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Background: Sex steroid hormone fluctuations during the menstrual cycle are considered a risk factor for noncontact
anterior cruciate ligament injuries.

Objective: To determine whether self-reported menstrual history data can be used to accurately categorize menstrual cycle
events using calendar-based counting methods.

Study Design: Descriptive laboratory study.

Methods: Seventy-three women completed a menstrual history questionnaire and submitted to blood sampling for the first
6 days of menses and 8 to 10 days after a positive ovulation test over 2 consecutive months. Frequency counts determined
whether appropriate criterion hormone (progesterone) levels were achieved at predefined calendar days.

Results: For the criterion of progesterone >2 ng/mlL, 18% and 59% of women attained it when counting forward 10 to 14
days after the onset of menses and counting back 12 to 14 days from the end of the cycle, respectively. Most women (76%)
attained the criterion for ovulation 1 to 3 days after a positive urinary ovulation test. Regardless of the counting method
employed, the criterion of progesterone >4.5 ng/mL for identifying midluteal phase was attained in 67% of cases. Serial
blood sampling for 3 to 5 days after the positive urinary ovulation test captured 68% to 81% of the hormone values indica-
tive of ovulation and 58% to 75% indicative of the luteal phase.

Conclusion: These data suggest that self-reported menstrual history and calendar-based counting methods should not be
used alone if accurate identification of ovulation is essential. A urinary ovulation test and serial blood samples for verifica-
tion of progesterone postovulation enhance the proper identification of menstrual cycle events.

Clinical Relevance: Given the cost of serial blood sampling on numerous days, the use of urinary ovulation kits and stra-
tegically selected serial blood sampling could significantly reduce participant burden and provide cost-effective measures for
clinical studies related to anterior cruciate ligament injury epidemiology.
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ex steroid hormone fluctuations during the menstrual

cycle are considered risk factors for noncontact anterior

cruciate ligament (ACL) injuries."? Self-reported
menstrual cycle history has been used extensively, often as the
sole method of determining information about menstrual cycle
characteristics and menstrual cycle phase. However, information
obtained from self-reported menstrual cycle questionnaires
does not reveal the length of specific menstrual cycle phases or
the timing of ovulation, nor does it distinguish ovulatory from

anovulatory cycles.* It also does not provide information
about subtle menstrual cycle disturbances, such as luteal
phase defects, since normal menstruation still occurs.* Thus,
as noted in a recent review about noncontact ACL injury risk
and the menstrual cycle,® self-reported menstrual history is not
sufficiently accurate for verifying current cycle length,** and
methods are needed to prospectively evaluate and accurately
characterize the menstrual cycle to link hormonal fluctuations
resulting from the menstrual cycle and ACL injury risk.*
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In the fertility literature, the preferred method for capturing
phase of the menstrual cycle is frequent or daily measures
of sex hormone levels combined with vaginal ultrasound for
follicular development’** However, these studies are labor
intensive and expensive, and they cause significant participant
burden. Many methodologies have been employed in
menstrual cycle—related research to circumvent these problems,
but the best way to determine menstrual cycle phase with
minimal expense and subject burden remains unknown.
Identifying a cost-effective, accurate method for identifying
menstrual cycle phase is thus imperative for research in the
area of ACL injury epidemiology.*

Calendar-based counting methods used to assign menstrual
cycle phase vary greatly, as do methods for defining cycle
phase. Self-reported onset of menses is commonly used as a
starting point, and cycle phase is determined by counting a
given number of days forward*>!M251719233 or counting back
from the self-reported predicted start date of the next cycle.”
Based on a normal 28-day cycle, counting forward 10 to 14
days from the start of the cycle*>™? and counting back 12 to
14 days from the end of the cycle or the anticipated start of the
next cycle! is often used to represent ovulatory events (near
peak estradiol levels, prior to a significant progesterone rise).
To capture midluteal hormone levels, days 17 to 21 are often
used (by counting forward 7 additional days from days 10 to
14 or counting back 7 to 9 days from the end of the cycle').
But while ovulatory events on average occur between days 10
and 14, the actual timing of ovulation can vary significantly
from this window.** Thus, many studies also use a positive
urinary ovulation test that detects the luteinizing hormone
surge as the alignment point, counting forward a given number
of days to represent “ovulation” or different phases, such as
midluteal events #4235 However, the extent to which these
methods actually capture ovulatory and midluteal events is
unknown. This information is critical if we are to appropriately
interpret findings using calendar-based counting methods.

