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Day-specific probabilities of clinical pregnancy based on
two studies with imperfect measures of ovulation
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Two studies have related the timing of sexual intercourse
(relative to ovulation) to day-specific fecundability. The
first was a study of Catholic couples practising natural
family planning in London in the 1950s and 1960s and the
second was of North Carolina couples attempting to become
pregnant in the early 1980s. The former identified ovulation
based on the ovulatory shift in the basal body temperature,
while the latter used urinary assays of hormones. We use
a statistical model to correct for error in identifying
ovulation and to re-estimate the length of the fertile window
and day-specific fecundabilities. We estimate the same 6-
day fertile interval in both studies after controlling for
error. After adjusting for error both data sets showed the
highest estimate of the probability of pregnancy on the day
prior to ovulation and both fell close to zero after ovulation.
Given that the fertile interval is before ovulation, methods
that anticipate ovulation by several days (such as the
assessment of cervical mucus) would be particularly useful
for couples who want to time their intercourse either to
avoid or facilitate conception.
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Introduction

whether or not they had intercourse and collected a first
morning urine specimen. The day of ovulation was estimated
from the rapid decline in the ratio of oestrogen to progesterone
that accompanies luteinization of the ovarian follicle, based
on urinary hormone metabolites (Baiet al., 1991). This
steroid-based estimate of ovulation date is designated ‘day of
luteal transition’ (DLT).

Data from these studies have been used to estimate the day-
specific probabilities of clinical pregnancy and the length
of the fertile interval. Day-specific pregnancy probabilities
(Royston, 1982) were reported, based on the Barrett and
Marshall data (Barrett and Marshall, 1969), using a previous
model (Schwartzet al, 1980). The estimated single-day
probability increases to a peak of 0.36, 2 days prior to the last
day of hypothermia. Intercourse as early as 8 days prior to the
last day of hypothermia, and as late as 3 days afterwards
apparently resulted in pregnancy. A similar pattern, but with
a shorter interval and lower estimates was reported (Wilcox
et al, 1998). The estimated single-day probabilities of preg-
nancy peak 2 days prior to the estimated day of ovulation.
The apparent fertile interval extends from ~5 days before the
DLT to the DLT.

These estimates are sensitive to errors in identifying the
ovulation date (Bongaarts, 1983). To illustrate this, imagine
that pregnancy is possible only with intercourse on the day of
ovulation, and with zero probability on all other days. If there
is any error in estimating the day of ovulation, then the
estimated day will be shifted bg1 days from the true day
for some proportion of cycles. Some pregnancies will appear
to result from intercourse before or after ovulation. The
apparent pattern is consequently smeared, causing the estimated
fertile interval to be artefactually extended. If such error could
be corrected, estimates of day-specific probabilities would be

Two large prospective studies provide data for estimating th&'@de more accurate and studies using different markers of
probability of clinically detectable pregnancy with intercourse©vulation could be compared more meaningfully. N
on particular days of the menstrual cycle relative to ovulation. Dunson and Weinberg have extended the standard fertility
The first study enrolled married British couples in the 1950¢Model to allow for measurement error in identifying the day
and 1960s who used the basal body temperature (BBT) meth@® ovulation (Dunson and Weinberg, 1999a). They propose a
of natural family planning (Barrett and Marshall, 1969). DataSemiparametric Bayesian mixture model that can estimate the
were collected on dates of intercourse, and the day of ovulatioflistribution of measurement errors and correct the estimates
was assumed to be the last day of hypothermia (estimate®f fertility parameters for such errors. The purpose of this
using the coverline rule applied to daily BBT measurementspaper is to apply this approach to an analysis of the two
(Barrett and Marshall, 1969). A total of 241 couples providedfertility studies in order to: (i) compare the performance of
usable data. the BBT and DLT measures of ovulation; (ii) estimate the

The second study was done in the early 1980s with 22tay-specific probabilities of pregnancy and identify the fertile
healthy North Carolina couples who were attempting to becomgindow, controlling for error in measuring ovulation; and (iii)
pregnant and were enrolled when they discontinued their birtkompare the two patterns of day-specific probabilities of
control (Wilcox et al, 1988). Each day women recorded pregnancy.
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Pr(Pregnancy in menstrual cyql¢Xy) = 1 — |_| (1 — p)ik

Table I. Characteristics of study populations. K
Characteristic Barrett and Wilcost al. whereXj is an indicator of intercourse on _dakyof cyclej,j =1,...,
Marshall (1988) J, and py is interpretable as the probability that pregnancy would

occur with intercourse only on ddy

Ovulation indicator rise in BBT DLT The Barrett and Marshall model only allows for timing of inter-

