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ABSTRACT

Hyvérinen, Matti

Physical Activity, Menopausal Symptoms, and Cardiometabolic Health during
the Menopausal Transition

Jyvaskylad: University of Jyvaskyld, 2024, 77 p. + original articles

(JYU Dissertations

ISSN 2489-9003; 756)

ISBN 978-951-39-9953-7 (PDF)

Menopause is a natural part of the aging process in women that may have a
marked influence on health and quality of life. Consequently, menopause and
concomitant menopausal symptoms are associated with impaired
cardiometabolic health. On the other hand, physical activity is thought to
promote cardiometabolic health. The aim of this dissertation was to study the
associations between physical activity, menopausal symptoms, and
cardiometabolic health in women during the menopausal transition. Secondly,
the aim was to investigate the factors that indicate approaching natural
menopause in middle-aged women. Cross-sectional and longitudinal data from
ERMA and EsmiRs studies were utilized with sample sizes varying from 279 to
1393 across the substudies. Participants were women aged 47-55 years at baseline.
Their physical activity was assessed with accelerometers and menopausal
symptoms with self-report questionnaires. Metabolic health was assessed based
on cholesterol, triglyceride, glucose, and blood pressure levels and body
composition was measured with dual-energy X-ray absorptiometry. Lipid,
glucose, and blood pressure levels were observed to increase during the 4-year
follow-up, and the rate of the increase accelerated near menopause. Higher levels
of physical activity and lower prevalence and severity of menopausal symptoms
were associated with improved cardiometabolic health, but they did not
associate with the magnitude of the changes that occurred during the follow-up.
The association between physical activity and menopausal symptoms varied
based on the differences in total body mass and lean body mass. Finally, higher
estradiol and follicle-stimulating hormone levels, menopausal symptoms, and
menstrual cycle irregularity were observed to indicate approaching natural
menopause. Based on these results, the decline in cardiometabolic health
accelerates during the menopausal transition. Physical activity may not be
effective for mitigating this decline, but it seems to promote overall
cardiometabolic health in middle-aged women. Furthermore, maintaining
healthy weight as well as being physically active, especially in women with lower
total and lean body mass, may be beneficial for the management of menopausal
symptoms.

Keywords: menopause, physical activity, cardiometabolic disease,
cardiovascular disease, menopausal symptoms



TIIVISTELMA (ABSTRACT IN FINNISH)

Hyvérinen, Matti

Fyysinen aktiivisuus, vaihdevuosioireet ja kardiometabolinen terveys
vaihdevuosien aikana

Jyvaskyla: Jyvaskyldn yliopisto, 2024, 77 s. + alkuperdiset artikkelit

(JYU Dissertations

ISSN 2489-9003; 756)

ISBN 978-951-39-9953-7 (PDF)

Vaihdevuodet ja menopaussi ovat luonnollinen osa naisten ikddntymisprosessia,
ja ne voivat vaikuttaa merkittdvasti naisten terveyteen ja eldménlaatuun.
Vaihdevuodet ja niihin liittyvit vaihdevuosioireet on muun muassa yhdistetty
heikentyneeseen = kardiometaboliseen  terveyteen.  Toisaalta  fyysisen
aktiivisuuden on todettu edistivan kardiometabolista terveyttd. Taméan
vditoskirjan tavoitteena oli tutkia fyysisen aktiivisuuden, vaihdevuosioireiden ja
kardiometabolisen terveyden vilisid yhteyksid vaihdevuosien aikana. Lisédksi
vditoskirjassa tutkittiin, mitkd tekijit ennustavat ldhestyvdd luonnollista
menopaussia. Tutkimuksessa kdytettiin ERMA- ja EsmiRs-tutkimuksissa
kerédttyd poikittais- ja pitkittdisaineistoa. Tutkittavat olivat alkumittauksissa 47-
55-vuotiaita naisia ja tutkittavien méaara vaihteli osatoissd 279:n ja 1393:n valilla.
Tutkittavien fyysistd aktiivisuutta arvioitiin  aktiivisuusmittausten ja
vaihdevuosioireita kyselylomakkeiden avulla. Kardiometabolista terveyttd
arvioitiin kolesteroli-, triglyseridi-, verensokeri- ja verenpainetasojen avulla sekéa
kayttamallda kaksienergiaisen rontgenabsorptiometrian avulla mitattuja
kehonkoostumusmuuttujia. Veren rasva-arvojen, verensokerin ja verenpaineen
havaittiin kohoavan nelivuotisen seurannan aikana ja ndiden muutosten olevan
suurempia ldhelld menopaussin ajankohtaa. Suurempi fyysinen aktiivisuus seka
vdhdisempi vaihdevuosioireiden méddrd ja haittaavuus olivat yhteydessd
parempaan kardiometaboliseen terveyteen, mutta eivit siind seurannan aikana
tapahtuviin muutoksiin. Kehon kokonaismassan ja rasvattoman kehon massan
havaittiin selittdvan fyysisen aktiivisuuden ja vaihdevuosioireiden valista
yhteyttd. Kohonneiden estradiolin sekd follikkelia stimuloivan hormonin
pitoisuuksien, vaihdevuosioireiden ja kuukautiskierron epdsddannollisyyden
havaittiin ennustavan luonnollisen menopaussin ajankohtaa. Ikdantymiseen
liittyvd kardiometabolisen terveyden heikkeneminen vaikuttaa tulosten
perusteella kiihtyvan vaihdevuosien aikana. Fyysisen aktiivisuuden avulla ei
valttamatta pystytd ehkdisemddn nditd muutoksia, mutta se vaikuttaa siitd
huolimatta edistdvan naisten kardiometabolista terveyttd myos keski-idssa.
Tulokset viittaavat siihen, ettd painonhallinta sekd kehonkoostumuksesta
riippuen my0s fyysinen aktiivisuus saattavat helpottaa vaihdevuosioireita.

Asiasanat: Vaihdevuodet, menopaussi, fyysinen aktiivisuus, kardiometaboliset
riskitekijdt, syddn- ja verisuonitaudit, vaihdevuosioireet
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1 INTRODUCTION

Menopause is a natural part of the aging process and confronted by every woman
with functioning ovaries living past middle age. The time around menopause is
highlighted by hormonal alterations that induce changes in many biological
systems, significantly affecting health and quality of life in women (Monteleone
et al., 2018). The importance of menopause-related research is emphasized by the
aging populations and increase in life expectancy in Western countries that lead
to women spending more than third of their lives after menopause (Kontis et al.,
2017).

Increases in the risk of cardiometabolic diseases (CMDs) and menopausal
symptoms are two significant public health implications related to menopause.
CMD is the leading cause of death worldwide, and its prevalence has been shown
to increase in women in middle age (Colpani et al., 2018; Roth et al., 2018). A
growing body of research suggests that menopausal alterations in the hormonal
milieu are a significant contributor to increased CMD risk in middle age, causing
undesirable changes in body adiposity, blood pressure, and lipids (El Khoudary
et al., 2020). Menopausal symptoms include a variety of inconveniences that have
been shown to significantly impair quality of life in women (Avis et al., 2009;
Blumel et al., 2000). These symptoms are particularly distressing because they
occur at an age when women tend to have essential roles within the family, at
work, and in society (Monteleone et al., 2018). Furthermore, the prevalence of
menopausal symptoms has been associated with the increased risk of CMD
(Armeni et al., 2023; Muka, Oliver-Williams, Colpani, et al., 2016)

In contrast to menopause, regular physical activity has been shown to
promote favorable changes in individual indicators of cardiometabolic health
and decrease the overall risk of CMD (Pedersen & Saltin, 2015). However, the
effect of physical activity on the changes in cardiometabolic health during the
menopausal transition is not well understood. Furthermore, the association
between physical activity and menopausal symptoms has been shown to vary
based on the type of the symptoms, but overall evidence on the role of physical
activity in mitigating menopausal symptoms is inconclusive (Daley et al., 2011;
Pettee Gabriel et al., 2015).
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One concern that hinders research on the associations between physical
activity, cardiometabolic health, and menopausal symptoms across the
menopausal transition is the significant interindividual variation in the age when
menopause occurs (Schoenaker et al., 2014; Shifren et al., 2014). Consequently,
long follow-up times and large-scale studies are needed to include an adequate
number of women who encounter menopause during the period of study. This
is often not feasible, especially in experimental studies. Therefore, the accurate
prediction of the menopausal age would be highly beneficial for future research
on menopause-related phenomena. Furthermore, information about the age at
natural menopause could be useful in clinical work for family planning and
identifying women with increased risk of public health issues associated with
menopausal age, such as CMDs, osteoporosis, and cancer (Gold, 2011).

The aim of this dissertation is to investigate the multifaceted associations
between physical activity, indicators of cardiometabolic health, and menopausal
symptoms in women around the time of menopause. The secondary aim is to
identify factors associated with the timing of menopause to create a model to
predict age at menopause in middle-aged women.

14



2 REVIEW OF THE LITERATURE

2.1 Menopause and the menopausal transition

The menopausal transition denotes the shift from the reproductive to the
postreproductive phase in a woman’s life. It results from the gradual loss of
ovarian function commencing with the onset of menstrual irregularities and
ending with the final menstrual period (FMP) (Santoro, 2005). The menopausal
transition is characterized by the hormonal changes induced by the loss of
ovarian function. These changes are highlighted by the decrease in systemic
estradiol (E2) and progesterone as well as increase in follicle-stimulating
hormone (FSH) and luteinizing hormone levels (Shifren et al., 2014).

Menopause, defined as the FMP, marks the end of the menopausal
transition. It is caused by the spontaneous cessation of ovarian function (natural
menopause), but it can also result from medical treatments, such as bilateral
oophorectomy or chemotherapy (induced menopause). Natural menopause is
diagnosed retrospectively after 12 months of amenorrhea (Shifren et al., 2014).
The term perimenopause refers to the time of the menopausal transition, but
more precisely, it also includes the 12-month period after the menopause
(Harlow et al., 2012). However, in this thesis, the terms menopausal transition
and perimenopause are used interchangeably.

