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Abstract

Context: There is evidence demonstrating variation in insulin sensitivity across the
menstrual cycle. However, to date, research has yielded inconsistent results.

Objective: This study investigated variation in insulin sensitivity across the menstrual
cycle and associations with body massindex (BMI), physical activity, and cardiorespiratory
fitness (CRF).

Methods: Data from 1906 premenopausal women in NHANES cycles 1999 to 2006 were
analyzed. Menstrual cycle day was assessed using questionnaire responses recording
days since last period. Rhythmic variation of plasma glucose, triglycerides, and insulin,
homeostatic model of insulin resistance (HOMA-IR), and adipose tissue insulin resistance
index (ADIPO-IR) across the menstrual cycle were analyzed using cosinor rhythmometry.
Participants were assigned low or high categories of BMI, physical activity, and CRF, and
category membership included in cosinor models as covariates.

Results: Rhythmicity was demonstrated by a significant cosine fit for glucose (P=.014)
but not triglycerides (P=.369), insulin (P=.470), HOMA-IR (P=.461), and ADIPO-IR
(P=.335). When covariates were included, rhythmicity was observed when adjusting for:
1) BMI: glucose (P<.001), triglycerides (P<.001), insulin (P<.001), HOMA-IR (P<.001),
and ADIPO-IR (P <.001); 2) physical activity: glucose (P<.001), triglycerides (P=.006),
and ADIPO-IR (P=.038); and 3) CRF: triglycerides (P=.041), insulin (P=.002), HOMA-IR
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(P=.004), and ADIPO-IR (P =.004).Triglyceride amplitude, but not acrophase, was greater
in the high physical activity category compared to low (P=.018).
Conclusion: Rhythmicity in insulin sensitivity and associated metabolites across the
menstrual cycle are modified by BMI, physical activity, and CRE

Key Words: menstrual cycle, insulin, glucose, triglyceride, insulin sensitivity, NHANES

The onset and severity of insulin resistance are associated
with a range of modifiable and nonmodifiable risk fac-
tors, including, sex, age, adiposity, physical inactivity, and
cardiovascular fitness (1, 2). Women exhibit lower fasting
plasma glucose levels, but greater impairment in glucose tol-
erance compared to men (3). Within adipose tissue, women
have greater insulin-stimulated glucose and fatty acid up-
take compared to men (4). While body mass index (BMI)
and age are positively associated with insulin resistance, in
women insulin resistance typically occurs at a higher BMI
and higher age compared with men (5). Moreover, low
fitness has a greater association with insulin resistance in
overweight women compared with overweight men (2).
Reports have demonstrated a clear mechanistic role of
sex hormones underpinning sexual dimorphism in insulin
resistance (6). Insulin sensitivity has been positively associ-
ated with estradiol and negatively associated with proges-
terone in rats (7). This suggests that hormonal fluctuations
across the menstrual cycle in humans may play a role in
insulin sensitivity. However, strategies targeting the preven-
tion and treatment of reduced insulin sensitivity rarely con-
sider sex and none consider the role of the menstrual cycle.
The menstrual cycle is a fundamental biological
rhythmic cycle occurring in females of reproductive age,
composed of the ovarian and uterine cycles. The ovarian
cycle, consisting of follicular, ovulatory, and luteal phases,
is concerned with oocyte maturation and release, while the
uterine cycle, consisting of menstruation, proliferative, and
secretory phases, is concerned with preparing the uterine
lining for possible oocyte implantation in the event of fer-
tilization (8). The ovarian cycle and uterine cycle occur in a
coordinated and concurrent manner; herein we will refer to
menstrual cycle phase in terms of the follicular and luteal
phases (8). The average cycle length is 29 days, although
this varies between individuals, with cycle lengths of 24 to
35 days considered normal and healthy (8, 9). Within an
individual, typical cycle length declines as age increases (9).
The menstrual cycle is governed by rhythmic fluctuations
of hormones within the hypothalamic-pituitary-gonadal
axis; gonadotropin-releasing hormone, pituitary hormones
(follicle-stimulating hormone [FSH]| and luteinizing hor-
mone [LH]), and ovarian hormones (estradiol, proges-
terone, and testosterone) (8). However, the effect of the
menstrual cycle on physiology is underresearched and in

fact is frequently cited as a barrier toward the inclusion of
women in research projects (10).

