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Objective: Early and delayed menarche are associated with increased cardiovascular disease (CVD) risk in the general population,
but data are limited in type 1 diabetes (T1D). We thus examined the relationship between menarche age and CVD risk in women with
childhood-onset T1D, representing the first study to evaluate the association between menarche timing and macrovascular disease risk
in this population.

Methods: Female participants from the Pittsburgh Epidemiology of Diabetes Complications (EDC) prospective cohort study were
categorized by menarche age: early (<12 years), normal (13—15 years), or delayed (=16 years). Coronary artery disease (CAD) and
major adverse cardiovascular events (MACE) were ascertained through clinical examination and surveys. Cox regression models were
constructed to assess the relationship between menarche age and each outcome.

Results: At baseline, 320 participants were free of CAD and 319 were free of MACE (mean age, 27.8 years; T1D duration, 19.3
years; and median menarche age, 13 years). During 30 years of follow-up, 37.2% developed CAD and 31.3% MACE. A weak, non-
significant, U-shaped pattern was observed between menarche age and both outcomes. In multivariable Cox models, compared with
normal menarche, early menarche was significantly associated only with higher CAD risk (HR =1.71, 95% CI: 1.11-2.64); no other
significant associations were observed.

Conclusion: Among women with childhood-onset T1D, early menarche is associated with increased CAD risk.
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Introduction
Recently, an increasing number of studies have focused on reproductive health and its influence on cardiovascular disease
(CVD) risk in women. In the general population, early menarche has been associated with a greater risk of CVD' ¢ and

1,2,7-10

its risk factors, such as obesity, hypercholesterolemia, type 2 diabetes and decreased high-density lipoprotein

12 and a mediation analysis'

cholesterol (HDL-C) level, in later life. Findings from Mendelian randomization studies
suggest that the observed relationship between early menarche and elevated cardiometabolic risk in observational studies
is partially mediated by excessive adiposity from childhood to adulthood. Evidence, however, also suggests that the
association of age at menarche and CVD may not be linear.>>*'*"'® A large prospective study in the UK suggested
a U-shaped relationship between age at menarche and coronary artery disease (CAD), with both early and late menarche
timing increasing CAD risk."* The Women’s Ischemia Syndrome Evaluation (WISE) study group also recently revealed
that early (<10 years) and late menarche (>15 years) were both associated with increased risk of major adverse cardiac
events (MACE) compared with the reference group with menarche at age 12.° Indeed, delayed menarche has previously
been associated with increased brachial artery diameter and reduced flow-mediated dilation in adulthood, indicating an

impairment in the vascular endothelium and vascular function.'’
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Importantly, type 1 diabetes (T1D) appears to cause a delay in pubertal development through the effects of insulin
deficiency and hyperglycemia on the hypothalamic—pituitary—gonadal (HPG) axis, leading to delayed menarche among
girls with childhood-onset T1D.'"®! Thus, it is possible that in addition to the effect of early menarche, as seen in the
general population, delayed menarche, which is more common in T1D, may also serve as a marker of adverse
cardiometabolic health in this population. Indeed, delayed menarche was previously associated with a higher risk of

D,20,21

nephropathy in women with T1 a complication that contributes to increased CVD risk.”*** Early menarche, on the

other hand, may reflect adiposity-related mechanisms similar to those seen in the general population, as higher BMI
z-scores have been consistently associated with younger menarche age.”**’

In the general population, pre-menopausal women typically have a lower risk of CVD compared to men. This lower
risk is not seen in individuals with T1D, which means that women face a much higher relative risk of CVD due to T1D
compared to men.** > However, the reason why T1D has a greater impact on CVD risk among women compared with
men, and whether this may at least partly relate to age at menarche, is not well understood. We therefore assessed the
association between age at menarche and the incidence of macrovascular complications, specifically CAD and MACE,
among women with childhood-onset T1D. We hypothesized that both a younger and an older age at menarche are

associated with a higher risk of macrovascular disease.