The different stages of the menopausal transition are commonly described
using the Stages of Reproductive Aging Workshop +10 (STRAW +10) guidelines
(Harlow et al., 2012), in which the staging is carried out using information on
menstrual irregularity and hormonal changes (TABLE 1). A woman's
reproductive (premenopausal) phase with a regular menstrual cycle is divided
into early, peak, and late stages. The menopausal transition includes early and
late perimenopausal stages, which are characterized by menstrual cycle
irregularities and elevated FSH levels. Finally, the phase after the FMP consists

15



of early and late postmenopausal stages, which are highlighted by the absence of
menstruation.

TABLE 1 The stages of reproductive aging (modified from Harlow et al., 2012).

Stage Criteria Characteristics
Menstrual cycle FSH Menopausal symptoms

Early Variable to regular

Premenopause ~ eak Regular

Regular, subtle Low,
changes in length  variable
> 7-day difference

Late

Early in the length of Eleyated,
. variable
consecutive cycles
Perimenopause
Intervals of Elevated )
Late amenorrhea (>251U/1) Likely VMS
> 60 days
Early No menstruation Eleyated, Most likely VMS
variable
Postmenopause _
Late No menstruation Stabilizes Symptoms of urogenital

atrophy

FSH, follicle-stimulating hormone; VMS, vasomotor symptoms

211 Age at natural menopause

There is considerable interindividual variation in the age at natural menopause
(ANM), but the ANM commonly occurs in women aged 40-58 years (Shifren et
al., 2014). Menopause is considered early if it occurs before 45 years and late if it
occurs after 55 years (Shifren et al., 2014). In addition to interindividual variation,
the ANM varies based on geographical region. Notably, the mean ANM has been
reported to vary from 46 to 52 years, with ANM being higher in Western
countries than in other regions (Schoenaker et al., 2014). In Finland, the mean
ANM is approximately 50 years (Pakarinen et al., 2010).

A significant amount of variation in the ANM is explained by genetic
factors (Depmann et al., 2016; Murabito et al., 2005; Ruth et al., 2021). However,
lifestyle and socioeconomic factors may also affect the ANM. Especially, smaller
body mass index (BMI) (Tao et al., 2015), lower educational level (Schoenaker et
al., 2014), and smoking (Parente et al., 2008; Sun et al., 2012) have been associated
with an earlier ANM. Furthermore, there is some evidence that lower physical
activity, being single, lower parity, and shorter menstrual cycle length associates
with an earlier ANM (Gold, 2011; Gold et al., 2001; Schoenaker et al., 2014).

Since menopause is caused by the loss of ovarian function, markers of the
ovarian reserve that are not affected by the phase of the menstrual cycle, such as
anti-Miillerian hormone (AMH) and antral follicle count are strong predictors the
ANM (Finkelstein et al., 2020; C. Kim et al., 2017). The established characteristics

16



of the menopausal transition, including decline in E2, increase in FSH, and
irregular menstrual cycles, also indicate approaching menopause (Greendale et
al.,, 2013). However, E2 and FSH levels vary based on the phase of the menstrual
cycle and their trajectories during the menopausal transition are individually
distinct, especially with E2, which hampers their use as a predictor of ANM
(Sowers et al., 2008; Tepper et al., 2012). The overview of the factors that have
been associated with the ANM in previous studies are illustrated in FIGURE 1.

Lifestyle and Heritability
socioeconomic factors ﬂ * Menopause polygenic
¢ Smoking ) score
¢ Body mass index /S — — « Mother's age at
* Physical activity oy menopause
e Education i

« Relationship status

Menstrual and reproductive Hormonal levels and
history clinical measurements
¢ Menstrual cycle length Age at e Anti-Miillerian hormone
. VarialTiIity ir? menstrual — natural — e Follicle-stimulating »
cycle lengt - hormone
* Parity C\Y’Q TUE] L « Estradiol H
¥ e Antral follicle count

FIGURE1  Factors associated with the age at natural menopause (Created with
BioRender.com).

Menopause marks the beginning of permanent estrogen deficiency that induces
bone loss (Sirola et al., 2003) and deterioration in cognition (Russell et al., 2019)
and cardiovascular function (Iorga et al., 2017). Consequently, earlier ANM has
been associated with increased risk of cardiovascular disease and cardiovascular
mortality (Muka, Oliver-Williams, Kunutsor, et al, 2016; Zhu et al,
2019), depression (Georgakis et al., 2016), osteoporosis and fractures (Fistarol et
al., 2019; Sullivan et al., 2017), and all-cause mortality (Mondul et al., 2005;
Ossewaarde et al.,, 2005). However, sustained estrogen exposure is a well-
established risk factor for various cancers (Liang & Shang, 2013), and therefore
later ANM has been associated with increased risk of several cancers, including
breast (Collaborative Group on Hormonal Factors in Breast Cancer, 2012; Kelsey
etal., 1993), endometrial (Gao et al., 2016), and ovarian cancer (Ossewaarde et al.,
2005).

2.1.2 Menopausal symptoms

Menopausal symptoms are the hallmark of the menopausal transition. They are
predominantly caused by menopause-related changes in the hormonal milieu,
which affect many biological systems (Monteleone et al., 2018). The prevalence
and severity of menopausal symptoms increases with the menopausal transition,
and up to 85% of women experience them during midlife (Woods & Mitchell,
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2005). Menopausal symptoms can significantly impair the quality of life in
women and are particularly distressing because they occur at an age when
women tend to have essential roles within the family, at work, and in society
(Avis et al.,, 2009; Bliimel et al.,, 2011, Monteleone et al., 2018). Therefore,
symptomatic women often seek medical consultation for their symptoms
(Guthrie et al., 2003; Williams et al., 2007).

Menopausal symptoms include a variety of complaints that can be classified
based on their nature into vasomotor, psychological, urogenital, and somatic
symptoms (Laakkonen et al., 2017; Moilanen et al., 2010). Vasomotor symptoms
(VMS), such as hot flashes and night sweats, are typically the most frequently
reported and bothersome symptom type (Monteleone et al., 2018). VMS can be
described as a sudden flare of heat often experienced in the head, neck, and chest
area accompanied with sweating, flushing, or trembling (Thurston & Joffe, 2011).
The physiology of VMS is not fully understood, but the leading hypothesis is that
they are caused by thermoregulatory alterations arising from menopause-related
changes in reproductive hormones (Monteleone et al., 2018; Thurston & Joffe,
2011). VMS are most prevalent during the period from 2 years before until about
8 years after menopause, with the median duration of symptoms being slightly
over 7 years (Avis et al., 2015; Politi et al., 2008).

Psychological symptoms include a variety of mood disorders, such as
anxiety and depression, as well as sleep disruption. The lifetime prevalence of
mood disorders is higher in women than in men, but the menopausal transition
has been shown to be an especially vulnerable period for their onset in women
(Monteleone et al., 2018, Weissman et al., 1996). Notably, postmenopausal
women are more likely to report depressed mood and higher levels of anxiety
than premenopausal women (Bromberger et al., 2007, 2013; Woods et al., 2008).
Furthermore, the increased occurrence of sleep disruption and decline in sleep
quality during the menopausal transition has been observed in several studies
(Kravitz et al., 2003; Pien et al., 2008). This decline in sleep quality is at least
partially explained by the disturbances caused by other menopausal disorders,
such as hot flashes and depressive symptoms (Pien et al., 2008).

Decreased estrogen levels contribute to urogenital atrophy, which causes
vaginal dryness, dyspareunia, vulvar itching and burning, and urinary
incontinence and increases the likelihood of urinary tract infections (Castelo-
Branco et al.,, 2005). Almost half of postmenopausal women report these
urogenital symptoms (Parish et al, 2013). Finally, menopause has been
associated with the increased prevalence of migraine, headaches, and types of
musculoskeletal discomfort, which can be described as somatic menopausal
symptoms (Monteleone et al., 2018). These symptoms are also affected by
menopausal hormonal changes, and the increase in musculoskeletal symptoms
may especially be explained by menopausal estrogen deficiency, which

contributes to cartilage and bone degeneration (Lou et al., 2016; Monteleone et
al., 2018; Sirola et al., 2003).
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2.2 Physical activity

Physical activity is defined as body movement produced by skeletal muscles that
results in energy expenditure. Exercise is a subcategory of physical activity,
including all planned activities that focus on promoting health and fitness
(Caspersen et al., 1985). Consequently, exercise has been shown to improve mood
and health-related quality of life (Martin et al., 2009; Mikkelsen et al., 2017).
Furthermore, regular physical activity is associated with reduced all-cause
mortality, decreased risk of several chronic diseases, and other public health
concerns, such as cardiovascular disease, diabetes, cancer, obesity, hypertension,
and osteoporosis (Kraus et al., 2019; Warburton et al., 2006).

Physical activity can be characterized using four dimensions —namely, the
type or mode, frequency, duration, and intensity of activity (Strath et al., 2013).
Of these dimensions, mode determines the specific activity performed, frequency
defines the number of activity sessions during a certain time interval, duration is
the time of the activity bout, and intensity is the rate of energy expenditure
caused by the activity (Strath et al., 2013). Frequency, duration, and intensity
determine the amount of energy expenditure caused by physical activity
(Caspersen et al., 1985).

Physical activity can be classified based on the domain in which it occurs.
Occupational physical activity includes work-related activities, while leisure-
time physical activity (LTPA) consists of all activities that are not associated with
one’s occupation. Domestic and transportation activities are sometimes classified
in their own respective domains (Strath et al., 2013), but in this thesis, they are
included in LTPA. Interestingly, the health benefits of physical activity have been
reported to vary based on the domain, with LTPA being more beneficial than
occupational physical activity (Holtermann et al., 2021).