No. of women . 241 221 course effects. This model was extended (Schwertal., 1980) to

Percentage with previous pregnancy 100 64 I h babili f clinical o d d f

Percentage-30 years of age 55 30 allow the pro abi ity o clinical pregnancy to also depend on gctor§

No. of cycles total * 740 unrelated to timing of intercourse. These factors are summarized in

No. of cycles in analysis 2192 674 a parameterA) referred to as the ‘cycle viability’ probability, which

No. of clinical pregnancies 103 151 is the probability that the aggregate of all factors not related to timing
of intercourse are favourable to clinical pregnancy.

*Total no. cycles unknown. R . . . .
BBT = basal body temperature; DLF day of Iuteal transition. A complication in these studies is that most couples contribute

more than one menstrual cycle to the data set and there is evidence
of heterogeneity among couples in that some couples have a higher

Materials and methods probability of cycle viability. This produces statistical dependency in
o _ _ the data. Also, less fertile couples contribute more cycles to the data
Description of study populations and cycle selection set and therefore distort estimates of the mean fecundability. A

Characteristics of the two study populations used in this analysis argandom-effects model was proposed (Zled@al., 1996) that accounts
summarized in Table I. The Barrett and Marshall study samplgor within-couple dependency in cycle viability. A similar model will
consisted of British married couples who had at least one child upoke incorporated into the estimation in this paper.
entering the study (Barrett and Marshall, 1969). Of the women, 90%
were aged 20-39 years, with the rest aged 40-50 years. The couple8rrecting for errors in estimating the day of ovulation
were recruited upon seeking advice about natural family planningVlost models implicitly assume that the day of ovulation is measured
from the Catholic Marriage Advisory Council. Most were trying to without error. When markers for ovulation are error-prone, the time
avoid pregnancy at the start of follow-up. An unknown number ofindex k' (denoting the day relative to ovulation) is not known
women who regularly produced temperature charts that were difficulprecisely. One consequence is that studies with different methods for
to interpret were excluded from the study, as were individual cyclegstimating ovulation are not estimating equivalept parameters,
with no identifiable day of ovulation. The useable data consisted ofimiting comparability across studies. In a cycle where day of
2192 menstrual cycles from 241 women. Pregnancy was reported i@vulation has been estimated incorrectly, the time between the true
103 cycles. and assigned day of ovulation will be one or more days. The Zhou
The Wilcox study sample (Wilcort al., 1988) consisted of North et al. (1996) model was extended (Dunson and Weinberg, 1999a) to
Carolina women who were planning to become pregnant and had n@llow for these errors by including the parameteysdenoting the
history of serious chronic illness or fertility problems. The majority Probability of a shift of| days in the assigned day of ovulation
of the women were college educated (71%) and white (96%). Onéelative to the true day of ovulation. We explain this model in greater
third were nulliparous and 80% were aged 26-35. Only one was agegtail in Appendix .
>40 years. The data consisted of 740 menstrual cycles from 221 !deally, ‘day 0 would be interpretable as the true day of ovulation
women. Pregnancy was detected chemically in 199 of these cycledfter adjusting for measurement error. This would be the case if the
Of the pregnancies, 48 were defined as early losses, since they end@¥figned day of ovulation based on the marker does not systematically
within 6 weeks of the last menstrual period. The remaining 151d€viate from the true day of ovulation. There is evidence to suggest
pregnancies survived long enough that they would likely have beefat the urinary luteinizing hormone (LH) peak (Colliesal, 1983;
detected by the methods used by Barrett and Marshall. These aféanceet al, 1992) and the last day of hypothermia (Fraeteal,
designated clinical pregnancies. We restricted the analysis of th&992) both occur close to ovulation on average. The DLT was
North Carolina study to these 151 clinical pregnancies (early losseld€ntified based on an algorithm that was designed to be concordant
were treated as non-conception cycles) in order to make the twith the day of the urinary LH peak (Bairelt al, 1991). Thus, on

studies comparable. We further restricted the analysis to menstrué‘Verag,e both the DLT and the !ast ‘?'ay,Of hypotherr'nia.should
cycles for which a day of ovulation could be identified and there@PProximate the true day of ovulation with little systematic bias.

were no relevant missing data on timing of intercourse. This left 674%:
out of the original 740 cycles (91%), and 141 of the 151 clinical
pregnancies (93%).