Materials and Methods
Study Population

The current analysis was based on female participants from the Pittsburgh Epidemiology of Diabetes Complications
(EDC) prospective cohort study, a detailed description of which has been published previously.*** Briefly, EDC
comprised individuals who were either diagnosed with childhood-onset T1D, or seen within a year of such diagnosis,
at the Children’s Hospital of Pittsburgh between 1950 and 1980. A total of 658 participants (325 women) completed the
EDC baseline assessment (1986-88) at a mean age of 28 years and a mean duration of diabetes of 19 years. The
participants were subsequently followed with biennial surveys for 32 years and clinical examinations biennially for 10
years, and subsequently at the 18, 25, and 30-year follow-up. For participants who did not experience menarche before
the baseline clinical visit (n=8), the visit following their first report of menstruation was used as their baseline.
Participants who had CAD (n=4) or MACE (n=5) at their corresponding baseline or did not report age at menarche
(n=1) were excluded. The final sample size included in the analysis was 324: 320 were evaluated for CAD, with 119
incident events during study follow-up, and 319 were assessed for MACE, with 100 incident events. The study was
approved by the University of Pittsburgh Institutional Review Board.

Ascertainment of Exposure

Age at menarche was self-reported through survey forms using two questions: (1) “Have you started having menstrual
periods?” and (2) “If yes, how old were you when your periods began?”. For 316 participants, the menarche age reported
at the EDC study baseline was used. For the remaining eight participants who had not yet experienced menarche at
baseline, their first reported menarche age from subsequent biennial surveys was used. Repeated assessments allowed the
opportunity to cross-validate self-reported information and clarify discrepancies with the participant when possible. The
mean and standard deviation (SD) of age at menarche were computed and participants were categorized into three
menarche timing groups: early (<12 years), normal (13—15 years), and delayed onset of menstruation (>16 years). These
categorizations were used given the participants’ median birth year of 1960, since earlier data indicates that women born

in the 1960s in the United States typically experienced menarche at age 13 in the general population.®>*

Ascertainment of Outcome

Cardiovascular outcomes were ascertained based on both clinical examination as well as self-reported events in the
medical survey forms and were further validated using medical records and/or death certificates during the 30-year
follow-up. CAD was defined as the first appearance of confirmed myocardial infarction (MI, including clinical events and
subclinical myocardial infarction on ECG, ie, Minnesota code 1.1 or 1.2), angiographic stenosis >50%, coronary
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revascularization, or CAD death. MACE was defined as the first appearance of CVD death, nonfatal MI (as above), or
nonfatal stroke. The underlying cause of death was determined by a Mortality Classification Committee composed of at
least two physician epidemiologists who reviewed death certificates, medical records, autopsy or coroner reports, and
data from interviews with next-of-kin. Unlike CAD, MACE includes stroke and pertains to major adverse events caused
by the disease process.>’ Also, the direction and/or the strength of the associations between risk factors and the two
conditions may differ.*”*® Thus, both outcomes were included in the current study.

Measurement of Covariates

Participant information regarding demographic, medical history, healthcare, lifestyle, and reproductive health were
collected via self-administered survey forms. Physical activity was quantified as kilocalories expended on physical
activity (ie, stairs climbed, city blocks walked, and light, moderate, and vigorous activity) per week collected through the
modified Paffenbarger Physical Activity Questionnaire.*’

At each clinical examination, weight (kg) and height (m) were measured and used to calculate BMI (kg/mz). Waist
and hip circumference (cm) were calculated using the mean of two measurements, or the mean of three measurements if
an additional measurement was performed due to a pre-specified difference (>0.5 cm) between the first two assessments.
Following the Hypertension Detection and Follow-Up protocol,* blood pressure was recorded using a random zero
sphygmomanometer after a 5-minute rest to determine the presence of hypertension (ie, systolic blood pressure (SBP)/
diastolic blood pressure (DBP) >140/90 mmHg, or the use of antihypertensive medications). During the initial 18 months
of the study, stable HbA1 levels were assessed using the microcolumn cation exchange (Isolab, Akron, OH, USA).
Subsequently, for the rest of the first 10-year follow-up, HbAl was measured utilizing automated high-performance
liquid chromatography (Diamat; Biorad, Hercules, CA, USA). There was strong concordance between the two assays (r =
0.95; Diamat HbA1 = - 0.18 + 1.00[Isolab HbA1]). To align the HbA1 measurements with the DCCT (Diabetes Control
and Complications Trial) standard, a regression equation derived from duplicate assays was used (HbAlc =0.14 + [0.83
x EDC HbA1]).*' Total cholesterol and triglycerides were measured enzymatically. HDL-C was measured using
a modified precipitation technique according to the Lipid Research Clinics method.>*** Three different timed urine
samples (24-hour, overnight, and 4-hour clinic) were collected over a two-week period and assayed for albumin and
creatinine to calculate the albumin excretion rate (AER). The median AER value from the three samples was utilized in
analyses. Estimated glomerular filtration rate (¢eGFR) was determined using the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) creatinine equation.**