221 Assessment of physical activity

Physical activity can be assessed by measuring the energy expenditure caused by
the activity or by using self-reports and device-based methods to capture the
activity level. Indirect calorimetry and doubly labeled water are widely
considered the most precise methods for estimating physical activity energy
expenditure in the laboratory and in free-living conditions, respectively (Strath
et al., 2013). However, these methods are often too costly and time-consuming
for large-scale epidemiologic studies.

Self-reported  physical activity assessment methods including
questionnaires and diaries, are commonly used in epidemiologic studies due to
their low cost and ease of implementation (Strath et al., 2013). These methods do
not accurately capture low intensity physical activities, such as household chores
and occupational activities, and they have limited validity and reliability due to
potential response and recall biases (Prince et al., 2008; Shephard, 2003). However,
self-reported methods are able to capture how strenuous individual perceives

19



activity, specific activity dimensions and domains, and past physical activity
behaviour (Prince et al., 2008; Warren et al., 2010).

Device-based methods for physical activity assessment include heart rate
monitors and motion sensors with accelerometers, which are among the most
frequently used devices in population-based studies (Strath et al., 2013; Warren
et al., 2010). Accelerometers are used to estimate physical activity by measuring
the acceleration of the body parts to which they are attached (Strath et al., 2013).
Usually they are attached to the hip, but ankle-, wrist-, and thigh-worn
accelerometers can also be used (Warren et al., 2010). For estimating the physical
activity level, accelerometer data is traditionally transformed into a count score
that represents physical activity intensity using manufacturer-specific closed-
source algorithms. However, count scores are highly dependent on the algorithm
used, which limits the comparability of the results between studies using
different accelerometers (Strath et al., 2013; Vaha-Ypyd, Vasankari, Husu, Suni,
et al.,, 2015). Therefore, other methods for processing raw accelerometer data,
such as the mean amplitude deviation (MAD) method, have been proposed in
recent years (Bakrania et al., 2016; Vaha-Ypyd, Vasankari, Husu, Méanttéri, et al.,
2015). Furthermore, regardless of how the data are processed, accelerometers are
often used to assess time spent in different intensities of physical activity using
intensity thresholds (Bakrania et al.,, 2016; Strath et al., 2013; Viha-Ypyd,
Vasankari, Husu, Manttdri, et al., 2015).

Unlike self-reports, accelerometers objectively measure the movement of
the body, and thus are able to capture even very light physical activities
(Hyvdrinen et al., 2020). However, they are only able to capture activities that
include the movement of the body parts to which they are attached. Therefore,
hip-worn accelerometers, for example, have limited ability to capture upper-
body movement or activities such as cycling and rowing. Accelerometers are also
often removed before water-based activities such as swimming (Warren et al,,
2010). Furthermore, accelerometer-measured physical activity does not account
for individual differences in physical activity capacity. Therefore, these
measurements are not able to estimate whether a physiological response is
evoked by the measured activity without further information about the
individual’s cardiorespiratory fitness (Fridolfsson et al., 2023). Because both
approaches capture different aspects of physical activity, the correlation between
self-reported and accelerometer-measured physical activity is low to moderate
(Prince et al., 2008).

2.2.2 Physical activity and menopause

Although physical activity has been shown to associate with changes in
menstrual cycle (Song et al., 2022; Sternfeld et al., 2002) and decrease in sex
hormone levels, including that of E2 (Ennour-Idrissi et al., 2015), few studies have
investigated the association between physical activity and ANM. Nonetheless,
one meta-analysis of four studies reported a higher level of physical activity to
be modestly associated with a later ANM (Schoenaker et al., 2014). However, one
large longitudinal study not included in the meta-analysis showed contradictory
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results, with higher physical activity being associated with earlier ANM (Gold et
al., 2013).

The role of physical activity in the alleviation of menopausal symptoms has
been studied widely in both observational and experimental study designs, but
the results of these studies were inconclusive (Nguyen et al., 2020; Pettee Gabriel
et al., 2015). Observational studies have reported either an indirect or no
association between VMS and level of physical activity (Pettee Gabriel et al.,
2015). However, exercise and yoga have not been found to be effective treatments
for VMS in meta-analyses of randomized controlled trials (RCTs) (Daley et al.,
2011). Nonetheless, one more recent RCT found that resistance training
intervention decreased the frequency of hot flashes in postmenopausal women
more compared to the group with unchanged physical activity (Berin et al., 2019).

The strongest evidence for the positive effect of physical activity on
menopausal symptoms has been reported for psychological symptoms. The
majority of both observational studies and RCTs have found exercise and
physical activity to be associated with better sleep quality as well as fewer and
less severe mood disorders (Aibar-Almazan et al., 2019; Pettee Gabriel et al., 2015).
The role of physical activity in alleviating urogenital symptoms has been far less
studied, and the results of the existing studies are contradictory, with both direct
and indirect associations reported between the level of physical activity and
urogenital symptoms (Pettee Gabriel et al., 2015). Although the menopausal
transition is known to affect body composition, only a few studies with an
exercise intervention for the alleviation of menopausal symptoms have included
comprehensive assessments of body composition (Ambikairajah, Walsh,
Tabatabaei-Jafari, et al., 2019). Therefore, the role of body composition on the
association between physical activity and menopausal symptoms is not well
known (Aiello et al., 2004).

2.3 Cardiometabolic health

Cardiometabolic health refers to the condition of the cardiovascular system and
mechanisms related to cellular and whole-body metabolism. The concept of
cardiometabolic health is also closely related to CMDs including a wide range of
disorders and medical conditions. Common CMDs with a significant burden of
disease are type 2 diabetes and atherosclerotic cardiovascular diseases such as
coronary heart disease and stroke (Roth et al., 2018; Sattar et al., 2020). CMD, and
cardiovascular disease in particular, is the leading cause of death globally and a
major contributor to reduced quality of life (Kyu et al., 2018; Roth et al., 2018).

2.3.1 Assessment of cardiometabolic health
Blood lipid and glucose levels as well as body adiposity are well-established

indicators of cardiometabolic health and are known to affect the risk of CMD. For
instance, several studies have shown that higher total cholesterol, low-density
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lipoprotein cholesterol (LDL-C), and triglyceride levels as well as lower high-
density lipoprotein cholesterol (HDL-C) levels contribute to the development of
atherosclerotic cardiovascular diseases (Assmann & Gotto, 2004; Ference et al.,
2017; Nordestgaard & Varbo, 2014; Peters et al., 2016). Fasting blood glucose is
an established biomarker of glucose metabolism, and it is used as a diagnostic
criterion for type 2 diabetes (Ely et al., 2017). Furthermore, higher blood glucose
level has been shown to associate moderately with increased risk of
atherosclerotic cardiovascular disease (Emerging Risk Factors Collaboration,
2010). Additionally, increased total body adiposity, and especially visceral
adiposity, is known to contribute to chronic systemic inflammation, which is a
significant risk factor for the development of CMD (Berg & Scherer, 2005).

Consequently, one established method to evaluate cardiometabolic health
and the risk of CMD is the diagnostic criteria of metabolic syndrome (MetS),
which has five different components (Ford et al., 2008; Malik et al., 2004). These
include elevated waist circumference, blood pressure, triglyceride levels, and
fasting glucose as well as decreased HDL-C levels (Grundy et al., 2004).

2.3.2 Cardiometabolic health and menopause

The risk of CMD has been shown to increase in women after the menopausal
transition (Colpani et al.,, 2018; Janssen et al., 2008). This may be caused by
changes in the hormonal milieu during the menopausal transition that accelerate
the aging-related deterioration of several CMD risk factors (Carr, 2003; El
Khoudary et al., 2020). For instance, the accumulation of visceral adipose tissue
(Ambikairajah, Walsh, Tabatabaei-Jafari, et al., 2019) and increased total
cholesterol, LDL-C, HDL-C, blood glucose, and blood pressure levels have been
reported during the menopausal transition (Ambikairajah, Walsh, & Cherbuin,
2019; Matthews et al., 2009; Otsuki et al., 2007). Furthermore, menopause may
induce a decline in the antiatherogenic function of HDL-C (El Khoudary et al.,
2016).

Menopausal symptoms have also been associated with increased risk of
CMD (Armeni et al., 2023; Carson & Thurston, 2023; Muka, Oliver-Williams,
Colpani, et al., 2016). This association is mainly explained by an unfavorable
cardiometabolic risk factor profile, such as increased blood pressure, cholesterol
levels, and BMI in symptomatic women (Franco et al., 2015; Muka, Oliver-
Williams, Colpani, et al., 2016).

2.3.3 Cardiometabolic health and physical activity

There is overwhelming evidence from observational studies that regular physical
activity is associated with decreased CMD risk and CMD mortality (Garcia et al.,
2023; Kraus et al., 2019; Wahid et al., 2016). Furthermore, RCTs have shown that
exercise has a beneficial effect on individual indicators of metabolic health by
inducing weight loss and beneficial changes in body composition (Bellicha et al.,
2021), lowering systolic and diastolic blood pressure (Cornelissen & Smart, 2013),
and increasing HDL-C levels as well as decreasing triglyceride and LDL-C levels
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(Halbert et al., 1999; Kelley & Kelley, 2009). Consequently, aerobic exercise in
particular has been shown to improve all five components of MetS in participants
with MetS (Wewege et al., 2018). Therefore, physical activity is considered to be
an effective treatment for MetS as well as elevated blood pressure, dyslipidemia,
and obesity (Barone Gibbs et al., 2021; K.-B. Kim et al., 2019; Oppert et al., 2021).

