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ABSTRACT

To determine the accuracy of a pregnancy-associated
glycoprotein (PAG) ELISA in identifying pregnancy sta-
tus 27 d after timed artificial insemination (TAI), blood
samples were collected from lactating Holstein cows
(n = 1,079) 27 d after their first, second, and third post-
partum TAI services. Pregnancy diagnosis by transrec-
tal ultrasonography (TU) was performed immediately
after blood sample collection, and pregnancy outcomes
by TU served as a standard to test the accuracy of the
PAG ELISA. Pregnancy outcomes based on the PAG
ELISA and TU that agreed were considered correct,
whereas the pregnancy status of cows in which preg-
nancy outcomes between PAG and TU disagreed were
reassessed by TU 5 d later. The accuracy of pregnancy
diagnosis was less than expected when using TU 27 d
after TAI (93.7 to 97.8%), especially when pregnancy
outcomes were based on visualization of chorioallantoic
fluid and a corpus luteum but when an embryo was not
visualized. The accuracy of PAG ELISA outcomes 27 d
after TAI was 93.7, 95.4, and 96.2% for first, second, and
third postpartum TAI services, respectively. Statistical
agreement (kappa) between TU and the PAG ELISA
27 d after TAI was 0.87 to 0.90. Pregnancy outcomes
based on the PAG ELISA had a high negative predictive
value, indicating that the probability of incorrectly ad-
ministering PGF2α to pregnant cows would be low if
this test were implemented on a commercial dairy.
Key words: transrectal ultrasonography, pregnancy-
associated glycoprotein, pregnancy diagnosis

INTRODUCTION

Efficient and aggressive reproductive management
of lactating dairy cows can be achieved if an accurate
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early nonpregnant diagnosis is combined with a resyn-
chronization protocol, resulting in acceptable fertility.
Palpation per rectum is routinely used to determine
pregnancy status in dairy cattle; however, with this
method it can be difficult to diagnose pregnancy status
accurately earlier than 30 to 35 d after AI (Momont,
1990; Youngquist, 2007). Use of transrectal ultrasonog-
raphy (TU) is gaining popularity among bovine prac-
titioners (Fricke, 2002), but accuracy of pregnancy diag-
nosis by TU decreases at a gestational age of less than
33 d (Pieterse et al., 1990; Badtram et al., 1991; Romano
et al., 2006).

Laboratory assays for detecting proteins originating
from binucleate cells of the embryonic trophoblast have
been developed to determine pregnancy status in cattle
(Sasser et al., 1986; Zoli et al., 1992; Green et al., 2005).
Pregnancy-specific protein-B was the first pregnancy-
specific protein identified in cattle (Butler et al., 1982)
and was later found to have the same N-terminal AA
sequence as pregnancy-associated glycoprotein (PAG;
Xie et al., 1991; Lynch et al., 1992). Both pregnancy-
specific protein-B and PAG have subsequently been re-
classified as boPAG-1, and an ELISA was developed to
detect PAG as a method of early pregnancy diagnosis
in cattle (Green et al., 2005). Mean PAG concentrations
in cattle increase from 15 to 35 d in gestation; however,
variation in serum PAG levels among cows precludes
PAG as a reliable indicator of pregnancy until about
26 to 30 d in gestation (Zoli et al., 1992; Humblot, 2001).
Coupling an early nonpregnant diagnosis with a man-
agement strategy to rapidly reinitiate AI can improve
reproductive efficiency by decreasing the interval be-
tween AI services, thereby improving the AI service
rate (Fricke, 2002).

The objective of this study was to compare the accu-
racy of a plasma PAG ELISA with TU for determining
the pregnancy status of lactating dairy cows 27 d after
timed AI (TAI). When a new test is evaluated, it is
necessary to analyze the accuracy and feasibility of the
new test compared with existing methods (Bossuyt et
al., 2006). A “gold standard” is a quality control that
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provides the basis for determining the value of a diag-
nostic test. The sensitivity of TU (the gold standard) to
detect pregnant cows and heifers from 23 to 33 d after
AI varies from 61.5 to 97.7%, whereas the specificity of
TU to detect nonpregnant animals varies from 76.6
to 87.8% (Pieterse et al., 1990; Badtram et al., 1991).
Nonetheless, TU is the most reliable method of de-
termining pregnancy status 27 d after TAI under farm
conditions and can be performed concurrently with
blood sample collection for the PAG ELISA 27 d after
TAI.

MATERIALS AND METHODS

Animals and Reproductive Management

Lactating Holstein cows (n = 1,079) on a commercial
dairy with approximately 1,600 lactating cows near De-
Forest, Wisconsin, were enrolled into the study from
December 2004 to August 2005. Cows were housed in
free-stall barns and were fed a TMR with ad libitum
access to feed and water. Cows were milked 3 times
daily, and all cows received recombinant bST (Posilac,
500 mg, Monsanto Co, St. Louis, MO) beginning 57 to
70 d postpartum and continuing every 14 d throughout
the study. Initiation of the first postpartum bST treat-
ment coincided with the Presynch + Ovsynch protocol
as described by Moreira et al. (2000).

Lists for scheduled injections and pregnancy exami-
nations for individual cows were generated weekly by
using a commercial on-farm computer software pro-
gram (Dairy Comp 305, Valley Agricultural Software,
Tulare, CA). This program also was used to track the
cows enrolled in the study and to track reproductive
outcomes and events for individual cows. Data from
“cowfile” archives were exported into a computer
spreadsheet program (Microsoft Excel 2002, Microsoft
Corporation, Redmond, WA) for organization before sta-
tistical analysis by SAS (SAS Institute, 2003).