Cyclical fluctuations in hormonal profiles across the
menstrual cycle have been associated with alterations in
metabolic control. During the luteal phase an increase in
circulating insulin and reductions in circulating glucose and
triglycerides have been observed (11, 12). Correspondingly,
insulin sensitivity would be expected to fluctuate across
the menstrual cycle. However, studies so far have been
equivocal. Reductions in insulin sensitivity during the luteal
phase have been reported (12-18). However, other studies
have documented no change in insulin sensitivity across the
menstrual cycle (19-22). These inconsistencies may be at-
tributable to the relatively small sample sizes used in all but
one (12) of these studies (n = 6-30), which lacked statis-
tical power to robustly detect the small, yet clinically mean-
ingful, changes in insulin sensitivity across the menstrual
cycle. Yeung et al used a large sample size (n =259) and
reported significant variation in insulin sensitivity across
the menstrual cycle (12). Moreover, previous studies re-
cruited heterogeneous study populations with varying BMI
and physical activity levels, in which limited adjustment
or investigation into the potentially confounding effects of
these modifiable risk factors was conducted (12, 21, 22).
Examining the role of modifiable risk factors in a large co-
hort of women is necessary to fully understand rhythmicity
in insulin sensitivity across the menstrual cycle.

In this study we first aim to characterize the variation
in insulin sensitivity and associated metabolites across the
menstrual cycle in a large cohort of well-characterized fe-
male participants. Second, we will investigate the role of
BMI, physical activity, and cardiovascular fitness on the
variation in insulin sensitivity and associated metabolites
across the menstrual cycle.

Materials and Methods
Participants

The National Health and Nutrition Examination Survey
(NHANES) is a national, cross-sectional, population-based
study representative of the noninstitutionalized US civilian
population (NHANES, RRID: SCR_013201). Data were
collected in 2-year cycles beginning in 1999, with data collec-
tion ongoing. NHANES participants completed an at-home
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interview and a physical examination at a mobile examin-
ation center (MEC). A reproductive health questionnaire
was included in data collection cycles between 1999 and
2006. This questionnaire was completed by 23 569 females.
Participants were excluded if they had current diagnoses of
metabolic disorder (diabetes, thyroid condition) or were
taking medication that altered insulin sensitivity (Fig. 1).
Details of variable descriptions and codes used in this study
are provided in data repository (23).

Menstrual Cycle Assessment

The response to the question “number of days since
last period started” was treated as the day of menstrual
cycle. Responses were collected once for each participant.
Unfortunately, data on typical menstrual cycle length were
not available within the NHANES database. Participants
were excluded from data analysis if the reported number of
days since their last period started more than 35 days earlier.
While the typical menstrual cycle length is 29 days, a max-
imum cycle day value of 35 days was selected to encompass
95% of the cycle lengths in women (9). Participants were
excluded based on factors that influence the hormonal mi-
lieu across the menstrual cycle: age younger than 16 years,
currently taking hormonal contraceptive medication, or cur-
rently pregnant or gave birth within the previous year. Final
analyses were conducted on 1906 participants (see Fig. 1).

Anthropometric Assessment

Height was measured using a stadiometer, and weight
was measured using a digital scale following standard

23,569 females completed the

procedures at the MEC. BMI was calculated using weight
in kilograms divided by height in meters squared. Prior
to analyses, participants were assigned to BMI-defined
categories based on standard cutoff thresholds (low BMI,
underweight and healthy weight <24.9; high BMI, over-
weight and obese > 25) (24).