Research on the effect of exercise on cardiometabolic health around
menopause is very scarce. Only a few exercise interventions have been conducted
in middle-aged women that have accounted for the differences in menopausal
status (Ruiz-Rios & Maldonado-Martin, 2022). However, the results from these
few experimental and observational studies have indicated that physical activity
may reduce the risk of CMD (Ruiz-Rios & Maldonado-Martin, 2022) and
associate with favorable levels in blood-based indicators of cardiometabolic
health (Karvinen et al., 2019) and body adiposity (Sternfeld et al., 2005) in middle-
aged women.
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3 PURPOSE OF THE STUDY

The primary purpose of this dissertation is to investigate the associations
between physical activity, cardiometabolic health, and menopausal symptoms in
women during the menopausal transition. The secondary aim is to identify
factors associated with the timing of natural menopause to create a model for
predicting the ANM using data-driven approach. The study is conducted using
longitudinal data from a Finnish cohort of middle-aged women.

The research questions for this dissertation are as follows:

1. Do aging-related changes in blood pressure, serum lipids, and glucose
accelerate around the menopause and can physical activity mitigate the
changes in these indicators of metabolic health during the menopausal
transition? (Study I)

2. Are menopausal symptoms associated with the indicators of metabolic
health factors and can the prevalence of these symptoms be used to
predict changes in individual metabolic health indicator levels in middle-
aged women? (Study II)

3. Are body composition and physical activity associated with the severity
of menopausal symptoms and does body composition modify the
association between physical activity and menopausal symptoms? (Study

111

4. What factors are associated with the timing of the natural menopause
and can they be used to predict the ANM in middle-aged women? (Study

v)
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4 MATERIALS AND METHODS

Four substudies were conducted to achieve the aims of this dissertation. Studies
I, 11, and III focused on achieving the primary aim of the study by investigating
the associations between physical activity, cardiometabolic health, and
menopausal symptoms during the menopausal transition. The analytical
framework of these studies is illustrated in FIGURE 2. The secondary purpose of
this dissertation was addressed in study IV, which focused on investigating the
factors associated with the timing of natural menopause in middle-aged women.

Menopausal Study | Cardiometabolic
transition health
Study 1

Menopausal

symptoms Studies I & IIl | Physical activity

FIGURE2  The analytical framework of Studies I, II, and III.

4.1 Study design and participants

This dissertation was conducted using data from the Estrogenic Regulation of
Muscle Apoptosis (ERMA) cohort study and its follow-up Esstudiestrogen,
MicroRNAs, and the Risk of Metabolic Dysfunction (EsmiRs) study (Laakkonen
etal., 2022). In the ERMA study, 6878 randomly selected women aged 47-55 years
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living in the city of Jyvdskyld and neighboring municipalities were invited to
participate in the baseline measurements. This sample was drawn from the
Population Information System, and it included 82% of the total age cohort
(Kovanen et al., 2018).

Of the women invited, 3649 did not respond and 165 were not willing to
participate (Kovanen et al., 2018). Consequently, 3064 women returned the
prequestionnaire. Based on the prequestionnaire responses, 334 women did not
consent to continue and 992 were excluded. The exclusion criteria for the ERMA
baseline measurements were conditions, diseases, and use of medications
affecting ovarian and muscle function (e.g., bilateral oophorectomy, use of
estrogen-containing preparations, and current pregnancy or lactation) as well as
severe obesity (BMI = 35 kg/m?). Finally, 1627 participants were invited to the
tirst ERMA laboratory visit, and after five women were excluded and 229 chose
not to continue, the number of participants in the ERMA baseline measurement
was 1393 (FIGURE 3).

The ERMA baseline measurement included menopausal status assignments.
Participants were divided into pre-, peri-, and postmenopausal groups, with the
respective number of participants in each group being 389, 474, and 530 (TABLE
4). After the menopausal status assignments, participants with conditions or use
of medications affecting daily mental or physical function and systemic hormone
or inflammatory status were excluded. These exclusion criteria included insulin-
treated diabetes, continuous cortisone medication, and cancer diagnosed less
than 5 years previously. After the exclusions, all the perimenopausal participants
(n = 381) were invited to participate in the ERMA follow-up study (FIGURE 3),
for which they kept a menstrual diary and attended the follow-up measurements
every 3-6 months until they were postmenopausal.

All ERMA participants with measurements conducted before the last
known menstrual period derived from their menstrual bleeding diaries were
included in Study IV (n = 279). The ANM was defined as the first day of the last
known menstrual period for participants who had gone through the ERMA
follow-up period and had a complete bleeding diary (n = 105, number of valid
measurements = 296). Furthermore, the last known bleeding period was
determined for the rest of the pre- and perimenopausal ERMA participants. To
ensure that no postmenopausal measurements were included in the analyses, all
measurements conducted after the last known menstrual period were excluded.
Consequently, the full dataset in Study IV included 687 valid measurements from
279 participants. The number of measurements for each participant varied from
1 to 9, with the mean time (+ standard deviation) between measurements being
163 + 44 days. The mean total follow-up time was 0.86 + 0.97 years, and it varied
from 0.0 to 3.7 years.

EsmiRs was a 4-year follow-up study for women who participated in the
ERMA baseline measurements. After 582 women did not consent to be contacted,
289 did not respond to the invitation, and 28 were not willing to participate the
follow-up study, 494 of the 1393 participants from the ERMA baseline
measurements participated in the EsmiRs baseline questionnaire. Subsequently,
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based on the questionnaire responses, 56 participants were excluded, 25 did not
consent, and 16 were not willing to continue. Furthermore, 99 participants could
not be measured due to the early termination of measurements caused by
restrictions related to the COVID-19 pandemic. Participants were excluded from
the EsmiRs study if they had insulin-treated diabetes, severe cardiovascular
dysfunction, cancer diagnosed after the ERMA baseline measurements, or more
than 7 years from menopause, based on the self-reports. Consequently, there
were 298 participants in the EsmiRs follow-up measurements (FIGURE 3). The
time between the ERMA baseline and the EsmiRs measurements varied from 3.6
to 4.7 years, with a mean value of 3.8 years.

Recruitment for the ERMA study was initiated in 2014, and the baseline and
follow-up measurements were conducted from 2014 to 2018. The recruitment for
the EsmiRs study started in 2018. The EsmiRs laboratory visits were initiated at
the beginning of 2019, and they were discontinued on March 16, 2020, due to
restrictions caused by the COVID-19 pandemic.

/ \ ERMA follow-up for

perimenopausal women

—> (n'= 381)
ERMA baseline

(n=1393) Study IV

EsmiRs

— (n=298)
\ / Studies I, Il, and ilf

FIGURE3  The data sets of the study and how they were utilized in individual
substudies.

Studies I, Il, Ill, and IV

4.2 Ethics

The ERMA and EsmiRs studies were conducted in accordance with the
Declaration of Helsinki and they were approved by the Ethics Committee of the
Central Finland Health Care District (ERMA 8U/2014 and EsmiRs 9U/2018). All
participants provided written informed consent. The safety and anonymity of the
participants were protected in all phases of the studies.
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4.3 Measurements

4.3.1 Menopausal status and age at natural menopause

Blood sampling after overnight fasting was collected from the antecubital vein
between 7 a.m. and 10 a.m. The sampling was scheduled for the first 5 days of
the menstrual cycle for the participants with predictable menstrual cycles. Serum
concentrations of E2 and FSH were measured with IMMULITE® XPi (Siemens
Healthineers, Erlangen, Germany) from serum samples stored at -80 °C. The
lower limits of quantification for E2 and FSH immunoassay kits were 0.073
nmol/L and 0.1 IU/L, respectively.

All participants in the ERMA study were instructed to keep menstrual
bleeding diaries at least 12 weeks prior to the baseline measurements and, if
invited to the follow-up measurements, throughout the follow-up period.
Participants reported their menstrual daily bleeding status as bleeding, spotting,
or no bleeding. One menstrual bleeding period was defined as at least 1 day of
bleeding or three or more consecutive days of spotting. Spotting days preceding
or following bleeding days were treated as bleeding days. Furthermore, a single
day with no bleeding surrounded by bleeding days was treated as a bleeding day
and the surrounding bleeding days were merged into one continuous bleeding
period (Harlow et al., 2000).

Menopausal status was determined using slightly modified STRAW +10
guidelines based on the serum FSH levels and menstrual bleeding diaries
(Harlow et al., 2012). The criteria for the menopausal group assignment are
shown in TABLE 2. In the ERMA follow-up study, participants were deemed as
postmenopausal and invited to the final follow-up measurements after two
consequently high FSH values and approximately six months of amenorrhea. For
women who participated in the ERMA follow-up measurements, were
postmenopausal at the final measurement, and had complete menstrual bleeding
diaries from the follow-up period, the age at the beginning of the last reported
bleeding period was used as the ANM in Study IV.

In Study I, which was a longitudinal study with follow-up from the ERMA
baseline to the EsmiRs measurements, participants were assigned into three
groups based on how their menopausal status changed during the follow-up
period. The PRE-POST group (n = 149) included participants who experienced
the menopause during the follow-up period. In other words, they were
categorized as pre- or perimenopausal at the ERMA baseline and
postmenopausal at the EsmiRs measurement. Furthermore, participants who
were pre- or perimenopausal (n=56) or postmenopausal (n=93) at both
measurements were assigned to the PRE-PRE and POST-POST groups,
respectively.
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TABLE 2 Criteria for the menopausal group assignment (modified from Kovanen et
al., 2018).