Submission of Cows for the PAG ELISA Analysis

Lactating Holstein cows were allocated weekly to
breeding groups based on their date of calving, and
cows were managed in groups to receive hormonal injec-
tions on 2 preselected days of the week (Tuesdays and
Thursday), with TAI conducted on Friday mornings.
All cows received a Presynch + Ovsynch protocol by
intramuscular injection of 25 mg of PGF2α (5 mL of
Lutalyse, Pfizer Animal Health, New York, NY) 39 ± 3
and 53 ± 3 d after parturition. Twelve days later, Ov-
synch was initiated by administering 100 �g of GnRH
(Cystorelin, Merial Ltd., Duluth, GA) and 25 mg of
PGF2α (5 mL of Lutalyse, Pfizer Animal Health). The
Ovsynch protocol for first postpartum TAI was GnRH
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(d 65 ± 3), PGF2α (d 72 ± 3), and GnRH 54 h after PGF2α,
followed by TAI ∼16 h later (d 75 ± 3 postpartum). Cows
were enrolled in the study at the second PGF2α injection
of Presynch, and cows with a BCS of ≤2.0 (Wildman et
al., 1982) were not enrolled in the study based on crite-
ria established by the herd manager.

The first pregnancy diagnosis was conducted 27 d
after first TAI; thus, a minimum of 100 d elapsed be-
tween calving and the first pregnancy diagnoses with
the PAG ELISA. A second pregnancy diagnosis was
conducted 39 d after TAI by using TU, and cows diag-
nosed as pregnant at this diagnosis completed the
study. Cows failing to conceive to first postpartum TAI
were resynchronized by Ovsynch as described for first
postpartum TAI, with the first GnRH injection adminis-
tered either 25 or 32 d after TAI. Cows failing to con-
ceive to second postpartum TAI were resynchronized
by Ovsynch for a third postpartum TAI service. Cows
remained in the study until they were diagnosed as
pregnant or until they completed the pregnancy diagno-
sis conducted 39 d after their third postpartum TAI
service. The herd veterinarian, who had 8 yr of experi-
ence with TU, conducted all pregnancy examinations
27 d after TAI by using a high-quality portable scanner
equipped with a 5- to 10-MHz linear-array transducer
(Sonosite VET 180plus, SonoSite Inc., Bothell, WA).
Pregnancy examination 39 d after TAI was performed
by a second veterinarian with a portable scanner
equipped with a 5- to 10-MHz linear-array transducer
(Easi-scan, BCF Technology Ltd., Livingston, UK).

Blood Sample Collection for the PAG ELISA

Blood samples used for the PAG ELISA were collected
27 d (Thursday) after TAI throughout the trial into 3-
mL K3 EDTA evacuated tubes (BD Vacutainer, Frank-
lin Lakes, NJ). Blood samples were collected via veni-
puncture of the median caudal vein or artery. Immedi-
ately after collection, samples were transported to the
laboratory, placed on ice, and shipped as whole blood
from the University of Wisconsin-Madison to the Mon-
santo Company by a commercial overnight shipping
courier (FedEx Corporation, Memphis, TN).

Blood samples were analyzed in a laboratory located
at the Monsanto Company for PAG concentration by
using ELISA (Harlow and Lane, 1998) as described by
Green et al. (2005), with slight modifications. Briefly,
96-well ELISA plates were coated with rabbit anti-PAG
polyclonal antibodies in coating buffer (0.1 M Na2CO3

buffer, pH 9.35) and allowed to incubate overnight at
4°C. The plates were then washed 4 times (200 �L/
well for each wash) with wash buffer (PBS, pH 7.4,
containing 0.05% Tween 20) by an automatic 96-well
plate washer (ELx405, BioTek, Winooski, VT). Blocking
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solution (200 �L/well) was then added to each well and
the plates were incubated for 1 h at 37°C. After the 1-
h incubation, the blocking solution was removed and
the wells were washed 4 times with 300 �L of wash
buffer by the plate washer. After the final wash, either
100 �L of plasma collected from a study animal or a
prediluted PAG standard in blocking buffer was added
to duplicate wells. Blocking buffer also was used as the
blank. The plates were then incubated at 37°C for 1 h.
After this incubation, plates were washed 4 times with
300 �L of wash buffer by the plate washer. Biotin-
labeled PAG antibody (100 �L/well) diluted in blocking
buffer was added to each well and incubated for 1 h at
37°C. After incubation, the plates were again washed
4 times with 300 �L of wash buffer. Streptavidin-horse-
radish peroxidase (100 �L/well, diluted in blocking
buffer) was added to each well and incubated for 1 h
at 37°C, and the plates were again washed 4 times
with 300 �L of wash buffer. After washing, horseradish
peroxidase substrate solution (100 �L/well) was added
to each well and incubated at room temperature (∼25°C,
15 min with shaking) to allow color development. Color
development was stopped by adding 1 M hydrochloric
acid (100 �L/well). A SpectraMax Plus Microplate
Reader (multidimensional scaling) was used to measure
the absorbance. A SoftMax Pro instrument (multidi-
mensional scaling) was used to estimate PAG concen-
tration in each well by using the standard curve and a
linear regression plot. A standard curve was included
on every ELISA plate.

Plasma samples from study cows with a PAG concen-
tration greater than a preestablished cutoff value were
identified as pregnant, whereas plasma samples from
cows with a PAG concentration less than the preestab-
lished lower cutoff value were identified as nonpreg-
nant. The preestablished cutoff value was determined
by Monsanto laboratory personnel and remained un-
known to laboratory personnel at the University of Wis-
consin-Madison throughout the trial. Pregnancy out-
comes based on TU were unknown to Monsanto labora-
tory personnel until they delivered PAG ELISA
outcomes. Pregnancy outcomes based on the PAG
ELISA were delivered to the laboratory personnel at
the University of Wisconsin-Madison via e-mail and
were subsequently conveyed to the farm manager.
Overall turnaround time from blood sample collection
to the return of the pregnancy outcomes to the farm
was 36 h.