While studies have tested the accuracy and validity of self-
reported menstrual cycle length by comparison to menstrual
cycle length calculated from prospective daily menstrual
diaries,*®% these types of studies do not address the critical
issue of whether a self-reported menstrual history collected at
a single time point can correctly identify menstrual cycle phase
or discern menstrual cycle characteristics over longer time
frames. For instance, changes in strength across the menstrual
cycle* 27 and menstrual cycle-based categorization for risk
of ACL injury have been largely calculated from self-reported
cycle phase determinations."¥* Some studies have used only
self-reported menstrual cycle day to estimate phase, 5%
while others have aligned days on the basis of predicted
ovulation using a questionnaire, basal temperature, or the
previous month of data** Some investigators have improved
menstrual cycle phase determination by retrospectively
analyzing hormone concentrations to confirm cycle phase>!!
or identified ovulation with a positive urinary ovulation test*';
2 studies combined retrospective examination of hormone
concentration and a positive urinary ovulation test.** Only 2

studies have determined the timing of menstrual phase using
actual hormone concentrations.*

The current study was designed to determine whether self-
reported menstrual history data can be used to accurately
categorize women into the periovulatory and midluteal
menstrual cycle phases using calendar-based counting
methods.

METHODS
Intake Session

As part of a larger study of hormone-mediated changes in
knee laxity,* prospective participants individually reported
to the research laboratory to meet with an investigator. After
a detailed explanation of the study and the consent form, the
investigator confirmed that the participant met all inclusion
criteria: age between 18 and 30 years, body mass index
< 30, recreationally active (self-reported engagement in mild-,
moderate-, or high-intensity physical activity for at least
2.5 hours per week but not more than 10 hours) for the past
3 months, reported consistent menstrual cycles (26-32 days) and
no use of exogenous hormones for the past 6 months, never
pregnant, nonsmoking, and no history of ligament or cartilage
injury to the knee. All participants read and signed the consent
form, which was approved by the university’s Institutional
Review Board for the Protection of Human Subjects.
Participants then filled out several additional forms, including
a previously published one-page self-report menstrual history
questionnaire (modified and used with permission).*®

Since the menstrual history questionnaire asks the specific
dates of onset of previous and upcoming menstrual cycles,
the investigator provided participants with a standard monthly
calendar. Once a participant filled out the questionnaire,
the investigator reviewed the responses. If there were any
inconsistencies in reporting, then the investigator asked
the participant to review her responses. The most common
mistakes were related to calculation of cycle length (e,
participants miscounted how many days were in their cycle)
and the date when they anticipated the start of their next cycle
(ie, participants would report a consistent 28-day cycle, but the
date when they anticipated their next cycle was not 28 days
from the self-reported onset of their last cycle).

Testing Schedule

After all necessary paperwork was completed, the participant
contacted the investigator at the onset of her next menstrual
period (first full day of bleeding) and reported to the
laboratory the following morning. All data collections occurred
between the hours of 6:30 and 9:00 am, within 1 hour of the
original start time for a given individual, to control for diurnal
hormone fluctuations and to maintain consistency.

Blood sampling procedures for the larger study were based on
timing of minimal and maximal values for knee laxity; thus, blood
was obtained on 6 consecutive mornings following the onset of
menses and 8 to 10 consecutive mornings following a positive
ovulation test.” To determine the day of ovulation, participants
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began using urinary home ovulation detection kits (CVS One
Step Ovulation Predictor, CVS Corp, Woonsocket, Rhode Island)
on day 8 of their cycle and continued to test at the same time
each day until they interpreted the test as being positive. If the
participant never received a positive ovulation test (up to 25 days
postmenses onset), then no ovulation date was recorded, and

a new cycle of testing began at the onset of the next menses.
Identical testing procedures were repeated during the participant’s
next menstrual cycle.