If information about
menstrual cycle was not
available

If information about menstrual cycle
was available

FSH <9.51U/L
or
FSH <17 IU/L and regular menstrual
cycle
FSH17-301U/L
or
FSH <17 IU/L and irregular menstrual
Perimenopausal cycle (early) FSH 15-39 IU/L
or
FSH > 30 IU/L and occasional menstrual
bleeding during past 3 months (late)
FSH > 30 IU/L and no menstrual
bleeding during past 6 months
or
FSH > 39 IU/L and no menstrual
bleeding during past 3 months
or
very high FSH (>130 IU/L) even if
occasional bleeding still occurs
FSH, follicle-stimulating hormone

Group

Premenopausal FSH <151U/L

Postmenopausal FSH >391U/L

4.3.2 Menopausal symptoms

Menopausal symptoms were assessed using dichotomous structured
questionnaires and the Menopause Rating Scale (MRS) (TABLE 3). In the
dichotomous questionnaire, participants were asked to report if they had
experienced any of the following predetermined symptoms related to
menopause: sweating, hot flashes, sleeplessness, headache, aching joints,
tiredness, mood swings, vaginal symptoms, urinary tract symptoms, or lack of
sexual desire. The questionnaire also included the option to describe a maximum
of three additional symptoms (Kovanen et al., 2018). In Studies II and IV, all
reported symptoms were classified into four categories—namely, vasomotor,
psychological, somatic or pain, or urogenital (Laakkonen et al., 2017). VMS
included sweating and hot flushes and additionally reported cold flushes, heart
palpations, and coldness. Psychological symptoms were sleeplessness, tiredness,
and mood swings and additional memory problems, irritability, inability to
concentrate, and weepiness. Somatic or pain symptoms were headache and
aching joints as well as additional stomach pain, migraine, hip pain, muscle pain,
breast pain, dizziness, swelling, and weakness. Finally, vaginal and urinary tract
symptoms and lack of sexual desire as well as additional vaginal infection,
urinary tract infection, and vaginal dryness were defined as urogenital
symptoms. Based on these symptom categories, the prevalence of the symptoms
(Study IV) and number of symptoms in each category (Study II) were utilized. The
number of symptoms included the sum of all predetermined symptoms with one
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additional symptom for participants who reported one or more additional
symptom in that category. Thus, the maximum number of symptoms in each
category was three (VMS and somatic or pain symptoms) or four (psychological
and urogenital symptoms). The total number of symptoms was defined as the
sum of vasomotor, psychological, somatic or pain, and urogenital symptomes.

The MRS used was a standardized and validated measure of health-related
quality of life and severity of menopausal symptoms (Potthoff et al., 2000;
Schneider et al., 2000), which is used to assess the five-level perceived severity
(none, mild, moderate, severe, very severe) of 11 different symptom categories.
The individual score of each symptom category varies from 0 (none) to 4 (very
severe), and the total symptom severity score is the sum of individual symptom
category scores. The three subscales of the MRS (with their respective symptom
categories) are somato-vegetative (hot flashes and sweating, heart discomfort,
sleep problems, join and muscular discomfort), psychological (depressive mood,
irritability, anxiety, physical/mental exhaustion), and urogenital (sexual
problems, bladder problems, vaginal dryness).

4.3.3 Physical activity

Physical activity was assessed with accelerometers and self-reports (TABLE 3).
For accelerometer-measured physical activity, participants were instructed to
wear a device (Actigraph GT3X or wGT3X, Actigraph, Pensacola, FL, USA) on
their right hip for seven consecutive days during waking hours, except for water-
based activities. Data were collected at a frequency of 60 Hz. Both MAD-based
(Study I, II, and III) and count-based (Study IV) variables have been used in this
dissertation. To calculate total counts and count-based moderate-to-vigorous
physical activity (MVPA), the raw accelerometer data were filtered and
converted into 60-second epochs using ActiLife software. Total counts and
MVPA were defined as the daily mean of total counts and time spent in
moderate-to-vigorous activities normalized to 16-hour wearing time,
respectively (Hyvdrinen et al., 2020). The triaxial vector magnitude cut-off point
of 6166 counts per minute for moderate-to-vigorous activities was used
(Laakkonen et al., 2017; Sasaki et al., 2011). For MAD-based physical activity, the
Euclidian norm of the resultant acceleration was computed for each time point,
MAD values were computed for non-overlapping 5-second epochs, and physical
activity level was assessed as the mean value of the 5-second MAD values (Vaha-
Ypyd, Vasankari, Husu, Suni, et al., 2015). For count- and MAD-based analyses,
non-wear time was identified as all continuous periods longer than 60 minutes
with zero counts or MAD values continuously less than 0.001 gravitational
acceleration on Earth, respectively (Migueles et al., 2017). All measurements with
a minimum of 3 days with a wear time more than 10 hours were regarded as
valid.

Furthermore, two different self-reported measures of physical activity
were used. In the single seven-level scale question, participants chose the
statement from the predetermined alternatives that best described their current
physical activity level. Alternatives ranged from not moving more than what is
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necessary for daily activities to participation in competitive sports (Hirvensalo et
al., 1998; Hyvdérinen et al., 2020). The five-item questionnaire included questions
about the average frequency, intensity, and duration of LTPA as well as the
average duration of commuting activity. Based on the responses to these four
questions, a continuous variable of MET-hours per day for LTPA was calculated
(Kujala et al., 1998).

TABLE 3 Measurements conducted in each stage of the ERMA and EsmiRs studies.

ERMA ERMA

baseline follow-up EsmiRs

Bleeding diaries & blood samples
Bleeding diaries X X

Menopausal status X X X
Blood-based biomarkers X X

Menopausal symptoms

Dichotomous questionnaire X X

Menopause Rating Scale X
Physical activity

Single seven-level scale question X X X
Five-item questionnaire X X X
Accelerometer X X X
Body composition

Dual-energy X-ray absorptiometry X Xa X
Bioelectrical impedance analysis X X X
Anthropometrics & blood pressure

Anthropometrics X X X
Blood pressure X X X
Self-reported background variables

Lifestyle X X X
Socioeconomic status X X X
Gynecological history X X X
Use of medications X X X

a Measured only in the last ERMA follow-up measurement.

4.3.4 Blood-based biomarkers of cardiometabolic health

Total cholesterol, LDL-C, HDL-C, triglycerides, and glucose were measured
using KONELAB 20XTi (Thermo Fischer Scientific, Vantaa, Finland) from all
serum samples collected during menopausal status assignments (TABLE 3).

4.3.5 Blood pressure, body composition, and anthropometrics

Blood pressure, body composition, and anthropometrics were measured after
overnight fasting (TABLE 3). Blood pressure was measured twice in a sitting
position after a 10-minute rest using Omron M6 Comfort (Omron Healthcare,
Kyoto, Japan), and the mean value of two measurements was used for systolic
(SBP) and diastolic blood pressure (DBP). Waist circumference was measured
from the middle of the superior iliac spine and the lower rib margin and hip
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circumference at the level of greater trochanters (Snijder et al., 2003). Body mass
and height were measured with standard procedures. BMI was computed by
dividing the body mass with squared body height. Body composition was
measured with bioelectrical impedance analysis (BIA) using InBody 720
(Biospace, Seoul, Korea) and with dual-energy X-ray absorptiometry (DXA)
using Lunar Prodigy (GE Healthcare, Chicago, IL, USA).

4.3.6 Self-reported background variables

Lifestyle, socioeconomic status, and gynecological history were assessed using
self-reported questionnaires. Responses were used to assess alcohol consumption
in measures per week and current smoking status as non-smoker or smoker
(Studies I, 1I, and III) or never, former, or current smoker (Study IV). Diet was
assessed using the diet quality score, which was computed based on a food-
frequency questionnaire (Juppi et al., 2020). Furthermore, participants reported
their education (primary/secondary or tertiary), relationship status (single or in
a relationship), physical workload (light, moderate, heavy, or very heavy), age at
menarche, parity, and number of pregnancies.

Participants reported their use of regular prescription medications, which
were categorized wusing the Anatomical Therapeutic Chemical (ATC)
classification. Participants were categorized separately as nonuser or user of
preparations affecting blood pressure (ATC C02-05 and C07-09) and serum
lipids (ATC C10). Furthermore, participants were classified based on their use of
hormonal contraception (never or former user) in Study IV and based on their use
of hormonal preparations in Studies I, II, and III (nonuser, estrogen user,
progestogen user, or combined estrogen and progestogen user) according to the
self-reported questionnaire responses.

4.4 Missing data

Missing data in ERMA and EsmiRs data sets occurred due to invalid or missing
measurements and unclear or incomplete questionnaire responses. The
percentage of total missing covariate records across the individual substudies in
this dissertation varied from 5% to 16%. Missing data were assumed to occur at
random (Seaman et al., 2013). Therefore, multiple imputation with 50 imputed
data sets and 50 iterations for chained equations were used in all substudies to
reduce bias caused by the missing data. For longitudinal data, variables
measured at the same time point as well as the value of the target variable in the
previous and following measurements, if available, were used for the imputation
of each variable. In the studies where the number of participants differed
between measurements (Studies II and IV), imputation was carried out
recursively one measurement at a time. That is, the imputed values of the
previous measurement were utilized for the imputation of the current
measurement. Passive imputation was used for the imputation of the derived
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variables. The parameters of substantive interest were estimated separately in
each imputed data set and combined using Rubin’s rules (Rubin, 1987). Multiple
imputation and pooling of the model estimates were carried out in R using the
default settings of the mice package (R Core Team, 2023; van Buuren & Groothuis-
Oudshoorn, 2011).

4.5 Statistical analyses

451 Cross-sectional analyses

In the cross-sectional study designs (Studies II and III), the associations of interest
were studied with simple and multiple linear regression models. Residual plots,
Q-Q plots, and correlation analysis were used for testing the model assumptions.
All analyses were carried out in R using base R functions (R Core Team, 2023),
unless otherwise specified. The predictive performance of the models
constructed in Study IV was studied using leave-one-out cross-validation and by
comparing the model predictions with the observed values using mean absolute
errors (MAE).

4.5.2 Longitudinal analyses

Linear and mixed-effect models with random intercept were used to study the
associations of interest in the longitudinal studies (Studies I and II). The main
effects of the variable of interest, time (baseline = 0, follow-up = 1), and
confounders were included in the models. Furthermore, the interaction of time
and the variable of interest was included in the models to study the association
between the variable of interest and changes in the outcome variable during the
follow-up. The model assumptions were tested using residual plots, Q-Q plots,
and correlation analysis. Analysis was carried out in R using the nlme package
(Pinheiro et al., 2021).