ombining the two study populations

Once the intercourse indicators from both studies have been indexed
to the corresponding estimated day of ovulation, a combined analysis
) . . of the two data sets can be carried out. We must also allow, however,
Analytical method: modelling probability of pregnancy for the possibility that the fecundability of the couples differs between
Spermatozoa can remain viable in the female reproductive tract fofhe samples.
several days or more (Perloff and Steinberger, 1964). Therefore, if We begin with an analysis of each data set separately, comparing
there is intercourse on multiple days in a menstrual cycle wherehe cycle viability parametersA] and the single-day pregnancy
pregnancy occurs, the specific day of intercourse responsible for th@kobabilities. In order to pursue the statistical comparison of results
pregnancy cannot be determined with certainty. from the two studies, we made further simplifying assumptions.
A method of estimating the daily probabilities of clinical pregnancy Based on the results of separate analyses of each data set, we can set
based on the assumption that batches of sperm introduced into thg a parsimonious combined analysis by constraining a subset of the
reproductive tract on different days mingle and compete independentlyarameters to be equivalent in both studies while allowing for specific
has been proposed (Barrett and Marshall, 1969). Under this modelifferences between the two cohorts. Each cohort is permitted its
the probability of a pregnancy in a given cycle is: own distribution of errors. The performance of the two measures of
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Figure 1. Estimated distribution of error in two markers of Figure 2. Estimated probability of achieving a clinical pregnancy
ovulation. The dashed line represents error in the last day of based on a single act of intercourse in each study. The dashed line
hypothermia, and the dotted line represents the error in the day of represents the estimates from the Barrett and Marshall cohort, and
luteal transition (as estimated from urinary hormones). BBT the dotted lines represent the estimates from the Wiksoal.
basal body temperature; DLF day of luteal transition. cohort.
ovulation can be compared, by testing for a difference in the estimated ° A7 Wilcox et al.
proportion of cycles where ovulation has been assigned without error. o
We first analyse each data set separately using the algorithm
proposed by Dunson and Weinberg (1999a). We constrain the probabil- ] ;
ity of pregnancy due to intercourse outside of a wide potential fertile ___---__Barrettand Marshall
window to be zero. We choose the potential fertile window based on ° L T
the maximum likelihood estimates from the Schwartz model which -
does not adjust for measurement error (Schwatzal, 1980),
presuming that the true window should be contained within the @ N
apparent window. All days with estimated (Schwartz model) single- i \\
day pregnancy probabilitieg\p) >0.01 are included in the window. ol \1
Based on this criterion the potential fertile window for the Barrett sl
0.0 0.2 0.4 0.6 0.8 1.0

and Marshall cohort spans the 9-day interval from 7 days before to

1 day after the last day of hypothermia. The window is 6 days in the

Wilcox et al. study, ranging from 5 days before to the day of the DLT. Figure 3. Estimated density function of cycle viabilities for couples
The potential fertile window for the combined analysis is alsoin the Barrett and Marshall study (dashed line) and couples in the

identified based on estimates for the single day probabilities of clinicafVilcox et al. study (dotted line).

pregnancy (i.eApJ). Since the model assumes that the day-specific

probabilities are>0, we must define a cut-off to constrain the width with intercourse one day prior to the estimated day of ovulation.

of the fertll_e interval. Days are mcluded_ in the fe_rt_lle window if th(_a The adjusted fertile interval for both studies starts ~5 days

lower confidence bound for the probability of clinical pregnancy is prior to ovulation and ends on the day of ovulation. The

>0.01 or the point estimate i50.035. After comparing the results difference in the day-specifip, parameters between the two
based on separate analyses of the two cohorts, we adopt a more

parsimonious model for a joint analysis: This model assumes that the ohorts is ;rr;lal:. HOV\{eVEr, th.? mearll Cy(r:lle viability probability
day-specificp, parameters are equal for the two cohorts, but allIows's_s’Ub‘Q’t"’mtla y lower in the Wilcoat al. cohort (0.35 compared
the cohorts to have separate cycle viability parameters. Each of thwith 0.51).

two methods for assigning ovulation is allowed its own error Figure 2 shows the error-corrected day-specific probabilities
distribution. of pregnancy for the Barrett and Marshall and Wilceixal.

cohorts based on the parsimonious pooled model described
Results above. The cycle viability probability is significantly lower

) . ) for couples in the Wilcoxet al. cohort P < 0.01). The
Using the methods described above, we estimated the measutgstribution of cycle viabilities for couples in each study are
ment error distributions corresponding to both the BBT-ghown in Figure 3. It appears that the heterogeneity among

based marker of ovulation and the hormone-based marker @guples in fecundability is higher in the Barrett and Marshall
ovulation. The estimated error distributions are plotted inconort than in the Wilcoset al. cohort.