Blood Sampling and Biochemical Analysis

Venous blood samples were collected the same day as the
menstrual cycle questionnaire following a fast of at least
9 hours, but not more than 24 hours, by a trained phlebot-
omist at the MEC and processed according to a standard-
ized protocol (25). Serum FSH and LH concentrations were
analyzed by microparticle Enzyme Immunoassay (Abbot
Laboratories) (26). Plasma glucose and triglyceride concen-
trations were analyzed enzymatically (Roche Diagnostic
Systems) (27, 28). Plasma insulin concentration was as-
sessed via radioimmunoassay (Pharmacia Diagnostics AB)
(29). Insulin sensitivity was calculated using the HOMA-IR
(30) and ADIPO-IR (31) methods.

Physical Activity

Each participant completed a physical activity question-
naire that included questions relating to all physical ac-
tivity performed in the previous 30 days. Activity type,
duration, intensity, and number of times performed in
the last 30 days were recorded. Moderate-intensity ac-
tivities were defined as inducing light sweating or a
slight to moderate increase in breathing or heart rate
(HR). Vigorous activities were defined as inducing

reproductive health questionnaire

Current thyroid issue (n=449)
Previous diabetes diagnoses (n=70)
Taking insulin medication (n= 104)

Taking diabetic pills (n=173)

6501 provided answer to

“number of days since last period”

Age <16 yr (n=2278)

___________________ » Number days since last period >36(n=362)

Currently pregnant or gave birth in last year (86)

Currently taking birth control, estrogen or progestin pills (n= 1733)

2042 participants with suitable

menstrual cycles

Data not available for one of the following; glucose, triglyceride,

2 insulin (n= 136)

1906 participants in final data set

Figure 1. Flowchart depicting participant selection in the study. The dotted lines represent participant exclusion.
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heavy sweating or large increases in breathing or HR.
Metabolic equivalent (MET) scores for specific activities
were calculated based on the activity type and intensity
(32). MET scores were multiplied by the average dur-
ation and number of times performed in the last 30 days
to calculate MET minutes per 30 days (MET min/30d)
for each activity. MET min/30d were summed for each
activity then divided by 4.29 to calculate total MET min-
utes per week. Prior to analyses, participants were as-
signed to low and high physical activity categories based
on whether they met the national physical activity guide-
lines (low physical activity < 500 MET/wk; high physical
activity = 500 MET/wk) (33).

Cardiorespiratory Fitness

Participants underwent a submaximal exercise test on
a treadmill to predict maximal oxygen consumption (V

Olmax) (
cols, of varying difficulty, based on age, BMI, and self-

34). Participants were assigned to 1 of 8 proto-

reported physical activity level. Each protocol included
a 2-minute warmup, 2 x 2-minute stages, and a 2-minute
cool down. Heart rate was recorded throughout using
an automated monitor. These exercise protocols aimed
to elicit 75% of maximal HR by the end of the test.
Predicted VO
specific maximal HR responses to the two 2-minute ex-

mae Was estimated by extrapolating age-
ercise stages, assuming a linear relation between HR and
O, consumption during exercise (35, 36). Prior to ana-
lyses, participants were assigned to low and high cardio-
respiratory fitness categories based on whether their V
0]
percentile (37).

scores were below or above the age-specific 50th

2max

Statistical Analysis

All analyses were conducted in R (version 3.6.3)
(38). Participant demographic data are presented as
mean = SD. The number of participants are shown for
each analysis; this varies because of missing data. Data
were tested for normality using visual inspection of
histogram and Shapiro-Wilk test. Nonnormal data were
log10-transformed. Rhythmicity across the menstrual
cycle was detected using the “Cosinor” and “Cosinor2”
packages (39, 40). Cosinor fits a cosine curve with a free
phase to data and calculates MESOR (a rhythm-adjusted
mean), amplitude (half the predictable variation within
a cycle), and acrophase (time of highest value within a
cycle). Peak-to-peak difference (%) was calculated using
the following equation: (2 x amplitude/mean)*100. In

separate cosinor models, we included the BMI, phys-
ical activity, and cardiorespiratory fitness category as a
covariate. Inclusion of covariates in the cosinor model
allows the MESOR, amplitude, and acrophase to differ
between respective high and low covariate categories.
Overall significance of the cosine model was established
using the zero-amplitude test. Wald tests were conducted
to test for differences in the amplitude and acrophase
between respective high and low covariate categories.
Cosine data are presented as MESOR =+ amplitude. Data
are shown as conventional box plots.