Statistical Analysis

Descriptive analyses were performed to assess univariate differences by menarche timing group as well as by incident
CAD and MACE. To assess participant characteristics related to age at menarche, a categorical variable for age at
menarche was created (menarche timing groups: early: <12, normal: 13-15, delayed: >16). Multivariable Cox propor-
tional hazards regression models with stepwise selection (significance levels for entry and stay: 0.25 and 0.15,
respectively) were constructed to assess the relationship between age at menarche and each incident outcome, separately.
Follow-up time was defined as the time in years from baseline to the time of incident outcome, for incident cases, or the
end of follow-up for non-cases. Covariates were selected based on the results from descriptive analyses and existing
knowledge from previous studies in the general population. The proportional hazards assumption was evaluated by
graphical inspection. For variables that did not satisfy the proportional hazards assumption, time-dependent interaction
terms were introduced to the models, alongside the fixed covariate term. The functional form of age at menarche and
covariates was assessed by visual inspection of Martingale residuals. The examination revealed a U-shaped association
between menarche age and MACE; thus, a quadratic term was included in the model alongside the linear form of the age
at menarche. To ensure consistency in the statistical approach, a quadratic term was also tested for CAD. No significant
deviations from a linear association were observed for CAD. Participants with missing covariate data (CAD: n=35,
MACE: n=8) were excluded from the Cox regression analyses. Data analyses were performed using SAS version 9.4
(SAS Institute, Cary, NC) and R version 4.1.3 (R Core Team, 2022). A two-tailed p-value of less than 0.05 was
considered statistically significant.
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Results

Of the 325 female participants of the EDC study, four participants had prevalent CAD and five participants had prevalent
MACE at baseline (three had both conditions) and were excluded from analyses of the respective outcomes. An
additional participant was excluded because of missing information on age at menarche. As a result, 320 and 319
women were included in the analysis for CAD (119 incident events, 37.2%) and MACE (100 incident events, 31.3%),
respectively. Mean age was 27.8 years, mean T1D duration was 19.3 years, and the median age at menarche was 13
years. Included participants were divided into 3 menarche timing groups: early (<12 years, n=104), normal (13-15 years,
n=176) and delayed menarche (>16 years, n=44). Most women (86.7%, 281/324) experienced menarche after the onset of
T1D with only 13.3% (43/324) experiencing menarche before their diagnosis of T1D.

Baseline characteristics of women included in this analysis stratified by menarche timing are presented in Table 1. At
baseline, women with delayed menarche had longer diabetes duration, higher AER, and were more likely to have
hypertension, compared with the other groups. Additionally, women with normal menarche had higher eGFR compared
to their counterparts. Notably, all women in the delayed menarche group were diagnosed with T1D before menarche. No
other baseline characteristics were found to significantly differ across categories of age at menarche.

Table 2 describes differences in baseline characteristics of participants by CAD incidence and by MACE incidence.
Women who developed CAD within the study follow-up period were older at baseline, had longer diabetes duration,

Table | Baseline Characteristics of Female EDC Participants by Menarche Timing Group (n=324)

Early Menarche Normal Menarche Delayed Menarche | P-value
(£12 Years, N=104) | (13-15 Years, N=176) | (=16 Years, N=44)

Age (yrs) 27.5 (22.0, 33.4) 25.6 (20.8, 32.9) 29.7 (24.6, 34.6) 0.06
Age at onset (yrs) 8.0 (5.5 11.2) 9.3 (6.1, 11.7) 7.8 (5.1, 11.2) 0.44
Diabetes duration (yrs) 18.7 (13.5, 25.1) 16.9 (12.1, 24.5) 225 (16.0, 28.1) 0.02
Race