Figure 1. It appears that the hormone-based measure has

less error than the BBT-based measure. According to these _

estimates, 60% of the DLT-estimated days of ovulation ard?iScussion

correct, compared with 43% of the BBT-estimated days. We have analysed data from two prospective human fertility
We use these error estimates to correct the day-specifitudies to compare the performance of two methods of estimat-

pregnancy probabilities for error in identifying ovulation. In ing ovulation, to describe the day-specific pattern of pregnancy

both studies, the maximum probability of pregnancy occurgprobabilities, and to improve the estimate of the fertile interval.
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It appears that the DLT measure of ovulation is less erroridentify the short time from the start of the urinary LH surge
prone than the BBT-based measure. The actual error in usirtg ovulation (Collinset al., 1983). Cervical mucus change
the rise in BBT may be greater than we estimate: Barrett angrovides an earlier and more useful cue. Mucus receptivity
Marshall discarded an unknown number of cycles because theegins several days before ovulation (Ka&zal., 1997) so
temperature charts were considered uninterpretable. BBT hasuples who have frequent intercourse after this cue will tend
commonly been found to identify ovulatory cycles as anovulato have intercourse on those days with the highest probabilities
tory (Kesneret al., 1992) and it was found that the variance of clinical pregnancy.

of a BBT-based marker relative to a urinary LH-based marker Day-specific estimates of fecundability were significantly
was greater than that for a hormonal measure based on th@wer in the Wilcox data than in the Barrett and Marshall data.
ratio of oestrogen and progesterone (Royston, 1991). Therefor&€here are several possible explanations. It is possible that this
it is not surprising that measures of ovulation based on urinaryeflects differences in the spermatozoa between males in the
metabolites show more reliability than the measure basetivo populations. A more likely possibility is that the selection
on basal body temperature (Vermesh al, 1987; Kesner of cycles for analysis may have distorted the apparent fecund-
et al., 1992). ability in the two cohorts. In both studies, some cycles were

Errors in measuring ovulation distort estimates of the day-excluded from the analysis. In the Barrett and Marshall study,
specific probabilities of pregnancy and extend the apparerdn unknown (but possibly large) number of temperature charts
length of the fertile interval. Controlling for measurement were discarded because they were difficult to interpret. If those
error, our analysis suggests the fertile interval starts ~5 daydiscarded cycles were more likely to come from non-pregnancy
prior to ovulation and ends on the day of ovulation (althoughcycles (e.g. cycles with erratic temperature charts tend to be
we cannot rule out small probabilities beyond these limits)less fertile), then the estimated fertility based on the non-
This 6-day interval is the same as the uncorrected estimatgiscarded cycles would be biased upward. Only a small number
from the North Carolina study (Wilcoet al, 1998), but is of the discarded cycles from the Wilcoat al. study were
much shorter than the nine days reported (Royston, 1982) fanovulatory or hormonally abnormal cycles. The majority of
the Barrett and Marshall data. The two studies are in goothe excluded cycles were discarded because of days with
agreement with regard to both the length and location of thenissing coital records (that is, the woman did not mark either
fertile interval. Our estimate of the fertile interval coincides ‘yes’ or ‘no’ for intercourse on a relevant day). The Barrett
with the absence of contraceptive Glycodelin A (GdA) in theand Marshall data are even less informative in this way, since
uterus (Mandeliret al., 1997; Seppalat al., 1998), suggesting women marked only the days on which they had intercourse,
that GdAA may play a fundamental role in regulating theleaving no way to distinguish ‘no’ from missing data. The
fertile interval. possibility that some acts of intercourse were not recorded

The estimated probability of clinical pregnancy is highestproduces another potential source of upward bias in estimates
on the day prior to ovulation. The correction for ovulation of the daily probabilities based on the British data (Dunson
measurement error in the Barrett and Marshall data reduceahd Weinberg, 1999b).
the estimated probability of pregnancy to near zero after the It is also possible that couples in the Barrett and Marshall
day of ovulation, consistent with the result previously reportedcohort that had intercourse during the fertile interval were
with the (uncorrected) analysis of the Wilcox data (Wilcox more fecund than couples who only had intercourse outside
et al, 1995, 1998). This suggests that the oocyte has a verthe interval. Since most of the couples in the British study
short viability after ovulation and/or that spermatozoa depositedvere trying to avoid pregnancy, couples that had intercourse
in the reproductive tract after ovulation are unable to reaclduring the fertile interval may have been unable to abstain for
the oocyte. a long enough number of days. If these high libido couples