Results
Participant Characteristics

Participant characteristics are outlined in Table 1. As
would be expected, greater weight, higher BMI, lower

physical activity, and lower VO were observed in

2max
the low physical activity category (difference = 2.0 kg,
P =.020; 1.2, P <.001; 2884.7 MET min/wk P < .001;
1.4 mL/min/kg, P =.019, respectively), high BMI cat-
egory (26.6 kg, P <.001; 10.3, P<.001; 576.4 MET
min/wk, P <.001; 2.5 mL/min/kg, P <.001), and low
cardiorespiratory fitness category (3.4 kg, P =.003; 1.3,
P =.001; 403.1 MET min/wk, P =.028; 10.8 mL/min/
kg, P < .001, respectively). Age was significantly greater
for the low physical activity (3.1 years, P <.001), high
BMI (3.6 years, P <.001), and high cardiorespiratory
fitness (5.5 years, P <.001) categories. Height was sig-
nificantly greater in the high physical activity category
(1.5 cm, P <.001), but not BMI (0.4 cm, P =.166) nor
cardiorespiratory fitness (0.2 cm, P = .757). No rhythmic
cycling was detected across the menstrual cycle in BMI
(MESOR: 26.3 + amplitude: 0.15, P = .822), physical ac-
tivity (1527.1 = 182.1 MET min/wk, P =.199), or car-
diorespiratory fitness (37.5 = 0.5 mL/min/kg, P =.517)
(23).

Pituitary Hormone Concentration Across the
Menstrual Cycle

To demonstrate the validity of cosine analysis for analyzing
cyclic rthythms in variables across the menstrual cycle, pi-
tuitary hormones were analyzed. Plasma FSH and LH
concentrations were available for a subset of participants
(Table 2 and Fig. 2). FSH concentration reached a peak of
8.6 TU on day 9 falling to 3.5 IU on day 26 (P <.001). LH
concentration peaked at 8.1 IU on day 12 and declined to a
trough of 2.1 TU on day 29 (P < .001).
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Table 1. Participant characteristics split by demographic category

All Low MET High MET Low BMI High BMI Low CRF High CRF

Demographic

946 (49.6) 960 (50.4) 1021 (53.6) 885 (46.4) 451 (46.7) 514 (53.2)

1906

No.

26.8 = 10.0°
162.2 6.7

27.4 +10.1° 21.3+5.9
162.0 £ 6.7

161.6 £ 7.0

23.8=+8.5

23.9 = 8.6°
162.6 + 6.8°

27.0 =10.0

161.1 6.9

254=94

Age,y

162.0 £ 6.8

161.8 £ 6.9

Height, cm

66.1+15.1¢
25.1+5.4°

69.5£19.5
264=7.0

83.2 = 18.3°
31.8 +6.1°

56.67.2

68.0 = 18.0°
25.7 £6.3°

70.0 £19.9
269=+72

69.0 £19.0
26.3+6.8

Weight, kg

BMI
VO

21.5=+2.1

42.6 +9.3°
1811.0 = 3200.0°

31.8+3.8
1407.9 =+ 2498.3

36.1 £9.1¢
1239.5 +2593.5¢

38.6 £8.8
1815.9 = 3479.9

38.2 +8.6°
2980.0 = 3884.4"

36.8+9.5

37.5+9.0
1548.3 + 3112.5

mL/kg/min

MET, min/wk

2max?

95.3 £ 144.7

Data are presented as mean = SD. No. values are presented as total (%) for each demographic category.

Abbreviations: BMI, body mass index; CREF, cardiorespiratory fitness; MET, metabolic equivalent; PA, physical activity; VO, , maximal oxygen consumption.

“P less than .05 following independent samples ¢ test.

What Is the Effect of the Menstrual Cycle on
Insulin Sensitivity?

Rhythmicity was demonstrated by a significant cosine
fit for glucose (MESOR: 85.1 = amplitude: 1.2 mg/dL;
P =.014). No significant fit was observed for triglycerides
(87.7 £2.8 mg/dL; P=.369), insulin (9.8 =+ 0.4 uU/mL;
P =.470), HOMA-IR (2.1 +0.1 mmol/L; P =.461), or
ADIPO-IR (9.7 = 0.6 mmol/L; P = .335) (Table 3; Figs. 3
and 4).