Exclusion of PAG ELISA Outcomes

A total of 1,079 cows were initially enrolled in the
study; however, 37 cows were excluded from further
analysis before their first pregnancy diagnoses because
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they were either sold, died, or failed to complete the
correct hormonal injection sequence during the Pre-
synch + Ovsynch protocol. Thus, a total of 1,042 cows
were available for first pregnancy diagnosis. Some out-
comes were not included in the PAG ELISA accuracy
analysis for the reasons summarized in Table 1. Briefly,
reasons for exclusion included 1) cows missing a blood
sample for the PAG ELISA (n = 97) or missing a TU
evaluation (n = 4); 2) a malfunction of the 96-well plate
washer (110 pregnancy outcomes were excluded be-
cause of this occurrence); 3) an inconclusive PAG result
provided by the Monsanto laboratory (12 outcomes were
excluded); 4) d 27 TU results that were inconclusive
and did not meet protocol-defined category criteria (28
outcomes were excluded that occurred during the first
month of the study, and this was corrected); 5) data for
cows in which pregnancy outcomes between the PAG
ELISA and TU disagreed if pregnancy reevaluations
were missing.

For the analysis of first postpartum TAI, 160 total
outcomes were excluded from the initial 1,042 cows,
resulting in 882 outcomes in the PAG ELISA accuracy
analysis at first postpartum TAI. After first postpartum
TAI, a total of 399 cows were determined pregnant 39
d after TAI and did not have a second TAI; another 91
cows did not continue resynchronization in the interval
between first and second postpartum TAI, resulting in
552 cows available for the analysis at second postpar-
tum TAI.

For the analysis of second postpartum TAI, a total of
74 outcomes were excluded, resulting in 478 outcomes
included in the PAG accuracy assessment. A total of
169 cows were pregnant after second postpartum TAI
and another 34 cows were excluded before the third
pregnancy diagnosis because they did not continue re-
synchronization. Thus, 349 cows remained in the study
for analysis of third postpartum TAI, and 313 outcomes
were included in the analysis after exclusion of 36
outcomes.

In summary, a total of 1,042, 552, and 349 cows were
available for the PAG ELISA analysis at first, second,
and third postpartum TAI, respectively. After exclu-
sions (summarized in Table 1), a total of 882, 478, and
313 outcomes were available for analysis of the PAG
ELISA at first, second, and third postpartum TAI, re-
spectively.

Assessment of PAG ELISA Accuracy

This experiment was designed to test the accuracy
of pregnancy outcomes based on a PAG ELISA of blood
samples collected 27 d after TAI by comparing these
outcomes with those based on TU conducted 27 d after
TAI. With this experimental design, pregnancy out-
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Table 1. Number of cows and pregnancy outcomes excluded for the pregnancy-associated glycoprotein (PAG)
ELISA analysis by timed AI (TAI) number

TAI number

Item First TAI Second TAI Third TAI Total

Cows
Total,1 n 1,042 552 349 1,943
Pregnant cows,2 n 399 169 84 652
Cows not continuing resynchronization,3 n 91 34 0 125

Reasons for excluding PAG or TU outcomes, or both
No TU outcome, n 2 1 1 4
Not assayed for PAG ELISA, n 50 23 24 97
PAG ELISA failure,4 n 66 38 6 110
Inconclusive PAG ELISA,5 n 7 4 1 12
TU category incorrect,6 n 27 1 0 28
Missed TU reevaluation,7 n 8 7 4 19

Total outcomes excluded, n 160 74 36 270
Total outcomes included in the analysis, n 882 478 313 1,673

1Number of cows with a recorded pregnancy diagnosis for each TAI. A total of 1,079 cows were initially
enrolled in the study; however, 37 cows were excluded before pregnancy diagnosis after first TAI.

2Total number of cows diagnosed as pregnant. Pregnancy diagnosis was determined 39 d after TAI based
on transrectal ultrasonography (TU); pregnant cows did not continue in the study for subsequent TAI.
Nonpregnant cows remained in the study until the pregnancy diagnosis after their third TAI.

3Cows that did not continue resynchronization because they were sold, died, missed injections, or were
marked as “do not breed.”

4A period of 5 consecutive weeks during the study was identified by Monsanto laboratory personnel during
which technical problems with the ELISA assay procedure occurred because of a malfunction of the 96-well
plate washer.

5Inconclusive PAG results (e.g., rechecks) were sent by the Monsanto laboratory. The reason for these
outcomes was unknown to laboratory personnel at the University of Wisconsin-Madison.

6Cows had pregnancy status determined by TU 27 d after TAI was recorded with a score other than that
established for pregnancy outcomes (e.g., questionable pregnancy 1 and questionable pregnancy 2) during
the first month of the study, and these data were excluded from the analysis of accuracy of the PAG ELISA.

7Data for cows in which pregnancy outcomes between the PAG ELISA and TU disagreed were not included
in the analysis if pregnancy reevaluations were missing.

comes by TU served as a gold standard with which to
test the accuracy of the PAG ELISA. Throughout the
experiment, pregnancy outcomes between the PAG
ELISA and TU were compared, and if a given cow had
a missed PAG ELISA or TU outcome, the cow was not
included in the analysis of PAG ELISA accuracy. When
pregnancy outcomes based on the PAG ELISA and TU
agreed, the outcome was considered to be correct. By
contrast, when pregnancy outcomes based on the PAG
ELISA and TU 27 d after TAI disagreed for a given
cow, pregnancy status of that cow was reevaluated by
TU 5 d later, 32 d after TAI. Cows in which pregnancy
outcomes based on TU were incorrect 27 d after TAI
resulted in an incorrect gold standard outcome. Thus,
incorrect TU outcomes 27 d after TAI were adjusted to
the pregnancy outcome based on the pregnancy recheck
by TU 32 d after TAI to avoid inaccuracy in the evalua-
tion of the PAG ELISA. After the appropriate adjust-
ments were made by using the TU outcomes 32 d after
TAI, the actual gold standard was based on TU out-
comes 27 d after TAI that agreed with the PAG ELISA
or the result of the TU outcomes 32 d after TAI if the
outcomes between the 2 diagnostic methodologies 27 d
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after TAI did not agree. This new gold standard was
used to estimate the accuracy of both TU and the PAG
ELISA 27 d after TAI.