Cox proportional hazards regression models with time-varying covariates
(Fisher & Lin, 1999) were used to predict ANM in the longitudinal ERMA data
set with censored data (Study IV). Age was used as the timescale, and the
proportional hazards assumption of the models was tested using Schoenfeld
residuals. The predictive ability of the models was quantified using c-index,
which is the probability of concordance between predicted and observed survival.
This varies from 0.5 to 1, with ¢ = 0.5 for random predictions and ¢ = 1 for a
perfectly discriminating model (Harrell, 2015, p. 505). Median survival time was
used as the model prediction for ANM. Analysis was carried out using the rms
(Harrell, 2019) and survival (Therneau & Grambsch, 2000) packages in R.
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45.3 Variable selection

For the development of the prediction model in Study IV, the set of candidate
predictors was identified based on the literature and the potential predictive
value of the variables. Two different sets of candidate predictors were used to
construct two separate prediction models. The first set of predictors included all
32 candidate predictors identified based on the literature, while the second set
included a subset of 16 self-reported or otherwise easy-to-access predictors. The
tinal model predictors were selected using least absolute shrinkage and selection
operator (lasso) regression (Tibshirani, 1996). The number of predictors in the
models was limited by increasing the tuning parameter lambda based on the
average requirement, for which the maximum number of predictors in the model
should not exceed the effective sample size divided by 15 (Harrell, 2015, p. 72).
Analysis was conducted in R using the penalized package (Goeman, 2010).
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5 RESULTS

5.1 Study population

Full ERMA baseline data (n = 1393) was utilized in Study II. The mean age of the
participants at baseline was 51.3 years (TABLE 4). The participants were pre-,
peri-, and postmenopausal, with the respective share of each menopausal group
being 28%, 34 %, and 38%, respectively. On average, the participants were slightly
overweight, with mean BMI of 25.5 kg/m?, and had slightly elevated SBP (132
mmHg), DBP (84 mmHg), total cholesterol (5.3 mmol/L), and LDL-C (3.1
mmol/L). VMS were the most frequently reported menopausal symptoms, with
59% of the participants reporting at least one (TABLE 5). At least one
psychological, somatic or pain, or urogenital symptom was reported by 50%, 24%,
and 35 % of the participants, respectively. The ERMA subsample utilized in Study
IV included participants who reported at least one bleeding period after
measurement (1 = 279). Their mean age at the ERMA baseline was 51.2 years and
the mean BMI 25.8 kg/m?2. The characteristics for the participants in Study IV are
listed in detail in Supplementary Table 1.

ERMA baseline and EsmiRs follow-up data were used in Studies I, II, and
III for all EsmiRs participants (n = 298). Their mean age at the ERMA baseline
measurements was 51.3 years, and it was 55.1 years in the EsmiRs measurements
(TABLE 4). At baseline, the percentages of the participants in the pre-, peri, and
postmenopausal groups were 34, 35, and 31, respectively. After the follow-up
period, most participants (81%) were postmenopausal, with only 5% and 14%
being pre- or perimenopausal, respectively. Of all the EsmiRs participants, 149
experienced menopause during the follow-up period. In other words, they were
categorized as pre- or perimenopausal at the ERMA baseline and
postmenopausal at the EsmiRs measurement. Furthermore, 56 participants were
peri- or- postmenopausal and 93 postmenopausal in both measurements. In the
EsmiRs measurements, the participants reported a total mean MRS score of 8.6,
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with the most severe symptoms being reported in the somato-vegetative subscale

(TABLE 5).
TABLE 4 Participant background characteristics in the ERMA and EsmiRs studies.
EsmiRs participants
ERMA ERMA .
. . EsmiRs
Measurement baseline baseline (n = 298)
(n=1393) (n=298)
Age [year] 51.3+21 51.3+1.8 551+1.8
Menopausal status?
Pre 28 (389) 34 (100) 5 (15)
Peri 34 (474) 35 (105) 14 (2)
Post 38 (530) 31 (93) 81 (241)
Estradiol [nmol/L] 0.34+041 0.38 + 0.53 0.26 +0.28
Follicle-stimulating hormone [IU/L] 44.0£38.6 39.9+37.1 69.5+37.5
Body height [m] 1.66 + 0.06 1.66 + 0.06 1.66 + 0.06
Total body mass [kg] 69.7 £10.9 69.5+£10.8 709+£11.5
Body mass index [kg/m?] 255+3.7 253137 258+4.1
Alcohol consumption [portions/week] | 3.82 +3.75 3.73+3.92 3.24+£3.43
Diet quality score 579+221 5.87 +2.45 5.85+2.26
Smoking?
Nonsmoker 93 (1014) 95 (262) 94 (280)
Smoker 7 (78) 5 (13) 6 (18)
Education?
Primary or secondary 59 (643) 56 (155) 55 (165)
Tertiary 41 (455) 44 (121) 45 (133)
Use of hormonal preparations?
Nonuser 61 (676) 62 (186) 60 (180)
Progestogen 39 (426) 38 (112) 19 (56)
Estrogen 0 (0) 0 (0) 3 (10)
Progestogen + Estrogen 0 (0) 0 (0) 18 (52)
Use of antihypertensives?
Nonuser 83 (906) 86 (238 78 (233)
User 17 (192) 14 (38) 22 (65)
Use of lipid-modifying agents?
Nonuser 96 (1055) 97 (267) 92 (274)
User 4 (43) 309 8(24)

Data are mean + standard deviation unless otherwise specified. 2 Data are % (n)
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TABLE 5 Participant characteristics in menopausal symptoms, cardiometabolic health,

and physical activity.
EsmiRs participants
ERMA ERMA .
) . EsmiRs
Measurement baseline baseline (n = 298)
(n=1393) (n=298)

Menopausal symptoms
MRS total symptoms - - 8.60 + 5.00
MRS somato-vegetative symptoms | - - 390218
MRS psychological symptoms - - 2.53 £2.40
MRS urogenital symptoms - - 215+1.89
Number of vasomotor symptoms?

No symptoms 41 (454) 49 (135) -

2 or more symptoms 29 (313) 23 (64) -
Number of psychological
symptoms?

No symptoms 50 (549) 61 (167) -

2 or more symptoms 28 (305) 22 (61) -
Number of somatic or pain
symptoms?

No symptoms 76 (835) 79 (219) -

2 or more symptoms 5(53) 4 (12) -
Number of urogenital symptoms?

No symptoms 65 (713) 69 (191) -

2 or more symptoms 15 (167) 12 (33) -
Indicators of cardiometabolic health
Total cholesterol [mmol/L] 5.30£0.91 5.23+0.91 5.67 £1.00
Low-density lipoprotein cholesterol 3.05 + 0.80 3.05 + 0.80 341 +0.88
[mmol/L]
High-density lipoprotein
cholesterol [mmol /L] 1.72 £ 0.46 1.72+0.47 1.91 +0.50
Glucose [mmol/L] 5.28 + 0.84 515+ 045 516 +0.62
Triglycerides [mmol/L] 1.09+0.72 1.08 + 0.61 1.27+0.73
Systolic blood pressure [mmHg] 13217 132+16 133 +18
Diastolic blood pressure [mmHg] 84 +10 849 82+10
Waist circumference 84 +10 83+10 84 +10
Waist-to-hip ratio 0.83 £0.07 0.83 £0.06 0.84 + 0.06
DXA body fat mass [kg] 25.0+85 242+84 259+9.0
DXA lean body mass [kg] 421+44 425+41 422+42
DXA fat percentage [ %] 364+77 354+76 37177
DXA android fat mass 2.24+097 2.24+1.01 2.39+£1.01
Physical activity
Mean MAD [mg] 29292 30.2+10.0 28.3+8.6
Counts x10° 64.5£18.5 66.3+19.7 541+238
Moderate-to-vigorous [min/day] 525+274 55.5+29.1 50.3 + 28.4
Five-item questionnaire [MET- 4524391 515+ 438 491+3.93
h/day]

Data are mean * standard deviation unless otherwise specified. MRS, Menopause Rating Scale;
DXA, dual-energy X-ray absorptiometry; MAD, mean amplitude deviation; 2 Data are % (n)
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5.2 Cardiometabolic health and physical activity around the men-
opausal transition (Study I)

Participants who were already postmenopausal at baseline (POST-POST group)
had higher total cholesterol (B = 0.33 mmol/L, 95% CI [0.08, 0.59]) and HDL-C
levels (B = 0.18 mmol/L, 95% CI [0.05, 0.31]) than participants who had
menopause during the follow-up period from ERMA baseline to EsmiRs (PRE-
POST group). The levels of all blood-based biomarkers (TABLE 6) and systolic
blood pressure (TABLE 7) increased during the follow-up in the PRE-POST
group. The increases in blood-based biomarkers tended to be smaller in
participants who did not have menopause during the follow-up period (PRE-
PRE and POST-POST groups).