Hormone Data Collection Procedures

Each morning of data collection, participants arrived at the
laboratory and filled out a data sheet form on their compliance
with study requirements (no alcohol in past 24 hours and no
vigorous exercise prior to testing).

Hormone Assays

Progesterone concentrations were analyzed with Coat-A-Count
RIA Assays (TKPG-2, Siemens Medical Solutions Diagnostics,
Los Angeles, California). The detection sensitivity and mean
intra- and interassay coefficients of variation for progesterone
were 0.1 ng/mL, 4.1%, and 6.4%, respectively.

Criterion and Generalized Methods for
Assessing Menstrual Cycle Phase

A serum progesterone concentration of 2.0 ng/mL or

greater is widely accepted as an indicator that ovulation

has occurred.>1%* This criterion was compared with the
progesterone levels obtained when 3 common generalized
calendar-based counting methods were used to indicate
ovulatory phase: counting forward 10 to 14 days from the first
day of menses,*>™> counting back 12 to 14 days from the start
of the next menstrual cycle,' and counting 1 to 3 days forward
from the positive urinary ovulation test."*#% For the midluteal
hormone phase, the criterion serum progesterone level of
greater than 4.5 ng/mL was used, based on reference ranges
for midluteal values (4.5-20.0 ng/mL) from the laboratory
analyzing the progesterone levels in this study (Reproductive
Core Laboratory, University of Virginia). This criterion was
then compared with the 3 common generalized calendar-based
counting methods used to assign the midluteal phase: counting
forward 7 days from the ovulation window of days 10 to 14,>"
counting back 7 to 9 days from the start of the next cycle,"”
and counting 7 to 9 days forward from the positive urinary
ovulation test."*** The comparison of attainment of criterion
progesterone values based on the generalized calendar-based
counting methods was completed for cycle 1 only, since any
calendar-based counting that employed a counting-back
method would have required a third month of data collection.

Statistical Analysis

All statistical analyses were run using SAS 9.13 (SAS Institute,
Cary, North Carolina). Frequency counts were used to examine

Table 1. Characteristics for women who completed
2 months of hormone assessment and for those who
dropped out.

Completed Dropped Out
(n=73) (n=18)
Age, y* 21426 20.6 = 2.1
Height, cm? 164.2 + 6.6 160.6 + 6.9
Weight, kg? 61.2+8.38 63.6 9.2
Race, %
Black 20.5 33.3
Asian 6.8 16.7
Native American 1.4 0.0
White 70.0 50.0
?Mean = SD.

whether appropriate criterion hormone levels were achieved at
the predefined calendar days used to define periovulatory and
midluteal hormone events.

RESULTS

The participant characteristics of women who completed all
aspects of the study and those who dropped out prior to
hormonal measurements are shown (Table 1). For women who
completed all aspects of the study, the mean number of days
in the menstrual cycle was 30 days for cycles 1 and 2 (range
for cycle 1, 23-30+ days; range for cycle 2, 21-36+ days).

Since a positive urinary ovulation test is used as a
positive indicator of ovulation in the absence of sequential
progesterone values, the calendar-based counting methods for
capturing ovulation were compared to the urinary ovulation
test. When counting 10 to 14 days forward from the first day
of menses to determine ovulation, only 35% and 42% of
women had a positive urinary ovulation test between days 10
and 14 after menses in cycles 1 and 2, respectively. Counting
back 12 to 14 days from the start date of the next cycle to
capture ovulation, only 32% and 23% of women had a positive
urinary ovulation test during this window for cycles 1 and 2,
respectively (Figure 1. The mean day of ovulation counted
from the onset of menses was 15 for cycle 1 and 16 for cycle 2.