During the initial month of the study, TU outcomes
were classified into each of the following 3 categories:
1) pregnant (PG; embryo visualized); 2) questionable
pregnant (QP; chorioallantoic fluid visualized; embryo
not visualized); or 3) nonpregnant (NP). Because some
pregnancy outcomes based on TU 27 d after TAI were
found to be incorrect according to the pregnancy recheck
conducted 32 d after TAI, pregnancy outcomes based
on TU were subclassified into each of the 5 categories
defined in Table 2. Therefore, outcomes during the first
month of the study were excluded from the analysis of
the accuracy of the PAG ELISA. Agreement between
TU and the PAG ELISA was determined by considering
cows in the PG, QP1 (pregnant based on the presence
of a normal amount of chorioallantoic fluid and a corpus
luteum), or QP2 (pregnant based on the presence of
abnormally low amount of chorioallantoic fluid and a
corpus luteum) categories as pregnant and by consider-
ing cows in the pregnancy loss (PL) or NP categories
as nonpregnant (Table 2).
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Table 2. Category definitions used to classify pregnancy outcomes based on transrectal ultrasonography (TU) examinations conducted 27
d after timed AI

TU Category definition
category

PG Pregnant: presence of a corpus luteum; a normal amount of chorioallantoic fluid in the uterine horn ipsilateral to the
ovary with a corpus luteum; embryo visualized.

QP1 Questionable pregnant 1: presence of a corpus luteum; a normal amount of chorioallantoic fluid in the uterine horn
ipsilateral to the ovary with a corpus luteum; embryo not visualized.

QP2 Questionable pregnant 2: presence of a corpus luteum; abnormally less than a normal amount of chorioallantoic fluid
in the uterine horn ipsilateral to the ovary with a corpus luteum, embryo not visualized.

PL Pregnancy loss: nonviable embryo lacking a heartbeat and organized structure.
NP Nonpregnant: absence of ovarian and uterine signs of pregnancy with enough confidence to administer PGF2α.

Statistical Analyses

The kappa statistic in PROC FREQ of SAS (SAS In-
stitute, 2003) was used to analyze agreement between
the pregnancy outcomes of TU and the PAG ELISA. A
kappa value of 1 indicates perfect agreement and a
value of 0 indicates no agreement beyond chance (Mar-
tin et al., 1987; Noordhuizen et al., 2001). In comparing
tests, a kappa value of 0.4 to 0.5 indicates a moderate
level of agreement, 0.5 to 0.6 indicates good agreement,
and >0.6 indicates a high level of agreement (Martin
et al., 1987).

McNemar’s test was used to compare proportions for
data from matched pairs. A matched pair occurs when
each observation in the first group has a corresponding
observation in the second group (Pagano and Gauvreau,
2000). In the present study, paired data included the
PAG ELISA and TU pregnancy outcomes for each cow
and time period. The chi-square test statistic in PROC
FREQ of SAS was used to analyze the nonpaired data
of incorrect TU outcomes in each category. Fisher’s ex-
act test was used when the cell frequency was low and
the chi-squared test was not appropriate (Table 3).

The sensitivity of the assay was expressed as the
proportion of pregnant cows with a positive PAG ELISA
result [number of true positive results/(number of true
positive results + number of false negative results)]. By
contrast, test specificity was calculated as the propor-
tion of nonpregnant cows with a negative test result
[number of true negative results/(number of true nega-
tive results + number of false positive results)]. The
positive predictive value (PPV) was calculated as the
proportion of cows testing pregnant that were truly
pregnant [number of true positive results/(number of
true positive results + number of false positive results)],
whereas the negative predictive value (NPV) was calcu-
lated as the proportion of cows testing negative that
were not truly pregnant [number of true negative re-
sults/(number of true negative results + number of false
negative results)]. Test accuracy was defined as the
proportion of pregnant and nonpregnant cows correctly
identified by the test [(number of true positive results

Journal of Dairy Science Vol. 90 No. 10, 2007

+ number of true negative results)/(number of true posi-
tive results + number of true negative results + number
of false positive results + number of false negative re-
sults); Martin et al., 1987; Smith, 1991; Noordhuizen
et al., 2001]. Two additional calculations included deter-
mination of the rate of false positive and false negative
results. The rate of false positive results is the likeli-
hood of a positive result in cows known not to be preg-
nant, and this rate is related to the test specificity (rate
of false positive = 1 − specificity). By contrast, the rate
of false negative results is the likelihood of a negative
result in cows known to be pregnant, and this rate is
related to the test sensitivity (rate of false negative
results = 1 − sensitivity).

RESULTS AND DISCUSSION

Accuracy of Pregnancy Outcomes by TU

The frequency distribution of pregnancy outcomes
for each TU category is summarized in Table 3. The
percentage of cows assigned to each category was 17.4,
19.6, 3.4, 0.7, and 58.9% for the categories PG, QP1,
QP2, PL, and NP, respectively. The percentage of preg-
nant (PG, QP1, and QP2) and nonpregnant cows (PL
and NP) was 40.5 and 59.5%, respectively. The percent-
age of cows diagnosed as pregnant based on visualiza-
tion of an embryo by TU (PG, 17.4%) was similar to the
number of cows diagnosed as pregnant based solely on
the presence of chorioallantoic fluid and a corpus lu-
teum but without visualizing an embryo (QP1, 19.6%).
For nonlactating heifers evaluated under optimal ex-
perimental conditions and with no time constraints, the
embryonic vesicle was first detectable at about 12 d
of gestation, and detection of the embryo proper was
possible by 20 d (Curran et al., 1986). Circular nonecho-
genic structures within the uterus were common in non-
inseminated and pregnant heifers 10 to 14 d after ovula-
tion, and by 16 d there were more elongated nonecho-
genic structures in pregnant heifers (Kastelic et al.,
1991a). Although pregnancy status can be determined
early during gestation, the accuracy of TU is compro-
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Table 3. Frequency of pregnancy outcomes based on transrectal ultrasonography (TU) categories 27 d after timed AI (TAI) and the frequency
of incorrect TU outcomes based on pregnancy status reevaluation by TU 32 d after TAI

TU outcome Overall rate
disagreements Missed Outcomes Outcomes of incorrect

Frequency, % with PAG ELISA, reevaluation, reevaluated, included, TU outcomes,2

TU category1 (no./no.) % (no./no.) n n n % (no./no.)