Non-Hispanic White 100 (96.2%) 171 (97.2%) 40 (90.9%) 0.17

Black 4 (3.8%) 5 (2.8%) 4 (9.1%)
HbAlc (%) 8.5 (7.7,9.5) 8.7 (7.9,9.9) 8.1(7.2,93) 0.06
BMI (kg/m?) 23.7 (21.9, 25.7) 22.7 (21.3,25.2) 22.6 (20.8, 25.0) 0.16
Ever Smoker 35 (33.7%) 64 (36.6%) 17 (38.6%) 0.82
Alcohol drinks/week 0 (0, 0) 0 (0, 0) 0 (0, 0.75) 0.64
Weekly physical activity (kcal) 1005 (416, 2151) 1131 (516, 2107) 994 (574, 1512) 0.82
Waist-to-hip ratio 0.77 (0.74, 0.81) 0.77 (0.73, 0.82) 0.78 (0.74, 0.81) 0.87
Hypertension Il (10.6%) 21 (11.9%) Il (25.0%) 0.045
SBP (mmHg) 109 (102, 118) 107 (100, 114) 110 (105, 120) 0.18
DBP (mmHg) 70 (65, 75) 69 (65, 74) 70 (64, 74) 0.99
Antihypertensive medications 5 (5.0%) 13 (7.5%) 7 (17.1%) 0.051
Pulse rate (beats/min) 80 (73, 84) 79 (72, 84) 80 (72, 82) 0.93
Total cholesterol (mg/dL) 184.0 (165.5, 207.0) 190.0 (161.0, 220.0) 185.0 (169.0, 216.0) 0.79
HDL-C (mg/dL) 57.7 (47.7, 65.4) 55.7 (49.2, 65.1) 58.3 (50.5, 67.4) 0.43
Non-HDL-C (mg/dL) 125.9 (104.7, 150.8) 127.5 (104.5, 159.2) 123.9 (113.1, 140.3) 0.80
Triglycerides (mg/dL) 78.0 (56.2, 117.5) 78.5 (62.5, 108.5) 78.0 (61.0, 101.0) 0.88
Insulin dose per weight 0.71 (0.59, 0.86) 0.76 (0.57, 0.92) 0.69 (0.59, 0.84) 0.65
Albumin excretion rate (mg/min) 15.7 (6.7, 75.8) 12.2 (6.6, 64.2) 63.0 (10.0, 471.0) 0.007
Glomerular filtration rate (mL/min/1.73 m?) 103 (84, 123) 113 (85, 126) 103 (73, 112) 0.02
WBC count (x10*/mm?) 6.55 (5.53, 7.57) 6.50 (5.40, 7.90) 6.50 (5.45, 7.80) 0.98
TID onset before menarche 81 (77.9%) 156 (88.6%) 44 (100%) <0.001
Estrogen-containing medication 36 (36.4%) 44 (25.9%) 9 (22.5%) 0.12
History of hysterectomy 6 (5.9%) 7 (4.1%) 2 (5.0%) 0.79
Number of pregnancies 1 (0, 2) 0(0,2) 0(0,2) 0.13
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Table 2 Baseline Characteristics of Female EDC Participants by Cumulative Incidence of CAD and MACE

No CAD CAD P-value No MACE MACE P-value
(N=201) (N=119) (N=219) (N=100)