When the criterion serum progesterone level of >2.0 ng/mL was
applied as the indicator that ovulation had occurred during
cycle 1, only 18% of women attained this value during the 10
to 14 days after the onset of menses (Table 2). Interestingly,
71% of women did not have a positive urinary ovulation test
until >14 days after the onset of menses in cycle 1. When
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Figure 1. Frequency distribution for the menstrual cycle
day that ovulation occurred, as counted from the onset
of menses in cycle 1 and cycle 2 for each participant. All
women who did not ovulate by day 25 are included in the
26+ category.

Table 2. Women meeting the criterion hormone
concentrations for ovulation in cycle 1 when utilizing
previously published calendar-based counting methods for
determining ovulation (in percentages).

Progesterone

Method >2.0 ng/mL

Count forward 10-14 days from
the first day of menses?

Yes 18

No 82
Count back 12-14 days from

the start of the next cycle?

Yes 59

No 41

Count 1-3 days forward from
positive urinary ovulation test

Yes 76

No 24

n 71% of cases, a positive ovulation test was obtained >14 days after
the onset of menses.

bIn 29% of cases, the luteal phase hormone collection days (8-10

days after a positive ovulation test) were completed prior to window

of interest.

the generalized method of counting back 12 to 14 days from
the onset of menses in cycle 2 was utilized, 59% of women
attained the 2.0 ng/mL level of progesterone in this window,
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Figure 2. Distribution of the number of days after the
positive urinary ovulation test required to reach the criterion
progesterone level for ovulation of >2.0 ng/mL for each
participant in cycle 1 and cycle 2. All women who did not
reach the criterion by 10 days after the positive urinary
ovulation test are included in the 11+ category.

and only 29% of the women had completed all of their luteal
phase hormone collection prior to the end of this window.
Finally, during the 1 to 3 days after the positive urinary
ovulation test, 76% of women attained the serum progesterone
level of 2.0 ng/mL.

The mean number of days to attain >2.0 ng/mL of
progesterone during this postovulation sampling window
was 2 days for cycles 1 and 2 (Figure 2). Further analysis
revealed that serial blood sampling for a minimum of 3 days
after the positive urinary ovulation test would have captured
the attainment of this criterion progesterone level in 76% of
participants in cycle 1 and 68% in cycle 2, while sampling for
an additional 2 days (5 days total) would have captured 81%
in cycle 1 and 76% in cycle 2. Women never attaining the
criterion during the 10-day postovulation sampling window
are included in the 11+ category (10% of women in cycle 1 and
14% of women in cycle 2).

In the attempt to capture the midluteal phase in cycle 1 by
counting 7 days forward from the assumed 5-day ovulation
window (days 10-14), 67% of women reached a criterion
progesterone level >4.5 ng/mL, indicating a luteal phase
hormonal milieu (Table 3). However, 25% did not reach this
progesterone level during this window, and 8% of women
actually had luteal days that started after day 21 (ie, a positive
ovulation test did not occur until after day 21). Similarly,
utilizing the generalized method of counting back 7 to 9
days from the start of the next menstrual cycle to identify the
previous luteal phase, 67% of women reached a progesterone
level >4.5 ng/mL during this window. A total of 8% of women
did not reach this level during the window, and 25% of women
had finished their luteal days before the window (ie, a positive
ovulation test occurred early, and 8-10 days of blood collection
was completed before the 9-day-back threshold). Finally, using
the method of counting 7 to 9 days forward from a positive
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Table 3. Women meeting the criterion hormone
concentrations for the luteal phase in cycle 1 when utilizing
previously published calendar-based counting methods for
determining the luteal phase (in percentages).

Progesterone
Method

>4.5 ng/mL

Count 7 days from days 10-14
(ovulation; days 17-21)?

Yes 67

No 33

Count back 7-9 days from the
start of the next cycle?

Yes 67

No 33

Count 7-9 days forward from
positive urinary ovulation test*

Yes 67

No 32

4In 8% of cases, the luteal phase hormone collection days were
outside the window for the corresponding menstrual cycle days
(completed prior to day 17 or started after day 21).

®In 25% of cases, the luteal phase hormone collection days were
completed prior to this window of interest.

°One participant (1%) had missing data for this portion of the analysis.

urinary ovulation test, 67% of women reached a progesterone
level >4.5 ng/mL during this window, while 32% did not.