PG 17.4 (295/1,692) 5.1 (15/295) 2 13 293 2.4a (7/293)
QP1 19.6 (332/1,692) 17.5 (58/332) 7 51 325 9.5b (31/325)
QP2 3.4 (58/1,692) 65.5 (38/58) 4 34 54 57.4c (31/54)

Total pregnant 40.5 (685/1,692) 16.2 (111/685) 13 98 672 10.3 (69/672)
PL 0.7 (11/1,692) 36.4 (4/11) 0 4 11 18.2b (2/11)
NP 58.9 (996/1,692) 8.5 (85/996) 6 79 990 2.0a (20/990)

Total nonpregnant 59.5 (1,007/1,692) 8.8 (89/1,007) 6 83 1,001 2.2 (22/1,001)
Overall 100.0 (1,692/1,692) 11.8 (200/1,692) 19 181 1,673 5.4 (91/1,673)

a–cWithin a column, values with different superscripts differ (P < 0.05).
1Cows classified as PG, QP1, or QP2 were considered to be pregnant, whereas cows classified as PL or NP were considered to be nonpregnant.

PG = pregnant; QP1 = questionable pregnant 1; QP2 = questionable pregnant 2; PL = pregnancy loss; NP = nonpregnant.
2Overall rate of incorrect TU outcomes was analyzed by using a chi-squared test in PROC FREQ of SAS (SAS Institute, 2003). Transrectal

ultrasonography was used as a gold standard to determine the accuracy of the pregnancy-associated glycoprotein (PAG) ELISA 27 d after
TAI. Outcomes between PAG ELISA and TU that agreed were considered correct. For outcomes that disagreed between TU and the PAG
ELISA 27 d after TAI, cows were reevaluated 5 d later by TU, and the incorrect outcomes based on TU 27 d after TAI were determined.
The total number of cows is reduced because of missed TU reevaluations (n = 19).

mised because of the location of the uterus far cranial
to the pelvic inlet, early pregnancy loss, age of the cows,
and accumulation of intrauterine estrual fluid in non-
pregnant cows (Hughes and Davies, 1989; Kastelic et
al., 1991a; Szenci et al., 1995; Szenci et al., 1998a). For
the TU outcomes that disagreed with the PAG ELISA,
the percentage of incorrect TU outcomes was less for
nonpregnant than for pregnant outcomes (26.5%, n =
83 vs. 70.4%, n = 98), mainly because of the incorrect
TU outcomes classified as either QP1 or QP2. Important
considerations when interpreting data from the present
study are that TU outcomes were made by only one
bovine practitioner, and all of the pregnancy outcomes
were conducted on a single farm. Variation among
farms in the rate of embryonic loss as well as variation
in the skill at TU among practitioners could result in
different outcomes among farms and practitioners.

One caveat of this study is that we assumed that
when both diagnostic methodologies agreed, the re-
sulting pregnancy outcomes were correct. Although it
is possible that both tests could be wrong simultane-
ously, the frequency of such an occurrence would be
expected to be low and would have a minimal impact
on the data. Furthermore, restraining all cows enrolled
into the study at both 27 and 32 d after TAI to determine
pregnancy status was not possible because it would
have disrupted cow flow on the farm and because cows
would have been restrained in feedline headlocks for
longer than the farm manager allowed. By contrast,
when disagreement between pregnancy outcomes
based on TU and the PAG ELISA occurred, pregnancy
outcomes by TU 5 d later were used to determine the
correct diagnosis. Overall, 200 pregnancy outcomes dis-
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agreed between the PAG ELISA and TU 27 d after TAI,
resulting in 181 reevaluations based on TU conducted
32 d after TAI. A total of 19 cows that required preg-
nancy rechecks were missed, and these data were ex-
cluded from the analysis. After exclusion of these out-
comes, a total of 1,673 pregnancy outcomes were evalu-
ated for the accuracy of the PAG ELISA for first, second,
and third postpartum TAI services.

After reevaluation of outcomes that disagreed, the
overall percentage of incorrect TU outcomes 27 d after
TAI was greater for cows diagnosed as pregnant based
on the presence of abnormal uterine fluid and a corpus
luteum (i.e., QP2, 57.4%) than when a normal amount
of fluid (i.e., QP1, 9.5%) or an embryo was visualized
(i.e., PG, 2.4%). In a previous study in which a preg-
nancy diagnosis between 26 and 58 d after AI was evalu-
ated by TU, more false positive diagnoses were made
when visualization of chorioallantoic fluid alone was the
determining criterion compared with when the embryo
proper was visualized (Szenci et al., 1998b).

A portion of cows in the QP1 and QP2 categories
misdiagnosed as pregnant may have been undergoing
pregnancy loss at the time of the TU examination. Dif-
ferences in these categories based on the amount of
chorioallantoic fluid detected by TU may be explained
by differences in the timing of embryonic death. When
embryonic death (spontaneous or induced) in heifers
preceded luteal regression, the conceptus fluid and em-
bryonic tissue were retained longer in the uterus than
when luteolysis was induced (Kastelic and Ginther,
1989; Kastelic et al., 1991b). This delay in expulsion of
the conceptus from the uterus may have produced false
positive results when using TU in the present study.