How Does Body Mass Index Affect Insulin
Sensitivity Across the Menstrual Cycle?

When the BMI category was added as a covariate into the
cosine model, significant cosine fit was observed for glu-
cose (P <.001), triglycerides (P <.001), insulin (P <.001),
HOMA-IR (P <.001), and ADIPO-IR (P <.001) (see Table
3; Figs. 3 and 4). There were no significant differences in
amplitude between low and high BMI categories for glu-
cose (0.7 vs 1.7 mg/dL, P =.205), triglycerides (3.4 vs
3.9 mg/dL, P = .889), insulin (0.3 vs 1.1 uU/mL, P = .486),
HOMA-IR (0.1 vs 0.3 mmol/L, P = .318), or ADIPOIR (0.2
vs 1.9 mmol/L, P = .248). Nor was there a significant dif-
ference in acrophase between low and high BMI categories
for glucose (12 vs 16 days, P =.335), triglycerides (28
vs 21 days, P =.098), insulin (15 vs 23 days, P =.180),
HOMA-IR (15 vs 22 days, P =.267), or ADIPO-IR (23 vs
22 days, P =.902).

How Does Physical Activity Affect Insulin
Sensitivity Across the Menstrual Cycle?

When the physical activity category was added as a
covariate into the cosine model, significant cosine fit was
observed for glucose (P <.001), triglycerides (P =.006),
and ADIPO-IR (P =.038), but not insulin (P =.0995)
or HOMA-IR (P =.061) (see Table 3; Figs. 3 and 4).
Triglyceride amplitude was significantly lower in the low
physical activity category compared to the high physical
activity category (3.1 vs 7.2 mg/dl, P = .018). No signifi-
cant differences were observed in amplitude between low
and high physical activity categories across the menstrual
cycle for either glucose (1.5 vs 1.1 mg/dL, P =.308), in-
sulin (0.7 vs 0.3 uU/mL, P =.284), HOMA-IR (0.2 vs
0.1 mmol/L, P =.310) or ADIPO-IR (0.7 vs 0.7 mmol/L,
P =.506). There were no significant differences in
acrophase between low and high BMI categories for glu-
cose (17 vs 12 days, P = .235), triglycerides (12 vs 27 days,
P=.675), insulin (21 vs 14 days, P =.571), HOMA-IR
(21 vs 14 days, P = .577), or ADIPO-IR (18 vs 26 days,
P =.423).
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Table 2. Pituitary hormone concentrations across the menstrual cycle

Variable No. MESOR, IU Amplitude, IU P-P, % Peak, d Trough, d P
FSH 218 6.1 2.5 91.9 9 26 <.001
LH 219 5.1 3.0 144.0 12 29 <.001

P value from zero amplitude test for model fit.

Abbreviations: FSH, follicle-stimulating hormone; LH, luteinizing hormone; MESOR, rhythm-adjusted mean; P-P, %, difference between peak and trough.

A30

20

FSH (1U)

10

0 10 20 30
Day of Menstrual Cycle (d)

B 30
|
20
5
e i
10 |
:’ﬂ'r.~
T B
0 7

0 10 20 30
Day of Menstrual Cycle (d)

Figure 2. Box plot with cosine wave showing pituitary hormone concentration across the menstrual cycle. A, Follicle-stimulating hormone (FSH). B,

Luteinizing hormone (LH).

How does Cardiorespiratory Fitness Affect Insulin
Sensitivity across the Menstrual Cycle?