In women that attained the criterion (midluteal phase
>4.5 ng/mL progesterone) during the 10-day postovulation
sampling window (after a positive urinary ovulation test), the
mean number of days to attain the criterion was 3 days for
cycles 1 and 2 (Figure 3). In addition, 3 days of serial blood
sampling would have captured the attainment of the luteal
phase criterion progesterone level in 64% and 58% of women
for cycles 1 and 2, respectively. Adding 2 days of serial blood
sampling (5 days total) would have captured this criterion
progesterone level in 75% of women in cycle 1 and 65% of women
in cycle 2. Women never attaining the criterion during the 10-day
postovulation sampling window are included in the 11+ category
(18% of women in cycle 1 and 21% of women in cycle 2).

DISCUSSION

As suggested in a recent review by Vescovi,* the ability to
properly identify menstrual cycle phase is essential for research
on the epidemiology of noncontact ACL injuries. However,
while daily hormone measures provide the most accurate

Frequency
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No.of Days to Reach >4.5 ng/mL Progesterone

After Positive Urinary Ovulation Test
Figure 3. Distribution of the number of days after the
positive urinary ovulation test required to reach the criterion
progesterone level for luteal phase of >4.5 ng/mL for each
participant in cycle 1 and cycle 2. All women who did not
reach the criterion by 10 days after the positive urinary
ovulation test are included in the 11+ category.

assessment of menstrual cycle phase, it is not always feasible to
obtain these measures. Furthermore, it is virtually impossible
to predict when an ACL injury will occur, and it is not practical
to measure menstrual cycle function over time in large cohorts
of female athletes in an attempt to capture injury events. Thus,
other methods are needed to identify menstrual cycle/phase
characteristics.® The results from our current investigation
indicate that (1) generalized calendar-based counting methods
are not advised if proper identification of menstrual cycle
phase and the corresponding hormonal milieu is paramount
to the research question; (2) using a positive urinary ovulation
test greatly increases the likelihood of capturing postovulation
hormone changes, which increases the accuracy of proper
menstrual cycle phase determination; and (3) short durations
of serial blood sampling after a positive urinary ovulation
test capture attainment of criterion progesterone levels in a
significant percentage of women, albeit not all women.
Investigators considering the use of calendar-based counting
methods for identifying menstrual cycle phase must realize that
the results from the current investigation represent the “best-
case scenario” for many of these methods. During the current
investigation, participants were asked to self-report the onset
of menses and test for ovulation using a urinary ovulation kit
for 2 months. Blood samples to assess hormone levels were
taken 6 days after the onset of menses and 8 to 10 days after
the positive urinary ovulation test. Thus, while we were able to
measure postovulatory and midluteal hormone concentrations
prospectively over multiple days and compare them with
generalized calendar-based counting methods, we recognize
that we may have missed attainment of the criterion values
used for ovulation (progesterone >2.0 ng/mL) and the luteal
phase (progesterone >4.5 ng/mL) in some participants since we
did not collect blood every day for the entire month. Currently,
the only direct assessment of ovulation is serial transvaginal
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ultrasound.”** Luteinizing hormone peak has been used
extensively, but it is still an indirect index of the expected day
of ovulation’ Genuine false-positive test results are rare when
commercially available urinary luteinizing hormone kits are
used, as long as instructions are followed precisely. However,
“borderline” or equivocal results are common and can be
confusing* In the event that participants reported uncertainty
about positive results in the current study, we began collecting
hormone samples and asked the participants to continue the
ovulation tests until either a strong positive or a negative result
occurred. However, similar to most studies, ours still relied on
the participant’s ability to correctly identify a positive ovulation
test result, and we recognize that if the tests were improperly
performed or interpreted, our ability to correctly identify the
attainment of the criterion progesterone levels may also have
been adversely affected.