Age (yrs) 25.7 (7.33) 31.2 (7.47) <0.001 25.9 (7.32) 31.6 (7.51) <0.001
Age at onset (yrs) 8.29 (4.00) 8.89 (3.73) 0.17 8.46 (4.01) 8.61 (3.69) 0.75
Diabetes duration (yrs) 17.4 (6.87) 22.3 (7.43) <0.001 17.4 (6.78) 23.0 (7.45) <0.001
HbAlc (%) 8.73 (1.54) 8.78 (1.50) 0.77 8.71 (1.52) 8.83 (1.53) 0.50
BMI (kg/m?) 23.6 (3.15) 23.6 (3.48) 0.84 23.5 (3.03) 23.8 (3.77) 0.46
Ever Smoker 56 (28.0%) 57 (47.9%) <0.001 61 (28.0%) 51 (51.0%) <0.001
Alcohol drinks/week 1.36 (3.88) 1.86 (5.61) 0.49 1.59 (4.69) 1.44 (4.43) 0.79
Weekly physical activity (kcal) 1670 (1790) 1540 (2170) 0.58 1770 (2160) 1280 (1290) 0.02
Waist to hip ratio 0.77 (0.06) 0.78 (0.05) 0.03 0.77 (0.06) 0.79 (0.06) 0.02
Hypertension 21 (10.4%) 21 (17.6%) 0.09 18 (8.2%) 22 (22.0%) 0.001
SBP (mmHg) 108 (12.3) 113 (14.8) 0.002 108 (11.2) 116 (16.4) <0.001
DBP (mmHg) 70 (8.9) 72 (11.7) 0.13 69 (8.5) 73 (12.6) 0.008
Antihypertensive medications 12 (6.1%) 13 (11.3%) 0.16 10 (4.7%) 14 (14.4%) 0.006
Pulse rate (beats/min) 78 (9.8) 8l (l10.1) 0.009 78.4 (9.62) 81.0 (10.6) 0.03
Total cholesterol (mg/dL) 184 (39.1) 205 (41.3) <0.001 185 (38.2) 206 (41.7) <0.001
HDL-C (mg/dL) 589 (13.8) 57.5 (11.7) 0.33 58.8 (13.5) 57.2 (12.2) 0.30
Non-HDL-C (mg/dL) 126 (39.4) 147 (42.1) <0.001 126 (38.7) 149 (42.1) <0.001
Triglycerides (mg/dL) 93.2 (89.0) 114.0 (83.5) 0.04 90.6 (83.6) 123.0 (92.0) 0.003
Insulin dose per weight 0.79 (0.26) 0.73 (0.24) 0.03 0.79 (0.26) 0.72 (0.22) 0.02
Albumin excretion rate (mg/min) 1.6 (6.5, 52.1) | 20 (8.3,289.6) | 0.005% 11.6 (6.7,48.8) | 29.5(8.8,273.4) | 0.002*
Glomerular filtration rate (mL/min/1.73 m?) 106 (30.3) 95 (33.3) 0.005 106 (29.7) 93 (33.3) 0.001
WBC count (x10*/mm?) 6.50 (1.88) 7.17 (2.13) 0.005 6.33 (1.64) 7.65 (2.39) <0.001
Age at menarche (yrs) 13.4 (1.74) 13.3 (1.79) 0.38 13.3 (1.64) 13.4 (1.99) 0.61
Menarche timing group 0.052 0.17

Early menarche 57 (28.4%) 45 (37.8%) 68 (31.1%) 35 (35.0%)

Normal menarche 121 (60.2%) 55 (46.2%) 127 (58.0%) 48 (48.0%)

Delayed menarche 23 (11.4%) 19 (16.0%) 24 (11.0%) 17 (17.0%)
TID onset before menarche 178 (88.6%) 99 (83.2%) 0.23 189 (86.3%) 87 (87.0%) >0.99
Estrogen-containing medication 40 (20.6%) 46 (41.4%) <0.001 52 (24.8%) 33 (35.1%) 0.09
History of hysterectomy 6 (3.1%) 8 (7.1%) 0.18 6 (2.9%) 9 (9.4%) 0.03
Number of pregnancies 0(, 1) 1(0,2) <0.001* 0(, 1) 1(0,2) <0.001*

Notes: *p-value from Wilcoxon rank sum test.

larger waist-to-hip ratio, higher SBP, pulse rate and white blood cell (WBC) count, lower eGFR and higher AER, as well
as a worse lipid profile (ie, higher total cholesterol, non-HDL-C, and triglycerides). Additionally, they were more likely
to have a history of smoking, use estrogen-containing medications, and to have a higher number of pregnancies. The
overall distribution of age at menarche (continuous variable) did not differ significantly by incident CAD status (p=0.38).
Compared to incident cases, a greater proportion of women without a CAD event were in the normal menarche timing
group, although this did not reach statistical significance (p=0.05). Similar patterns in baseline characteristics emerged
when comparing participants by incident MACE as those observed for CAD. In addition, women who developed MACE
were less physically active and more likely to have undergone hysterectomy than those who did not develop MACE.
The unadjusted hazard ratios for both CAD and MACE by age at menarche suggested a U-shaped relationship
(Figures 1 and 2, respectively). The results of Cox regression analyses for CAD and MACE are shown in Table 3 (Model
1, for age at menarche as a continuous variable, also allowing for a quadratic term, and Model 2, for age at menarche as
a categorical variable). In multivariable Cox models, the quadratic term for age at menarche was not selected for
inclusion in the mo although age at menarche as a continuous variable was included, it was not significantly associated
with risk of CAD (Model 1: HR =0.88, 95% CI: 0.78—1.00, p=0.06). When using the categorical variable, compared to
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® Unadjusted HR (95% Cl)