SILVA ET AL.4618

Table 4. Pregnancy outcomes based on transrectal ultrasonography (TU) 27 d after timed AI (TAI), and
adjusted outcomes for TU 27 and 32 d after TAI

TU outcomes Correct TU Incorrect TU Adjusted TU
Pregnancy included,1 outcomes, outcomes, outcomes,2

status n n (27 d) n (27 d) n (27 and 32 d)

Pregnant 672 603 69 625
Nonpregnant 1,001 979 22 1,048
Total 1,673 1,582 91 1,673

1Among 1,692 TU outcomes 27 d after TAI, 19 outcomes were excluded because of missed TU reevaluations
when disagreement occurred with the pregnancy-associated glycoprotein (PAG) ELISA outcomes.

2Incorrect TU outcomes 27 d after TAI (n = 91) were adjusted for the correct TU outcome 32 d after TAI
to assess TU and PAG accuracy (adjusted TU outcomes).

The number of cows diagnosed as PL (n = 11, 0.7%)
was low because cows that initiated pregnancy loss be-
fore TU examination were probably categorized as ei-
ther QP1 or QP2. Furthermore, embryonic death is usu-
ally diagnosed based on visualization of the embryo
proper by TU, and cows in the present study were classi-
fied into the QP1 and QP2 categories based on visualiza-
tion of chorioallantoic fluid alone. Overall, less than
half (43.1%, 295/685) of the pregnant outcomes were
based on visualization of an embryo (i.e., PG) probably
because of the small mass of the embryo 27 d after TAI
and the time constraints for individual cow diagnoses
imposed by the cow flow on the commercial dairy. Four
cows classified as PL by TU disagreed with the PAG
ELISA outcome (pregnant), and 2 of these cows were
found to be pregnant 5 d later based on the recheck by
using TU.

Sensitivity, specificity, PPV, and NPV of TU 27 d
after TAI were calculated based on the assumption that
the outcomes that agreed with the PAG ELISA were
correct, whereas the outcomes that disagreed were re-
adjusted to the correct outcome based on the TU reeval-
uation 32 d after TAI (Table 4). A 2 × 2 contingency
table was constructed to analyze the data (Table 5)
and calculate sensitivity, specificity, PPV, NPV, and
accuracy of the TU (Table 6). In this study, sensitivity
ranged from 94.2 to 98.9% and specificity ranged from
91.7 to 97.3%. Pieterse et al. (1990) reported a sensitiv-
ity and specificity of pregnancy diagnosis by ultrasound
of 44.8 and 82.3%, respectively, when conducted be-
tween 21 and 25 d after AI and 97.7 and 87.7%, respec-
tively, when conducted between 26 and 33 d after AI. In
a second field study with TU 27 d after AI to determine
pregnancy status in cows, sensitivity and specificity
were 93.8 and 96.2%, respectively (Romano et al., 2006),
similar to results from the present study for pregnancy
outcomes after first, second, and third postpartum TAI.

Because some errors occurred with pregnancy out-
comes 27 d after TAI based on TU (i.e., our gold stan-
dard), a different approach was taken and incorrect
TU outcomes were not included in the analysis in an
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attempt to minimize bias in determining the accuracy
of the PAG ELISA due to errors in the gold standard
(Enøe et al., 2000). The use of pregnancy outcomes
based on TU 32 d after TAI for outcomes that disagreed
at the initial examination avoided underestimation of
the accuracy of the PAG test due to incorrect TU out-
comes. A fair criticism of this methodology is that preg-
nancy reevaluations conducted 5 d after the initial eval-
uation did not account for pregnancy loss occurring dur-
ing the 5-d interval between pregnancy evaluations and
therefore may have introduced some error in determin-
ing the correct outcome at the initial pregnancy exami-
nation. Although this is a possibility, the occurrence of
pregnancy loss was only 3.7% (13/349) from 33 to 40 d
after TAI (Sterry et al., 2006). Furthermore, this meth-
odology assumed that when the diagnoses between the
methodologies agreed, the outcomes were correct. Fi-
nally, the exclusion of data when the d 27 TU and
PAG ELISA results disagreed but no reevaluation was
conducted (n = 19) may have resulted in a slight overes-
timation of the agreement between the 2 diagnostic
methodologies.

Table 5. Contingency table for evaluation of sensitivity,1 specificity,2

positive predictive value,3 negative predictive value,4 and accuracy5

of transrectal ultrasonography (TU) for determining pregnancy sta-
tus 27 d after timed AI

Adjusted TU

TU Pregnant Nonpregnant Total

Pregnant 603 (a) 69 (b) 672
Nonpregnant 22 (c) 979 (d) 1,001
Total 625 1,048 1,673 (N)

1Proportion of pregnant cows with a positive TU outcome [a/(a +
c)] × 100.

2Proportion of nonpregnant cows with a negative TU outcome [d/
(d + b)] × 100.

3Proportion of cows diagnosed as pregnant by TU that were truly
pregnant [a/(a + b)] × 100.

4Proportion of cows diagnosed as nonpregnant based on TU that
were truly nonpregnant [d/(c + d)] × 100.

5Proportion of pregnancy status outcomes (pregnant and nonpreg-
nant), that were correctly classified by TU [(a + d)/N] × 100.
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Table 6. Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and
accuracy of transrectal ultrasonography (TU) for determining pregnancy status 27 d after timed AI (TAI)
by TAI number

Sensitivity,1 Specificity,2 PPV,3 NPV,4 Accuracy,5

TAI % (no./no.) % (no./no.) % (no./no.) % (no./no.) % (no./no.) Kappa

1 96.8 (367/379) 91.7 (461/503) 89.7 (367/409) 97.5 (461/473) 93.9 (828/882) 0.87
2 94.2 (145/154) 93.5 (303/324) 87.3 (145/166) 97.1 (303/312) 93.7 (448/478) 0.85
3 98.9 (91/92) 97.3 (215/221) 93.8 (91/97) 99.5 (215/216) 97.8 (306/313) 0.94

1Proportion of pregnant cows with a positive TU outcome.
2Proportion of nonpregnant cows with a negative TU outcome.
3Proportion of cows diagnosed as pregnant by TU that were truly pregnant.
4Proportion of cows diagnosed as nonpregnant by TU that were truly nonpregnant.
5Proportion of pregnancy status (pregnant and nonpregnant) that was correctly classified by TU.