Women included in the current study were physically active
(range, 2.5-10 hours per week), and previous research has
shown that menstrual dysfunctions, such as anovulation and
luteal phase defect, are more common in physically active
women.® The prevalence of luteal phase defect in physically
active women has been shown to be as high as 48%.% Luteal
phase defect is defined as either reduced progesterone
production or shortening of the luteal phase (< 10 days) and
reflects an ovarian system that functions at a level adequate for
ovulation but inadequate to support implantation.®

Utilizing the attainment of a progesterone level of >2 ng/mL
in the luteal phase as an indication that ovulation occurred,
we found that 12 women had an anovulatory cycle despite
having a luteinizing hormone surge large enough to produce
a positive urinary ovulation test (9 women with 1 anovulatory
cycle and 3 women with both cycles anovulatory). Thus, only
10% (15 of 146) of the cycles assessed in the current study
were anovulatory. This is close to the documented false-
positive rate of 7% for urinary ovulation kits” and similar to
the range reported for physically active women (12%-29%) by
Vescovi In the current study, the activity level for the women
with anovulatory cycles did not differ significantly from the
women with ovulatory cycles (mean Marx activity scores, 892
and 8.00, respectively; P = 0.67). However, further analysis
showed that although body mass index was in the normal
range for both groups of women, the women with anovulatory
cycles had a significantly lower index than the ovulatory
women (means, 21.3 kg/m?* and 22.7 kg/m?, respectively;

P =0.04). These data suggest that women with a lower

body mass index, perhaps because of higher activity levels

or inadequate caloric intake, may be more likely to show
variability in sex hormone concentrations across cycles,” as
well as an increased likelihood of anovulation and luteal phase
defect, both of which lack perceptible symptoms* and are not
detected by any type of menstrual history questionnaire.*® One
key point from female athlete research is worth highlighting:
menstrual cycle dysfunction is less likely to occur when
women have adequate caloric intake (>30 kcal kg™ fat-free

mass-day™).” Perhaps documentation of caloric intake should
be considered in future ACL research. Thus, it is possible that
the connection between ACL injury risk and menstrual cycle
phase is tangential to low energy availability and the disruption
of sex steroid hormones that accompanies this. Recent research
indicates that collagen markers and insulin-like growth factor 1
predicted changes in anterior knee laxity across the cycle, and
other research has clearly shown that both collagen markers
and insulin-like growth factor 1 are altered by sex steroid
hormone concentrations™; these hormones are clearly altered
in situations of low energy availability.*

When the hormone criterion level of progesterone >2.0 ng/mL
was used as the indicator of ovulation, the generalized method
of counting backward from the next menstrual cycle start date
was more accurate than counting forward from the onset of
menses (59% vs 18%) (Figure 1). These findings are consistent
with previously reported research on the use of generalized
calendar-based counting methods for determining menstrual
cycle phase.

Identification of midluteal phase hormone levels based on
the criterion of progesterone concentration >4.5 ng/mL was
similar for all generalized counting methods used in the
current study. The methods of counting forward 7 days from
the estimated ovulation window of 10 to 14 days, counting
back 7 to 9 days from the start of the next menstrual cycle,
and counting 7 to 9 days from a positive urinary ovulation
test all identified midluteal phase hormone concentrations
in two-thirds of women. However, none of these methods
is particularly helpful if identification of the midluteal phase
hormonal criterion is essential. In the current study, we found
that utilizing serial sampling for 5 days after a positive urinary
ovulation test identified the luteal phase progesterone criterion
of >45 ng/mL in 75% of women in cycle 1 and 65% of women
in cycle 2.

The findings of the current study suggest that if more
accurate assessments of menstrual cycle phase determination
are not feasible, then determination can be optimized by
combining self-report questionnaire data, a positive urinary
ovulation test, and 3 to 5 days of serial blood sampling
after a positive urinary ovulation test. Given the cost and
labor associated with daily blood samples, the use of
urinary ovulation kits and strategically selected serial blood
sampling could save considerable dollars and significantly
reduce participant burden. We recognize that in the best-
case scenario, we still did not capture 100% of the criterion
progesterone values in our sample, suggesting that we need to
continue to work to identify the most accurate, cost-effective
algorithms for categorizing menstrual cycle hormone events.
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