Hazard ratio of CAD

11 or younger 12 13 14 15 16 or older
Early menarche Normal menarche Delayed menarche

Figure | Unadjusted HR (95% CI) for CAD by age at menarche.
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Figure 2 Unadjusted HR (95% CI) for MACE by age at menarche.

menarche between 13—15 years, early menarche (<12 years) was significantly associated with greater risk of CAD
(Model 2: HR =1.71, 95% CI: 1.11-2.64, p=0.01), although the risk associated with delayed menarche was not
statistically significant (HR =1.25, 95% CI: 0.66-2.36, p=0.50). Other baseline participant characteristics associated
with the risk of CAD comprised T1D duration, smoking history, HbAlc, SBP, non-HDL-C, WBC count, eGFR, use of
estrogen-containing medications, and pregnancy number (Model 2).

In multivariable Cox models for MACE although the quadratic term for age at menarche (along with the linear
form) was selected for inclusion into the model, neither term reached statistical significance (Model 1: linear term
p=0.075, quadratic term p=0.08). Using the categorical variable for age at menarche, neither early nor late menarche
was significantly associated with CAD risk compared to normal menarche timing. The covarying factors associated
with MACE were similar to those identified for CAD. Importantly, no significant interactions were detected between
age at menarche and other covariates for either outcome. Moreover, replacing T1D duration with age yielded similar
results.
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Table 3 Multivariable Cox Proportional Hazards Regression Results for Incident CAD and MACE Among Women with TID in
the EDC Study

CAD (N=285, 107 Events) MACE (N=311, 97 Events)
Model | Model 2 Model | Model 2

Age at menarche 0.88 (0.78-1.00) NA 0.46 (0.20~1.08) NA
(Age at menarche)? NS NA 1.03 (0.997-1.06) NA
Menarche timing group

Early (12) NA 171 (111, 2.64)* NA 139 (0.88, 2.20)

Normal (13-15) NA Reference NA Reference

Delayed (216) NA 1.25 (0.66, 2.36) NA 1.32 (0.73, 2.38)
Diabetes duration 1.08 (1.05—1.12%% | 1.08 (1.04—1.11y= | 1.07 (1.04=1.10) | 1.07 (1.04—1.10)%5*
Ever smoker 1.48 (0.98-2.22) 1.62 (1.06-2.48)* 1.40 (0.91-2.14) .45 (0.94-2.23)
HbA,. 115 (0.99-1.34) .16 (1.00-1.35)* NA NA
SBP 1.03 (1.01=1.05y% | 1.03 (1.01-1.04y | 1.02 (1.01—1.04)** 1.02 (1.01-1.04y**
Non-HDL-C 1.01 (1.00-1.02)** 1.01 (1.00-1.02)** 1.008 (1.00-1.012)** | 1.008 (1.00—1.01)**
Triglyceride 0.997 (0.994-1.00)* | 0.997 (0.994-1.002) | NS NS
eGFR 0.96 (0.94-0.98)*** | 0.96 (0.94-0.98)*** | 0.98 (0.96-0.999)* 0.98 (0.96-0.999)*
eGFR x log(follow-up time) 1.01 (1.00-1.02)** 1.01 (1.005-1.02)** | 1.006 (0.999—1.013) 1.006 (0.999-1.013)
WBC 1.18 (1.06—1.31)** I.15 (1.03-1.29)* 1.24 (1.13-1.36)*+* 1.24 (1.13-1.36)***
Estrogen-containing medications 1.56 (1.02-2.39)* 1.63 (1.06-2.51)* NS NS
Number of pregnancies 2,17 (1.37-3.42)%F | 2.12 (1.34-3.34)** 2.04 (1.34-3.12)%** 2.05 (1.34-3.13)***
Number of pregnancies x log(follow-up time) | 0.79 (0.66—0.95)* 0.80 (0.67-0.96)* 0.81 (0.69-0.96)* 0.82 (0.69-0.96)*