The finding that the estimated peak of fecundability is onare more fertile, then this self-selection to high risk behaviour
the day before ovulation differs from results previously reportedvould create an upward bias in estimates of the daily pregnancy
(Wilcox et al, 1995) showing fecundability peaking on the probabilities based on couples attempting to use abstinence to
day of ovulation. The earlier analysis included both earlyavoid conception.
losses and clinical pregnancies, while we use only clinical Other factors related to fecundability also differ between
pregnancies. If intercourse occurs on the day of ovulation thethe two study groups. The British couples had all been pregnant
the egg may have aged at the time of fertilization. This hasefore, whereas about a third of the North Carolina couples
been suggested as an explanation for the apparently highere attempting pregnancy for the first time so they were
probability of early loss found for conceptions resulting from of unproven fertility. The North Carolina couples were all
intercourse on the day of ovulation (Wilceet al., 1998), a attempting to conceive, while the British groups included
possibility that could explain the difference between thecouples having accidental pregnancies and these are more
reported patterns. likely to occur to the more fecund couples.

Couples having difficulty conceiving often try to time their  In summary, the methods applied in this paper can be used
intercourse to optimize their chances. Given that the highedb correct for bias in estimating the fertile interval and day-
conception rates occur on the 2 days prior to ovulation, it isspecific pregnancy probabilities, to compare the fecundability
important to use a signal that allows couples to time intercoursg multiple populations, and to compare the performance of
for the several days of fertility before ovulation. The basalavailable measures of ovulation. If error in determining the
body temperature shift comes too late. Urinary LH kits onlyday of ovulation is not accounted for, estimates of the fertile
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interval and the day-specific pregnancy probabilities will peRoyston, P. (1991) Identifying the fertile phase of the human menstrual cycle.

. . . Stat. Med, 10, 221-240.
dependent on the method of assessing ovulation, e.g. d|fferegghwartzy D., MacDonald, P.D.M. and Heuchel, V. (1980) Fecundability,

methods of estimating ovulation will often yield different coital frequency, and the viability of ov®op. Studies23, 455-461.
Conclu5|ons A |arge European Study now underway C0||ect§eppala, M., Koistinen, H., Mandelin, €t al. (1998) Glycodelins: role in

regulation, potential for contraceptive development and diagnosis of male
data on both basal body temperature and self-assessed change,%gertimy_ Hﬁm_ Reprod.13 (Suppl? 3), 262—26p9. ’

in cervical mucus. Using the last day of hypothermia basedermesh, M., Kletzky, O.A., Davajan, V., Israel, R. (1987) Monitoring

on BBT measurements as the marker, preliminary estimates techniques to predict and detect ovulati6ertil. Steril,, 47, 259-264.
- o . Wilcox, A.J., Weinberg, C.R., O’'Connor, J.€t al. (1988) Incidence of early
of the day-specific pregnancy probabilities for the ongoing" joss of pregnancy. Engl. J. Med.319, 189-194.

study are as high as 0.04 across the interval from 8 day@ilcox, A.J., Weinberg, C.R., and Baird, D.D. (1995) Timing of sexual

before to 2 days after the estimate of ovulation (Masarotto intercourse in relation to ovulatioN. Engl. J. Med.333 1517-1521.
d di is likelv th hi d Wilcox, A. J., Weinberg, C. R., and Baird, D. D. (1998) Post-ovulatory ageing
and Romualdi, 1997). It is likely that this apparent 11-day  of the human oocyte and embryo failutéum. Reprod.13, 394-397.

window would shrink drastically if measurement error werezhou, H., Weinberg, C.R., Wilcox, A.J., and Baird, D.D. (1996) A random-
accounted for. Future analyses correcting for errors in identify- iﬁi?i’:ﬁ’fe' for cycle viability in fertility studiesl. Am. Stat. Assqcl,
ing ovulation could compare fecundabilities across countries '

in this multinational effort, compare alternative ovulation Received on September 8, 1998; accepted on March 30, 1999
detection methods to DLT and rise in BBT, as well as compare . . . .

the fertility parameters of this new cohort to those of theAppend'X | Accounting far Errors in Ovulation

cohorts described here. Methods

Under the Schwartzt al. (1980) model, the probability of

pregnancy for cyclg¢ conditional on a shift of days is
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With incorporation of errors, as proposed by Dunson and

Weinberg (1999a) the observed data likelihood is:
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