In the full sample, participants with higher physical activity level (Mean
MAD [10 mg]) had lower LDL-C (B = -0.11 mmol/L, 95% CI [-0.21, -0.01]) and
higher HDL-C levels (B = 0.06 mmol/L, 95% CI [0.01, 0.11]). Physical activity
level was not associated with other CMD risk factors during the follow-up.
Furthermore, change in physical activity was not associated with a change in any
CMD risk factors, except for SBP. Consequently, participants with a higher
physical activity level had a smaller increase in SBP (B = -2.40 mmHg, 95% CI |-
4.34, -0.46]) during the follow-up.
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TABLE 6 Pooled linear mixed-effect model estimates for blood-based biomarkers of cardiometabolic health in Study I (n = 298).
Total cholesterol L.ow-densilty I.{lgh-den.sﬂty Triglycerides
[mmol/L] lipoprotein lipoprotein Glucose [mmol/L] [mmol/L]
cholesterol [mmol/L] cholesterol [mmol/L]
B 95% CI B 95% CI B 95% CI B 95% CI B 95% CI
Main effects
Intercept (PRE-POST) 5.48%*** [5.12, 5.83] 3.33**  [3.02, 3.62] 1.54**  [1.38,1.72] 5.17***  [4.97,5.38] 1.24** [0.99, 1.48]
Menopausal group
PRE-POST (ref.) - - - - -
PRE-PRE 0.03 [-0.27, 0.33] 0.05 [-0.22, 0.32] -0.05 [-0.20, 0.10] 0.04 [-0.13, 0.22] 0.02 [-0.19, 0.24]
POST-POST 0.33* [0.09, 0.59] 0.21 [-0.02, 0.43] 0.18**  [0.05,0.31] 0.06 [-0.08, 0.20] 0.05 [-0.13, 0.22]
PA, Mean MAD [10mg] -0.10 [-0.21, 0.01] -0.11*  [-0.21,-0.01]  0.06* [0.01, 0.11] -0.02 [-0.08, 0.04] -0.06 [-0.13, 0.01]
Time (PRE-POST) 0.45* [0.07, 0.84] 0.40* [0.06, 0.74] 0.35* [0.18, 0.52] 0.32**  [0.08, 0.55] 0.28* [0.03, 0.52]
Interactions - -
Time x Menopausal
group
Time x PRE-POST
(ref.) - h h h h
Time x PRE-PRE -0.28* [-0.54,-0.01] -0.21 [-0.44, 0.02] -0.07 [-0.18, 0.05] -0.06 [-0.22, 0.11] -0.15 [-0.32, 0.01]
Time x POST-POST -042**  [-0.65,-0.20]  -0.34** [-0.53,-0.14] -0.15* [-0.24,-0.05] -0.22*  [-0.36,-0.08]  -0.09 [-0.23, 0.05]
Time x PA, Mean MAD  0.05 [-0.07,0.18]  0.04 [-0.07,015]  -0.04  [-0.09,002] -007  [-0.14,001]  -0.01 [-0.09, 0.07]

Models are adjusted with age at baseline and use of hormonal preparations. PRE-POST, participants who were pre- or perimenopausal at follow-up
(reference group); PRE-PRE, participants who were pre- or perimenopausal in both measurements; POST-POST, participants who were already
postmenopausal at baseline; Time, from ERMA baseline to EsmiRs; CI, confidence interval; PA, physical activity; MAD, mean amplitude deviation; * p <

0.05, ** p <0.01, ** p <0.001



TABLE 7 Pooled linear mixed-effect model estimates for blood pressure in Study I (n =

298).
Systolic blood pressure Diastolic blood pressure
[mmHg] [mmHg]
B 95% CI B 95% CI

Main effects
Intercept (PRE-POST) 130.9***  [125.1, 136.8] 84.9***  [81.8, 88.0]
Menopausal group

PRE-POST (ref.) - -

PRE-PRE 1.31 [-4.41,7.03] 1.10 [-2.07, 4.27]

POST-POST -1.97 [-6.79, 2.85] 0.01 [-2.66, 2.68]
PA, Mean MAD [10 mg] 0.28 [-1.42, 2.00] -0.36 [-1.24, 0.51]
Time (PRE-POST) 9.37%* [3.34, 15.39] -0.16 [-3.11, 2.79]
Interactions

Time x Menopausal group
Time x PRE-POST (ref.) - -

Time x PRE-PRE 0.62 [-3.67, 4.91] 081  [-2.88,1.26]
Time x POST-POST -0.03 [-3.80, 3.73] 073 [-257,1.12]
Time x PA, Mean MAD -2.40* [-4.34, -0.46] 028  [-1.24,0.68]

Models are adjusted with age at baseline and use of hormonal preparations. PRE-POST,
participants who were pre- or perimenopausal at follow-up (reference group); PRE-PRE,
participants who were pre- or perimenopausal in both measurements; POST-POST, participants
who were postmenopausal already at baseline; Time, from ERMA baseline to EsmiRs; CI,
confidence interval; PA, physical activity; MAD, mean amplitude deviation; * p < 0.05, ** p < 0.01,
*** p <0.001

5.3 Menopausal symptoms, physical activity, and cardiometa-
bolic health (Studies II and III)

The total number of menopausal symptoms as well the total number of
vasomotor and urogenital symptoms were directly associated with higher total
cholesterol, LDL-C, and HDL-C levels in the cross-sectional analyses with simple
linear regression (TABLE 8). However, after adjusting the models for
confounders, these associations diminished. Furthermore, total body mass and
body adiposity measures were directly associated with total number of
menopausal symptoms (TABLE 9) and total severity of menopausal symptoms
(TABLE 10) in both the simple and multiple regression models. In the symptom
subscales, the severity of somato-vegetative and psychological symptoms also
associated directly with total body mass and body fat mass (TABLE 10). Blood
glucose, triglycerides, blood pressure, and lean body mass were not statistically
significantly associated with menopausal symptoms. The associations between
the levels of the cardiometabolic health indicators and the number of menopausal
symptoms during 4-year follow-up were somewhat similar to the associations
observed in the cross-sectional analyses (Supplementary Tables 2 and 3).
However, the number of menopausal symptoms did not associate with changes
in the levels of the metabolic health indicators during the 4-year follow-up. The
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body composition at baseline did not predict the severity of menopausal
symptoms after the 4-year follow-up (Supplementary Table 4).
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TABLE 8 Pooled linear regression estimates for the association between the number of menopausal symptoms and blood-based biomarker
levels in Study II (n = 1393).
Total cholesterol I:ow-dens-lty I-.Ilgh-den.su'y Triglycerides
[mmol/L] lipoprotein lipoprotein Glucose [mmol/L] [mmol/L]
cholesterol [mmol/L] cholesterol [mmol/L]
B 95% CI B 95% CI B 95% CI B 95% CI B 95% CI
Total number of symptoms
Model 1 0.05***  [0.03, 0.07] 0.04**  [0.02, 0.06] 0.01 [0.00,0.02] -0.01 [-0.03, 0.01] 0.01 [-0.01, 0.03]
Model 2 0.01 [-0.02, 0.07] 0.00 [-0.02, 0.02] 0.00 [-0.02,0.01] -0.01 [-0.04, 0.01] 0.00 [-0.02, 0.02]
Number of vasomotor symptoms
Model 1 0.13* [0.07, 0.20] 0.08*  [0.03, 0.14] 0.06*** [0.03,0.09] -0.04 [-0.10, 0.02] 0.03 [-0.02, 0.08]
Model 2 0.00 [-0.08, 0.07] -0.03 [-0.09, 0.03] 0.02 [-0.02,0.06] -0.04 [-0.10, 0.03] 0.01 [-0.05, 0.06]
Number of psychological symptoms
Model 1 0.06* [0.01, 0.11] 0.04 [0.00, 0.09] 0.01 [-0.02,0.03] -0.02 [-0.07, 0.02] 0.02 [-0.02, 0.06]
Model 2 0.01 [-0.04, 0.06] 0.00 [-0.04, 0.05] -0.01 [-0.03,0.02] -0.02 [-0.07, 0.02] 0.01 [-0.03, 0.05]
Number of somatic or pain symptoms
Model 1 0.10 [-0.01, 0.20] 0.08 [-0.01,0.17] 0.00 [-0.05,0.05] 0.01 [-0.08, 0.10] 0.04 [-0.03,0.12]
Model 2 0.03 [-0.08, 0.13] 0.02 [-0.07,0.12] -0.01 [-0.06,0.03] 0.01 [-0.09, 0.10] 0.03 [-0.05, 0.11]
Number of urogenital symptoms
Model 1 0.09**  [0.02,0.15] 0.09**  [0.03, 0.14] 0.01 [-0.02,0.04] -0.01 [-0.07, 0.05] -0.01 [-0.05, 0.04]
Model 2 0.01 [-0.06, 0.08] 0.03 [-0.03, 0.08] -0.01 [-0.05,0.02] -0.02 [-0.08, 0.05] -0.02 [-0.07, 0.03]

Model 1 is a simple linear regression model. Model 2 is adjusted for age, body mass index, menopausal status, use of hormonal preparations, education,
smoking, and alcohol consumption. CI, confidence interval; * p < 0.05, ** p < 0.01, *** p < 0.001



TABLE 9 Pooled linear regression estimates for the association of the number of menopausal symptoms with blood pressure, body adiposity,
and physical activity levels in Study II (n = 1393).