Notes: *p<0.05 **p<0.01 ***p<0.0001. Data are estimated hazard ratios (95% hazard ratio confidence limits). For both CAD and MACE, the following variables were
included in the model selection process but were ultimately not selected: TID onset before menarche, waist-to-hip ratio, physical activity, pulse rate, use of
antihypertensive medications, HDL-C, AER, insulin unit per weight, and hysterectomy history. Model | incorporates both continuous age at menarche and its quadratic
term. Model 2 employs categorical age at menarche as the main independent variable.

Abbreviations: NA, not made available for selection; NS, not selected.

Discussion
In the current study, we assessed the longitudinal relationship of age at menarche with incident CAD and MACE in
women with childhood-onset type 1 diabetes. Our analysis revealed a weak U-shaped relationship between age at
menarche and the risk of both CAD and MACE; however, the quadratic terms did not attain statistical significance in the
multivariable Cox regression models. Rather, our results indicated that only early menarche was linked to an elevated
risk of developing CAD. Specifically, experiencing menarche by the age of 13 years was associated with a 1.7 times
higher risk of CAD compared to reaching menarche between 13—15 years of age.

The relationship between menarche age and CAD has been examined in several large population-based cohorts within

the general population,>'* 16

suggesting both early and delayed menarche were associated with a higher risk of incident
CAD. However, findings from the China Kadoorie Biobank study® showed no significant association between menarche
timing and CAD risk. Evidence regarding age at menarche and incident MACE is scarce. The Women’s Ischemia
Syndrome Evaluation (WISE) study group” revealed a J-shaped relationship among middle-aged women. Compared to
those who began menstruating at age 12, both early menarche (<10 years) and late menarche (=15 years) were found to
be associated with increased risk of MACE.> Comparable evidence is very limited in the T1D population. However,
similar with existing data in the general population, our findings indicate possible weak, U-shaped relationships between
menarche age and both CAD and MACE, particularly reinforcing the association between early menarche and increased
CAD risk, providing insights within the T1D population for the first time.

In light of these findings regarding the association between menarche timing and CVD risk, researchers have
attempted to elucidate the mechanisms underlying these observations. Based on results from Mendelian randomization

12 and a mediation analysis,'? the observed relationship between early menarche and elevated CAD risk appears

studies
to be partially explained by excessive adiposity persisting from childhood into adulthood. Specifically, it was found that

early menarche is causally related with increased adult BMI'' but does not independently influence the risk of
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cardiometabolic diseases.'? Studies conducted in the T1D population suggest that a greater BMI z-score or BMI standard
deviation score is associated with younger age at menarche.** >’ Although no significant correlation between BMI and
menarche age was observed in the current study, the absence of information on BMI around the onset of menstruation for
most participants precludes any conclusions regarding the role of childhood obesity in those with early menarche. Future
studies should investigate whether the association between early menarche (linked to adiposity) and increased CAD risk,
as observed in the general population, is also present in women with T1D.

The reasons behind the association between late menarche and an increased risk of CAD are not yet well understood.
Some researchers have introduced the notion that the link between delayed menarche and increased CAD risk might be
related to a shorter duration of exposure to the cardioprotective effects of estrogen,'” as late menarche has been linked
to early natural menopause.'> However, the WISE study group reported that the association between menarche age and
MACE was not attenuated by adjustment for the duration of exposure to estrogen.” We have previously shown that
women with T1D are more likely to experience delayed menarche compared with non-diabetic women.* It is therefore
possible that certain conditions, such as childhood-onset T1D, cause both delayed menarche and cardiovascular out-
comes. Indeed, previous research has linked late menarche with impaired vascular endothelium and vascular function in
adulthood.!” Moreover, there is evidence suggesting that delayed menarche is associated with an increased risk of
nephropathy in T1D,?>?' which has been shown to substantially increase CVD risk.?

