the estimated genetic variations 
(Table 8) ranging from 0.00005 to 0.007. It appears that 
disease traits that could be developed from producer-
recorded health data are under some degree of genetic 
control, and genetic selection based on such data could 
help reduce the disease incidence among dairy cows.

Estimated genetic correlations of health disorders 
with PMY and PFY are in Table 9. All health disorders 
except MAST2 had positive genetic relationships with 
both PMY and PFY. The 95% CI were small and did 
not include zero, suggesting that genetic correlations 
between the diseases and PMY or PFY were significant 
(P < 0.05). Periparturient metabolic and reproductive 
disorders (KET, DA, and MET) exhibited the largest 
positive genetic correlations with PMY (0.46, 0.35, and 
0.27, respectively) and PFY (0.21, 0.16, and 0.12, re-
spectively). We observed similar favorable associations 
of METAB and REPRO with PMY and PFY based 
on phenotypic relationships. We further observed posi-
tive correlations of MAST1 with PMY and PFY. These 
results reflect that genetic factors involved in develop-
ment of early lactation diseases tend to be associated 
with genetic factors leading to a more persistent lacta-
tion. We defined persistency independent of total yield. 
Hence, relationships between diseases and persistency 
estimates, either genetic or phenotypic, describe rela-
tionships between lactation curve shape and incidence 
of diseases. Animals tending to develop diseases in early 
lactation also tended to have more persistent lactation 
curves, regardless of how much or how little milk they 
produced.

The MAST trait, which includes mastitis at any stage 
of lactation, showed positive relationships of 0.17 with 
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Table 7. Odds ratios with associated 95% confidence intervals (CI) and P-values for the effect of the persistency on the likelihood of diseases 
in next lactation 

Disease trait1

PMY2 PFY3

Odds ratio CI P-value Odds ratio CI P-value

MAST1 1.00 0.89–1.01 0.7909 0.97 0.78–1.56 0.4103
MAST2 0.75 0.70–0.82 <0.0001 0.83 0.76–0.94 0.0003
MAST 0.86 0.82–0.91 0.0002 0.90 0.85–0.95 0.0013
REPRO 1.00 0.97–1.03 0.9451 0.97 0.98–1.01 0.1615
METAB 1.04 0.98–1.12 0.1326 1.03 0.96–1.10 0.2133
LAME 1.00 0.94–1.03 0.5601 0.97 0.93–1.02 0.1382

1MAST1 = mastitis in only first 100 d of lactation; MAST2 = mastitis only after 100 DIM; MAST = mastitis in any stage of lactation; REPRO 
= reproductive disorders; METAB = metabolic disorders; and LAME = lameness.
2Milk yield persistency of whole lactation.
3Fat yield persistency of whole lactation.



PMY. This observation seems in disagreement with the 
idea that MAST increases apoptosis of mammary epi-
thelial cells, thus leading to a less persistent lactation 
(Capuco et al., 2003). Harder et al. (2006) also failed 
to affirm this relationship, reporting that the estimated 
genetic correlations between udder diseases and persis-
tency measures were close to zero. Nonetheless, Long et 
al. (2001) demonstrated significantly increased mam-
mary epithelial cell proliferation during Escherichia coli-
induced mastitis in addition to the increased expression 
of apoptotic genes such as Bax and ICE. The balance 
between cell apoptosis and cell proliferation could pre-
vent significant decreases in milk secretory cell number 
and thereby, might lead to a persistent lactation curve 
of animals that develop MAST. However, the negative 
genetic correlation (−0.24) between MAST2 (late stage 
of lactation) and PMY suggests that genes associated 
with development of mastitis in late lactation also 
reduce milk yield, leading to a less persistent lacta-
tion. This study, through both phenotypic and genetic 
relationships, shows that mastitis before and after peak 
lactation has opposite impacts on lactation persistency. 
Furthermore, Zwald et al. (2006) reported that MAST1 
is likely to have a low genetic correlation with MAST2. 
We did not examine this relationship here.

Harder et al. (2006) emphasized that genetic correla-
tions between lactation persistency and diseases have 
to be judged in light of the definition of persistency. 
Muir et al. (2004) suggested that persistency measures 
uncorrelated with total yield could allow for more ef-
ficient selection for total lactation yield and persistency 
simultaneously. This study used persistency measures 
uncorrelated with total yield. Therefore, all the rela-
tionships between diseases and persistency dealt with 
the shape of lactation curve independent of the level 
of production. Ferris et al. (1985), Muir et al. (2004), 
and Appuhamy et al. (2007) all observed relationships 
between diseases and lactation curve parameters such 
as peak lactation and DIM at peak. Hence, an inves-
tigation that accounts for phenotypic and genetic as-
sociations of diseases to these measures would help to 
better describe the relationships between diseases and 
persistency.

The persistency measures used in this study seem to 
be affected by diseases rather than affecting diseases. 
Genes associated with greater incidence of many dis-
eases tend to increase lactation persistency. Hence, it is 
doubtful that selection of dairy cattle for greater lacta-
tion persistency independent of total yield would lower 
disease incidence.
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Table 8. Average genetic variation (sg
2), standard deviations (SD) of sg

2, and heritabilities of disease traits 
from bivariate models with either PMY or PFY 

Disease trait1 Model2 Average sg
2 SD of sg

2 Heritability

DA PMY 0.0004 0.00009 0.03
PFY 0.0004 0.00009 0.03

KET PMY 0.0049 0.00340 0.01
PFY 0.0001 0.00005 0.01

MAST PMY 0.0373 0.00704 0.10
PFY 0.0372 0.00737 0.10

MAST1 PMY 0.0176 0.00681 0.05
PFY 0.0003 0.00010 0.02

MAST2 PMY 0.0003 0.00009 0.02
PFY 0.0003 0.00009 0.02

MET PMY 0.0355 0.00749 0.10
 PFY 0.0011 0.00023 0.04

1DA = displaced abomasums; KET = ketosis; MAST = mastitis in any stage of lactation; MAST1 = mastitis 
in only first 100 d of lactation; MAST2 = mastitis only after 100 DIM; and MET = metritis.
2PMY = milk yield persistency of whole lactation; PFY = fat yield persistency of whole lactation.

Table 9. Genetic correlations (rg) of disease traits with milk (PMY) and fat (PFY) yield persistencies calculated for whole lactation 

Disease trait1 rg with PMY 95% confidence limits rg with PFY 95% confidence limits

DA 0.35 0.35 0.34 0.16 0.15 0.16
KET 0.46 0.46 0.46 0.21 0.20 0.21
MAST 0.17 0.17 0.17 0.07 0.07 0.08
MAST1 0.02 0.02 0.02 0.06 0.06 0.07
MAST2 −0.24 0.23 0.24 0.04 0.04 0.03
MET 0.27 0.27 0.28 0.12 0.12 0.13

1DA = displaced abomasums; KET = ketosis; MAST = mastitis in any stage of lactation; MAST1 = mastitis in only first 100 d of lactation; 
MAST2 = mastitis only after 100 DIM; and MET = metritis.
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