When the cardiorespiratory fitness category was added as
a covariate into the cosine model, significant cosine fit was
observed for triglycerides (P =.041), insulin (P =.002),
HOMA-IR (P =.004), and ADIPO-IR (P =.004), but not
glucose (P =.223) (see Table 3; Figs. 3 and 4). No signifi-
cant differences in amplitude across the menstrual cycle
were observed between low and high cardiorespiratory fit-
ness for glucose (0.4 vs 0.8 mg/dL, P = .460), triglycerides
(6.9 vs 6.0 mg/dL, P =.116), insulin (1.2 vs 0.7 uU/mL,
P =.099), HOMA-IR (0.3 vs 0.2 mmol/L, P =.109), or
ADIPOIR (1.7 vs 1.0 mmol/L, P =.115). There were no
significant differences in acrophase between low and high
BMI categories for glucose (20 vs 12 days, P = .443), tri-
glycerides (34 vs 24 days, P = .271), insulin (27 vs 17 days,
P =.290), HOMA-IR (27 vs 17 days, P=.282), or
ADIPO-IR (30 vs 20 days, P =.260).

Discussion

This study aimed to characterize cyclical changes in in-
sulin sensitivity and associated metabolic parameters

across the menstrual cycle and their association with
BMI, physical activity, and cardiorespiratory fitness.
We found rhythmic cycling across the menstrual cycle
for glucose, but not triglycerides, insulin, HOMA-IR,
or ADIPO-IR. When including selected risk factors for
insulin resistance as covariates, rhythmic cycling was
observed across the menstrual cycle for glucose, trigly-
cerides, insulin, HOMA-IR, and ADIPO-IR when models
included BMI; glucose, triglycerides, and ADIPO-IR when
models included physical activity; and triglycerides, in-
sulin, HOMA-IR, and ADIPO-IR when models included
cardiorespiratory fitness. Triglyceride amplitude, but not
acrophase, was significantly greater in the high physical
activity category compared to the low physical activity
category. No significant differences in amplitude nor
acrophase were observed for glucose, insulin, HOMA-IR,
or ADIPO-IR between respective high and low covariate
categories. These findings demonstrate changes in insulin
sensitivity and triglyceride levels across the menstrual
cycle are modified by BMI, physical activity, and cardio-
respiratory fitness status.

Previous literature reports insulin sensitivity is either re-
duced during the luteal phase (12-18) or remains unchanged
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Figure 3. Changes in glucose, triglycerides, and insulin across the menstrual cycle with low and high categories of left, body mass index (BMI);
middle, cardiorespiratory fitness; and right, physical activity. Box plot represents all participants data for each respective variable. Cosinor model fits
are shown for (blue) all participants, (green) low covariate category, and (red) high covariate category. Low BMI, 24.9 or less; high BMI, greater than
25; low cardiorespiratory fitness, 50th or lower age-specific percentile; high cardiorespiratory fitness, greater than 50th age-specific percentile; low
physical activity, less than or equal to 500 metabolic equivalent (MET) min/wk; high physical activity, greater than 500 MET min/wk.

across the menstrual cycle (19-22). Reported variation in
HOMA-IR across the menstrual cycle is of a relatively
small magnitude (0.3 U), although it may be clinically
meaningful (12). Therefore, some previous studies using
small sample sizes may have lacked statistical power to de-
tect significant variation (19-22). In contradiction to a re-
port from another large study, we did not observe rhythmic
variation for insulin sensitivity prior to adjusting cosine
fit for BMI or cardiorespiratory fitness (12). Participants
studied by Yeung et al had an average lower BMI (24.1
vs 26.3), which may have contributed to discrepancies in
findings (12). Cardiorespiratory fitness was not assessed
in their study. Following the inclusion of BMI and cardio-
respiratory fitness into our models, we observed rhythmic
cycling for HOMA-IR with variability across the menstrual
cycle of 0.3 U, similar to that previously reported by Yeung

and colleagues. This provides evidence that BMI and car-
diorespiratory fitness mediate the variation in HOMA-IR
across the menstrual cycle. This mediation effect may
underpin inconsistencies reported in the literature.