It is important to mention that how menarche age was categorized by researchers could have affected its association
with studied outcomes. Assuming an adequate sample size, utilizing finer-grained categories, particularly at the extremes,
could pronounce the increased risk associated with both early and late menarche. Additionally, the time period studies
were conducted could have also influenced the categorization of age at menarche, since age at menarche has declined
over the years.””** Future studies should focus on the origins of late menarche, including conditions such as polycystic
ovarian syndrome, excessive exercise, and childhood undernutrition, in order to provide further insights into the
mechanisms behind the association between late menarche and the risk of CVD.

It is known that T1D affects the reproductive health of female patients, leading to delayed puberty and menarche due
to the effects of insulin deficiency and hyperglycemia on the HPG axis.'® Similar to the general population, girls with
T1D have shown a trend toward earlier menarche.***> In the present analysis, the median birth year of female study
participants was 1960 and the median age at menarche was 13 years, similar to the previously estimated age at menarche
(~12.8 years) for US women born in the 1960s in the general population.®>*® In individuals with T1D, later menarche has

204344 worse glycemic control,>**® and lower BMIL.?>2%*> Consequently, girls who

been linked to earlier diabetes onset,
develop T1D before experiencing menarche, especially at a younger age and with less well-controlled blood glucose
levels, may be more prone to experiencing delayed menarche. In our cohort, 13.6% experienced menarche at the age of
16 years or later. On the other hand, early menarche was also common in our cohort of T1D (32.1%), especially among
those who experienced menarche before T1D onset. In the general population, early menarche is thought to contribute to
an elevated CVD risk through its impact on adulthood obesity.'™'®> Whether this also applies to the T1D population
remains to be investigated. Other factors associated with an increased risk of CAD and MACE, generally included
diabetes duration, smoking status, HbAlc, SBP, lipid profiles, WBC count, renal function, use of estrogen-containing
medications, and the number of pregnancies. The increased risk of CVD associated with an increasing number of
pregnancies in this population may relate to adverse pregnancy outcomes accompanied by a rise in pregnancy attempts,
which has been related to underlying health issues and complications in T1D.*’

Our study is the first study to evaluate the relationship of menarche timing with CAD and MACE in women with
childhood-onset type 1 diabetes. The distinct associations noted for CAD and MACE may be explained by the
incorporation of stroke and the exclusion of coronary revascularization within the MACE outcome. Notably, unlike
CAD, where revascularization can be influenced by various objective and subjective factors, MACE refers to adverse
events caused by the disease process and are often referred to as “hard” events.

Limitations of the current study deserving to be mentioned include the relatively small sample of 324 women with
T1D, as compared with the large population-based cohorts in the general population discussed above.>®'*'¢ Moreover,
as only a small proportion (13%) of women in this analysis developed T1D after menarche, we were unable to examine
how timing of menarche in relation to the onset of T1D affected outcomes. Another limitation arises from the absence of

8 https: Diabetes, Metabolic Syndrome and Obesity 2026:19



Juetal

racial diversity; as 96% of participants were non-Hispanic whites, our findings cannot be generalized to broader racial
and ethnic groups. Additionally, as the majority of female participants in the EDC study had already experienced
menarche prior to study entry, information on covariates at the time of menarche was not available. Therefore, the
question of whether these associations are independent of other factors, particularly BMI, that impact menarche timing
remains unanswered. Although menarche is a memorable event in a woman’s life, the possibility of recall bias cannot be
excluded. However, it is unlikely that errors in recalling age at menarche would be differential by subsequent outcome
status. Future studies should address the limitations mentioned above to help further our understanding of the role of age
at menarche in women with T1D. While menarche age is a possible surrogate of nutritional status, physical activity, and
childhood obesity, its routine collection as part of gynecologic history in everyday clinical practice suggests its potential
value in predicting women’s cardiovascular risk during later life, both in the T1D population and the general population.

In conclusion, our results suggest that among women with childhood-onset T1D, early menarche is associated with
a higher risk of CAD. Delayed menarche was not significantly associated with either CAD or MACE. Given the adverse
impact of CAD, should future studies confirm the general population findings on the role of early menarche on the
development of CAD also in T1D, early menarche could be considered as a clinical marker for CAD risk prediction.
Taking advantage of the widespread availability of electronic health records in the era of medical data digitalization, early
identification of individuals at elevated cardiovascular risk could facilitate more proactive monitoring and targeted
interventions in the T1D population, ultimately improving both longevity and quality of life.
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