Results from the present study and those of others
support the notion that pregnancy outcomes based on
TU before about 30 d after TAI can lead to errors, which
may substantially reduce the benefit of early pregnancy
diagnosis. From a practical perspective, although there
is an advantage of the PAG ELISA over TU with regard
to the false positive results at 27 d after TAI associated
with embryonic loss, the 2-d delay from the time of blood
collection to the establishment of pregnancy diagnosis
based on the PAG ELISA has a negative impact on the
reproductive management program of a dairy imple-
menting a systematic synchronization and resynchroni-
zation program. With TU, cows treated with GnRH 7
d before pregnancy diagnosis to initiate Resynch can be
diagnosed as nonpregnant and be immediately treated
with PGF2α during the same cow-handling period
(Fricke et al., 2003; Sterry et al., 2006). By contrast,
an additional cow-handling period is required during
Resynch to collect the blood sample for the PAG ELISA
at least 2 d before the scheduled PGF2α injection. Devel-
opment of an on-farm or cow-side form of this PAG
assay would improve the management aspects of adopt-
ing this technology on a dairy. Furthermore, results of
studies evaluating the timing of initiation of Resynch
indicate that the most aggressive strategies, in which
Resynch is initiated 19 or 26 d after a previous TAI,
result in lower fertility compared with initiation of Re-
synch 32 or 33 d after TAI (Fricke et al., 2003; Sterry
et al., 2006). Thus, both the efficacy of and the need for
determining pregnancy status as early as 26 d after a
previous TAI need to be questioned when deciding when
to position a pregnancy diagnosis within a reproductive
management strategy that uses a systematic synchro-
nization and resynchronization approach.

Assessment of PAG ELISA Accuracy

A 2 × 2 contingency table was constructed to calculate
overall sensitivity, specificity, PPV, and NPV of the
PAG ELISA 27 d after first, second, and third postpar-

Journal of Dairy Science Vol. 90 No. 10, 2007

tum TAI (Table 7). Kappa values for the agreement in
pregnancy diagnosis between PAG ELISA and TU were
similar among the first 3 postpartum TAI services.
Kappa values in this study exceeded 0.85, indicating
a high level of agreement between PAG ELISA and
adjusted TU pregnancy outcomes (Martin et al., 1987).

Values for sensitivity, specificity, PPV, NPV, and ac-
curacy of the PAG ELISA are summarized in Table 8.
In this study, sensitivity ranged from 93.5 to 96.3% and
specificity ranged from 91.7 to 96.8%. Zoli et al. (1992)
reported an accuracy similar to the present study for
determining pregnancy status 35 d after AI in cows
carrying transferred embryos (94.7%, 407/430) based
on a PAG RIA, which was compared with rectal palpa-
tion 45 d after AI. When comparing PAG ELISA and
TU, the rate of false negative results for the PAG ELISA
for second postpartum TAI (6.5%) was similar to the
rate of false negative results by TU 27 d after TAI was
performed on cows (6.2%, Romano et al. 2006), but the

Table 7. Contingency table for evaluation of sensitivity,1 specificity,2

positive predictive value,3 negative predictive value,4 and accuracy5

of pregnancy-associated glycoprotein (PAG) ELISA for determining
pregnancy status 27 d after timed AI, considering transrectal ultraso-
nography (TU) the standard test

Adjusted TU

PAG ELISA Pregnant Nonpregnant Total

Pregnant 596 (a) 61 (b) 657
Nonpregnant 29 (c) 987 (d) 1,016
Total 625 1,048 1,673 (N)

1Proportion of samples from pregnant cows with a positive PAG
ELISA [a/(a + c)] × 100.

2Proportion of samples from nonpregnant cows with a negative
PAG ELISA [d/(b + d)] × 100.

3Proportion of pregnant outcomes with the PAG ELISA that were
truly pregnant [a/(a + b)] × 100.

4Proportion of nonpregnant outcomes with the PAG ELISA that
were truly nonpregnant [d/(c + d)] × 100.

5Proportion of pregnancy status outcomes (pregnant and nonpreg-
nant) that were correctly classified with the PAG ELISA [(a + d)/N]
× 100.



SILVA ET AL.4620

Table 8. Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and
accuracy of pregnancy-associated glycoprotein (PAG) ELISA 27 d after timed AI (TAI) by TAI number

Sensitivity,1 Specificity,2 PPV,3 NPV,4 Accuracy,5

TAI % (no./no.) % (no./no.) % (no./no.) % (no./no.) % (no./no.) Kappa

1 96.3 (365/379) 91.7 (461/503) 89.7 (365/407) 97.1 (461/475) 93.7 (826/882) 0.87
2 93.5 (144/154) 96.3 (312/324) 92.3 (144/156) 96.9 (312/322) 95.4 (456/478) 0.89
3 94.6 (87/92) 96.8 (214/221) 92.6 (87/94) 97.7 (214/219) 96.2 (301/313) 0.90

1Proportion of samples from pregnant cows with a positive PAG ELISA.
2Proportion of samples from nonpregnant cows with a negative PAG ELISA.
3Proportion of PAG ELISA with a pregnant outcome that were truly pregnant.
4Proportion of PAG ELISA with a nonpregnant outcome that were truly nonpregnant.
5Proportion of pregnancy status (pregnant and nonpregnant) that was correctly classified.

rate of false negative results was lower for first and
third postpartum TAI (3.7 and 5.4%, respectively).
Moreover, the rate of false positive results was greater
for the PAG ELISA for first postpartum TAI than for
TU in the study by Romano et al. (2006; 8.3 vs. 3.8%),
but was similar for second and third postpartum TAI
(3.7 and 3.2%, respectively). Thus, both the PAG ELISA
and TU had similar sensitivity and specificity 27 d
after TAI.