To our knowledge, this is the first study to investi-
gate ADIPO-IR across the menstrual cycle. We observed
rhythmic variation in ADIPO-IR when adjusting for BMI,
physical activity, and cardiorespiratory fitness levels.
Rhythmic cycling in ADIPO-IR concentration roughly co-
incided with rhythmic cycling of triglycerides across the
menstrual cycle, which peaked at cycle day 23, declining
to a trough at cycle day 5 (see Table 3). This contradicts
previous research reporting elevated triglyceride concen-
trations during the follicular phase compared to the luteal
phase (11, 41). However, previous studies did not consider
BMI, physical activity, or cardiorespiratory fitness, which
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Figure 4. Changes in homeostatic model of insulin resistance (HOMA-IR) and adipose tissue insulin resistance index (ADIPO-IR) across the menstrual
cycle with low and high categories of left, body mass index (BMI); middle, cardiorespiratory fitness; and right, physical activity. Box plot represents
all participant data for each respective variable. Cosinor model fits are shown for (blue) all participants, (green) low covariate category, and (red)
high covariate category. Low BMI, 24.9 or less; high BMI, greater than 25; low cardiorespiratory fitness, 50th or lower age-specific percentile; high
cardiorespiratory fitness, greater than 50th age-specific percentile; low physical activity, less than or equal to 500 metabolic equivalent (MET) min/

wk; high physical activity, greater than 500 MET min/wk.

we found significantly mediated rhythmicity in triglycerides
across the menstrual cycle. Additionally, we used a larger
sample size in this study compared with previous studies
(n=34 (41) and 259 (11) vs 869). Increases in ADIPO-IR
during the luteal phase alongside concurrent elevations in
triglyceride concentration may be underpinned by a de-
cline in insulin-stimulated triglyceride uptake or suppres-
sion of lipolysis during the luteal phase. Progesterone has
been shown to inhibit adipocyte insulin signaling and re-
ceptor binding (42, 43). Increased circulating progesterone
levels may contribute to the increased ADIPO-IR observed
during the luteal phase of the menstrual cycle. However,
further work is required to elucidate the role progesterone
plays in regulating changes in circulating triglycerides and
ADIPO-IR across the menstrual cycle.

We observed lower mean triglyceride concentration
alongside significantly greater amplitude across the men-
strual cycle in the high physical activity category compared
to low. The timing of the peak and trough in triglyceride
concentration roughly coincided with the glucose trough
and peak, respectively. Regular physical activity increases
the capacity for adipose tissue and skeletal muscle lipid
uptake and mobilization (4, 44). Moreover, high physical

activity levels are positively associated with increased
metabolic flexibility (44). Greater amplitude in triglyceride
concentration across the menstrual cycle in the high phys-
ical activity category may reflect a coordinated uptake and
release of triglycerides in response to fluctuations in glu-
cose concentration.

While BMI and physical activity are significantly associ-
ated with variation in HOMA-IR and ADIPO-IR across the
menstrual cycle, the mechanisms underpinning this rela-
tionship are uncertain. Variation in insulin sensitivity across
the menstrual cycle has been associated with progesterone
and estradiol (12). Differences in BMI and physical activity
are known to alter ovarian hormonal profiles. Low phys-
ical activity levels are associated with higher mean estradiol
levels across the menstrual cycle and higher progesterone
levels during the luteal phase (45). High BMI is associated
with greater variability of estradiol, but not progesterone
(46). Unfortunately, neither estradiol nor progesterone was
assessed in NHANES. Future research should investigate
the role of sex hormones in the relationship between insulin
sensitivity and BMI and physical activity levels.

We observed significant rhythmicity in HOMA-IR
and ADIPO-IR following adjustment for BMI and
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cardiorespiratory fitness. This suggests that the menstrual
cycle phase is an important consideration in the assessment
of insulin sensitivity in clinical practice or research, espe-
cially in populations with high BMI or low cardiorespira-
tory fitness. Additionally, we found greater amplitude
across the menstrual cycle for HOMA-IR and glucose in
high compared to low BMI and HOMA-IR in low com-
pared to high cardiorespiratory fitness. Although these
amplitudes were not statistically significant, these data in-
dicate individuals with high BMI or low cardiorespiratory
fitness may be at greater risk of impaired insulin sensitivity
and elevated glucose concentration during the luteal phase.
Therefore, therapeutic strategies aiming to reduce disturb-
ances in metabolic control across the menstrual cycle may
benefit from targeting a reduction in BMI and increase in
cardiovascular fitness. This is of particular clinical import-
ance because of the role of high glucose variability and
insulin resistance in the development and progression
of diabetic complications (47, 48). Future larger studies
should further investigate the association between BMI
and cardiorespiratory fitness with the magnitude of vari-
ation in insulin sensitivity and glucose concentrations
across the menstrual cycle. This research is crucial to fur-
ther understand the role of the menstrual cycle in diabetes.

Unexpectedly, some participant demographics were
significantly different between respective low and high
demographic categories. Therefore, some caution should
be applied when interpreting these findings. Age was sig-
nificantly greater in the high BMI, physical activity, and
cardiorespiratory fitness categories compared to low.
However, previous research has reported the positive re-
lationship between age and insulin resistance is associated
with concurrent increases in adiposity and decreases in
physical activity (49), which were included in the cosinor
analysis as covariates. Height was significantly greater in
the high physical activity group. We performed a regres-
sion analysis to assess the relationship between height and
metabolic outcome parameters while accounting for men-
strual cycle day and found no significant associations (23).
This statistically significant effect may simply be due to
the number of participants in the study (50). Similarly, a
previous large study reported no association between vari-
ation in HOMA-IR across the menstrual cycle and height
(12). We would expect there to be overlap in participants
within covariate categories, which may have confounding
effects, for example, commonality between participants in
the high BMI, low physical activity, and low cardiorespira-
tory categories. Future studies should investigate whether
there is a cumulative effect of BMI, physical activity, and
cardiorespiratory on rhythmic cycling in insulin sensitivity
across the menstrual cycle.

The large, prospective nature of the NHANES data
set represents a major strength of this study. Our ana-
lyses were conducted in 1906 female participants with
detailed questionnaire data available for reproductive
and general health. These data permitted the exclusion
of women with conditions that alter metabolic control or
hormonal concentrations. The indirect assessment of in-
sulin resistance using surrogate measures (HOMA-IR and
AIDIPO-IR) was a limitation. However, HOMA-IR and
ADIPO-IR have been validated against the gold-standard
hyperinsulinemic euglycemic clamp (r=0.82, P <.001)
and the multistep pancreatic clamp (r =0.86, P <.001)
respectively, demonstrating strong correlations (51, 52).
Physical activity levels were determined using a question-
naire. However, reports from the NHANES data set dem-
onstrate similar amounts of self-reported physical activity
and objectively measured physical activity via accelerom-
eter in those either meeting or not meeting physical activity
guidelines (53). Nonetheless, future studies may benefit
from collecting objectively measured physical activity
across the menstrual cycle. This study used the number
of days since the last menstrual period started as a proxy
for phase of menstrual cycle and was limited by a lack of
data regarding participants’ typical menstrual cycle length.
These data would allow greater accuracy in determining
menstrual cycle phase. However, that the analysis of FSH
and LH displayed expected fluctuations with significant
rhythmicity across the menstrual cycle supports the use of
“number of days since last menstrual period started” for
statistical analysis in this data set. Ovarian hormone con-
centrations across the menstrual cycle were not measured,
which would allow further exploration into the relation-
ship between insulin sensitivity and risk factors for meta-
bolic dysregulation. Future studies should obtain further
data to allow a thorough characterization of participants’
menstrual cycles, including typical menstrual cycle dur-
ation, ovulation date, and ovarian hormones.

In conclusion, our study confirms previous reports
showing insulin sensitivity undergoes small yet statistically
and clinically significant rhythmic cycling across the men-
strual cycle. This is the first study to demonstrate a modi-
fying effect of BMI, physical activity, and cardiorespiratory
fitness on variation in insulin sensitivity and associated me-
tabolites across the menstrual cycle. These findings provide
a basis for further research to explore the mediatory role
of BMI, physical activity, and cardiorespiratory fitness on
variation in insulin sensitivity across the menstrual cycle.
Furthermore, this provides direction for investigation into
the therapeutic benefit of targeting BMI and physical ac-
tivity to mitigate disturbances in insulin sensitivity across
the menstrual cycle.
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