The occurrence of pregnancy loss may account for
some of the false positive results of the PAG ELISA.
The half-life of PAG in maternal circulation was 4.3 d
during the postcalving period (Green et al., 2005) and
2.7 to 7.0 d after induction of embryonic mortality (Sem-
ambo et al., 1992; Szenci et al., 2003). During the period
of decreasing PAG concentration in maternal circula-
tion after embryonic death to values lower than the
cutoff point for pregnancy, PAG could be detected by
the ELISA, leading to a false positive diagnosis,
whereas TU can be used to visualize embryonic death
and reduce the frequency of false positive results. By
contrast, if PAG concentrations decrease rapidly after
embryonic death, the PAG ELISA may detect losses
earlier than TU because of the lag between embryonic
death and expulsion of the conceptus (Kastelic and
Ginther, 1989; Kastelic et al., 1991b). In the present
study, a direct comparison between the PAG ELISA
and TU was confounded because the calculation of sen-
sitivity and specificity for one method was based on the
outcomes from the other method.

A second possibility that may account for some of the
false positive outcomes of the PAG ELISA is detection
of circulating PAG originating from the previous gesta-
tion. Zoli et al. (1992) developed a specific RIA to charac-
terize PAG concentrations during pregnancy and after
calving in dairy and beef cows. Serum PAG concentra-
tions were 0.38 ± 0.13 ng/mL at 22 d of gestation and
increased continuously as pregnancy advanced, until
220 d of gestation. After parturition, PAG concentra-
tions decreased steadily to 499.60 ± 267.20 ng/mL at
14 d, 131.70 ± 77.90 ng/mL at 30 d, and 10.10 ± 7.80
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ng/mL at 60 d, with undetectable levels achieved only
by 100 ± 20 d postpartum (Zoli et al., 1992). Szenci et al.
(1998b) reported lower specificity to detect nonpregnant
cows 26 to 27 d after AI by using 2 RIA methods (85.1
and 56.7%). The reason for low specificity was likely
due to sampling within 70 d after calving, which can
increase the rate of false positive outcomes caused by
detection of circulating PAG originating from the previ-
ous gestation, and thereby reducing the specificity and
positive predictive value of the test. In the present
study, cows exceeded 100 d after calving at the first
pregnancy diagnosis. In addition, the “early” PAG
ELISA used in this study does not detect residual PAG
beyond 40 d postpartum. In addition, Zoli et al. (1992)
reported detection of PAG-like immunoreactivity in 7
of 30 noninseminated heifers (0.3 ± 0.09 to 0.5 ± 0.17
ng/mL) and 3 of 20 bulls (3.01 ± 1.73 to 4.75 ± 1.42 ng/
mL). Sasser et al. (1986) and Green et al. (2005) de-
tected PAG 15 d after AI in 3 (n = 21) and 5 (n = 42)
animals, respectively, but the source of PAG does not
appear to be from a conceptus because placental attach-
ment has not yet occurred at this time. These data
suggest a possible cross-reaction with another protein
that may lead to false positive results and a reduced
specificity of the test.

There was a greater frequency of disagreements be-
tween the PAG ELISA and adjusted TU outcomes when
the PAG ELISA outcome was a pregnant diagnosis com-
pared with a nonpregnant diagnosis (61 vs. 29, P < 0.01
by McNemar’s test). Of the 29 cows incorrectly classified
as nonpregnant based on the PAG ELISA 27 d after
TAI, 10 cows continued the resynchronization protocol
by receiving an injection of PGF2α. Among the re-
maining 19 cows, 4 were diagnosed as nonpregnant 39
d after TAI, whereas 15 remained pregnant until 62 d
after TAI. The false-negative results were probably the
consequence of low PAG concentration 27 d after TAI
and variation in PAG levels among cows (Zoli et al.,
1992). When conception occurs, PAG concentration in
the maternal circulation is detected as early as 22 to 24
d after AI and increases steadily throughout gestation,
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peaking before parturition (Sasser et al., 1986; Zoli et
al., 1992; Green et al. 2005). Therefore, sensitivity is
expected to increase with gestational age, and conse-
quently, the rate of false negative outcomes is expected
to decrease. Serum bovine PAG concentrations were
0.38 ± 0.13 ng/mL 22 d after AI and had an average of
8.75 ± 3.04 ng/mL by 28 d after AI (Zoli et al., 1992;
Green et al., 2005). Szenci et al. (1998b) reported lower
sensitivity to detect pregnant cows before 29 d after AI
(75 and 81.2%) than later in gestation when using a
PAG RIA, and sensitivity reached nearly 100% by 37
d after AI. The increase in sensitivity is related to the
increase in the concentration of PAG in maternal circu-
lation.

CONCLUSIONS

The PAG ELISA used for determination of PAG con-
centration in cows had an accuracy of 93.7 to 96.2% 27
d after TAI and is similar to the accuracy of the TU
method (93.7 to 97.8%). Results from this study support
the view that pregnancy diagnosis by TU 27 d after
TAI, based on the presence of chorioallantoic fluid in
the uterine horn and a corpus luteum alone, leads to
more false positive results than when an embryo is visu-
alized.

Determination of pregnancy status based on plasma
PAG concentration 27 d after TAI resulted in acceptable
sensitivity and specificity. The negative predictive
value of the PAG ELISA was high (96.9 to 97.7%), indi-
cating that few cows would be subjected to induced
pregnancy loss because of administration of PGF2α dur-
ing the resynchronization protocol. Although the PAG
ELISA had an accuracy similar to TU in determining
pregnancy status, a direct comparison between meth-
ods in this study was confounded because accuracy of
TU was based on the PAG ELISA outcome.
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Taverne. 1995. Effect of uterus position relative to the pelvic inlet
on the accuracy of early bovine pregnancy diagnosis by means of
ultrasonography. Vet. Q. 17:37–39.

Szenci, O., M. A. M. Taverne, J. F. Beckers, J. Sulon, J. Varga, L.
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