Systolic blood Diastolic blood Total fat mass [kg]* Android fat mass PA, Mean MAD

pressure [mmHg] pressure [mmHg] 8 [kg] [mg]

B 95% CI B 95% CI B 95% CI B 95% CI B 95% CI
Total number of symptoms
Model 1 018 [-0.33,0.69] 014 [-0.14,042] 0.31* [0.03,0.59] 0.04* [0.01,0.07] -0.09 [-0.33,0.15]
Model 2 -0.07 [-0.58,043] -0.04 [-0.31,0.22] 0.35* [0.03,0.67] 0.04 [0.00,0.07] -0.09 [-0.36,0.19]
Number of vasomotor symptoms
Model 1 021 [-1.07,149] 016 [-055,087] 044 [-0.33,1.21] 0.06  [-0.03,0.14] -0.26 [-0.91, 0.40]
Model 2 -033  [-1.71,1.05] -0.23 [-0.98,0.51] 0.55  [-0.35,1.45] 0.05 [-0.05,0.15] -0.28 [-1.05,0.49]
Number of psychological symptoms
Model 1 0.07 [-0.98,1.13] 016 [-042,0.74] 049 [-0.16,1.14] 0.05 [-0.02,0.13] -0.13 [-0.71, 0.45]
Model 2 -023  [-1.26,0.80] -0.07 [-0.62,0.48] 050 [-0.17,1.16] 0.05 [-0.03,0.12] -0.10 [-0.70, 0.50]
Number of somatic or pain symptoms
Model 1 195 [-0.18,4.09] 0.63 [-053,1.79] 091 [-0.34,2.16] 011  [-0.03,0.24] -0.21 [-1.17,0.74]
Model 2 136  [-0.65,337] 017 [-0.87,1.22] 0.83 [-0.46,2.13] 0.09 [-0.05,0.23] -0.18 [-1.17,0.80]
Number of urogenital symptoms
Model 1 013 [-1.19,145] 032 [-041,1.05] 0.60 [-0.23,1.44] 0.08 [-0.01,0.17] -0.11 [-0.74,0.51]
Model 2 -041 [-1.77,095] -0.05 [-0.74,0.65] 0.60 [-0.26,1.47] 0.07 [-0.03,0.17] -0.08 [-0.74, 0.58]

Model 1 is a simple linear regression model. Model 2 is adjusted for age, body mass index, menopausal status, use of hormonal preparations, education,
smoking, and alcohol consumption, unless otherwise specified. 2Model 2 is adjusted for age, menopausal status, use of hormonal contraception, education,
smoking status, and alcohol consumption. CI, confidence interval; PA, physical activity; MAD, mean amplitude deviation; * p < 0.05, ** p < 0.01, *** p < 0.001



TABLE10  Pooled linear regression estimates for the association of physical activity and
body composition with the severity of menopausal symptoms in Study III (n

=298).
Severity of . .
Total severity of  somato- Severity Of. Severlty of
. psychological urogenital
symptoms vegetative svmptoms svmptoms
symptoms ymp ymp
B 9%5% CI B 9%5% CI B 9%5% CI B 95% CI
PA, Mean MAD [10 mg]
[-0.73, [-0.46, [-0.35, [-0.11,
Model1 -0.06 0.62] -0.17 0.12] -0.03 0.30] 0.14 0.40]
[-0.86, [-0.53, [-0.39, [-0.15,
Model2 -0.16 0.55] -0.23 0.08] -0.05 0.28] 0.12 0.39]
Total body mass [kg]?
[-0.01, [0.00, [0.00, [-0.02,
Model1  0.04 0.09] 0.02 0.04] 0.02 0.05] 0.00 0.02]
" [0.01, «~  10.01, " [0.00, [-0.02,
Model 2 0.06 0.12] 0.03 0.05] 0.03 0.05] 0.01 0.03]
Body fat mass [kg]?
[0.00, " [0.00, 0.03 [0.00, [-0.02,
Model1 0.06 0.12] 0.03 0.06] 0.06] 0.00 0.03]
" [0.01, " [0.01, 0.03* [0.00, [-0.02,
Model 2 0.07 0.14] 0.04 0.06] 0.06] 0.01 0.03]
Lean body mass [kg]*
[-0.13, [-0.06, [-0.02, [-0.08,
Model1 0.01 0.15] 0.00 0.06] 0.05 011] -0.03 0.02]
[-0.03, [-0.02, [-0.01, [-0.05,
Model 2  0.13 0.30] 0.05 0.12] 0.07 0.15] 0.02 0.08]

Model 1 is a simple linear regression model. Model 2 is adjusted for age, menopausal status, use
of hormonal preparations, education, smoking, and alcohol consumption. 2 Model 2 is
additionally adjusted for body height. CI, confidence interval; PA, physical activity; MAD, mean
amplitude deviation; * p < 0.05, ** p < 0.01, *** p < 0.001

The level of physical activity was not statistically significantly associated with
the number or severity of menopausal symptoms in the cross-sectional (TABLE
9, TABLE 10) or the longitudinal (Supplementary Tables 3 and 4) study design,
regardless of the model adjustments. However, both accelerometer-measured
and self-reported (data not shown) physical activity tended to be inversely
associated with menopausal symptoms. In the moderation analysis, total body
and lean body mass showed positive interactions with physical activity,
especially in total symptom severity and the severity of psychological symptoms
(TABLE 11). Furthermore, after adjusting for the interactions with total body and
lean body mass, a higher level of physical activity was associated with less severe
menopausal symptoms. Sensitivity analysis indicated that this association was
especially prevalent among participants with the lowest total body and lean body
mass (data not shown).
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TABLE11  Pooled moderator analysis of body composition measures in the association
of physical activity and the severity of menopausal symptoms in Study III (n

=298).
Total severity Severity of Severity of. Severlty of
somato-vegeta-  psychological urogenital
of symptoms tive s
ymptoms symptoms symptoms
B 95% CI B 9%5%ClI B 9%5%ClI B 95% CI
Physical activity, Mean MAD [10 mg] & Total body mass [kg]
. . . [-10.30, [-3.29, w496, [-3.39,
Physical activity -5.83 1.37] -1.33 0.62] -2.83 -0.70] -1.67 0.05]
[-0.34, [-0.10, [-0.17, [-0.13,
Total body mass -0.16 0.02] -0.02 0.06] -0.08 0.00] -0.06 0.01]

. . 10.02, [-0.01, ~  10.01, « 10.00,
Interaction 0.08 0.15] 0.02 0.04] 0.04 0.07] 0.03 0.05]
Physical activity, Mean MAD [10 mg] & Body fat mass [kg]

. . [-3.93, [-1.33, [-1.80, [-1.44,
Physical activity —-1.77 0.39] -0.39 0.55] -0.76 0.27] -0.62 0.21]
[-0.35, [-0.09, [-0.17, [-0.16,
Body fat mass -0.12 0.12] 0.01 0.11] -0.05 0.06] -0.07 0.02]

. [-0.01, [-0.03, [-0.01, [0.00,
Interaction 0.07 0.15] 0.01 0.04] 0.03 0.07] 0.03 0.06]
Physical activity, Mean MAD [10 mg] & Lean body mass [kg]

. - . [-15.20, [-5.19, w775, [-4.26,
Physical activity = -8.49 1.79] -2.26 0.67] -4.55 1.36] -1.68 0.91]
[-0.90, [-0.29, .  [-0.46, [-0.29,
Lean body mass  -0.42 0.05] -0.09 0.12] -0.23 20.01] -0.10 0.08]

. . [0.04, [-0.02, ~  10.03, [-0.02,

Interaction 0.20 0.36] 0.05 0.12] 0.11 0.18] 0.04 0.10]

All models are adjusted for age, menopausal group, use of hormonal preparations, smoking,
education, alcohol consumption, and body height. CI, confidence interval; MAD, mean amplitude
deviation; * p < 0.05, ** p < 0.01, ** p < 0.001

5.4 Predictors of age at natural menopause (Study IV)

In Study 1V, the number of predictors for each prediction model were limited to
seven due to the effective sample size of 105. The final model predictors in model
1, in which the full set of candidate predictors was used, were estradiol and FSH
levels, menstrual cycle length standard deviation, alcohol consumption, single
seven-level scale physical activity question, the prevalence of VMS, and
relationship status (TABLE 12). The predictors in model 2, in which the set of
candidate predictors included only the easy-to-access predictors, were alcohol
consumption, seven-level scale physical activity question, prevalence of VMS,
use of hormonal contraception, relationship status, smoking status, and
educational level. Model 1 and model 2 c-indices [95% confidence intervals] were
0.76 [0.71, 0.81] and 0.70 [0.65, 0.75], respectively.

For model validation, the MAE (+ standard deviation) of the model
predictions based on the leave-one-out cross-validation was 0.56 + 0.49 years for
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model 1 and 0.62 + 0.54 years for model 2. Both models were slightly biased
toward predicting too early ANM, with mean bias errors of -0.09 and -0.18 years
for models 1 and 2, respectively.

TABLE12  Pooled Cox regression model estimates for the prediction models constructed
in Study IV (n = 279).

Hazard ratio 95% CI

Model 1
Estradiol [nmol/L] 2.13%** [1.42,3.18]
Follicle-stimulating hormone [IU/L] 1.01%** [1.01,1.02]
Cycle length standard deviation [d] 1.02%** [1.01,1.03]
Alcohol consumption [portions/week] 1.07** [1.02,1.12]
Single seven-level scale PA question (linear) 2.29 [0.55, 9.57]
Vasomotor symptoms

No (ref.) -

Yes 2.68** [1.41,5.12]

Relationship status
Single (ref.) -
In a relationship 1.42 [0.85, 2.38]

Model 2
Alcohol consumption [portions/week] 1.06* [1.01,1.12]
Single seven-level scale PA question (linear) 1.85 [0.46, 7.49]
Vasomotor symptoms

No (ref.) -

Yes 3.33%** [1.80, 6.19]
Use of hormonal contraception

Never (ref.) -

Former 0.68 [0.38,1.21]
Relationship status

Single (ref.) -

In a relationship 1.35 [0.81, 2.25]
Smoking

Never (ref.) -

Former 0.99 [0.61, 1.60]

Current 0.37 [0.09, 1.52]
Education

Primary or secondary (ref.) -

Tertiary 1.25 [0.82,1.91]

CIL, confidence interval; PA, physical activity; * p < 0.05, ** p < 0.01, *** p < 0.001
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6 DISCUSSION

In this dissertation, my primary aim was to investigate the associations of physi-
cal activity, menopausal symptoms, and cardiometabolic health in middle-aged
women in a cross-sectional study design as well as a longitudinal study design
with 4-year follow-up. I observed unfavorable changes in several blood-based
indicators of cardiometabolic health during the follow-up. The magnitude of
these changes was greater closer to menopause, which highlights the independ-
ent role of menopause in these changes. Furthermore, a higher level of physical
activity as well as a lower prevalence and severity of menopausal symptoms
were observed to associate with favorable levels in several indicators of meta-
bolic health, especially with lower total cholesterol, LDL-C, and body adiposity.
However, for menopausal symptoms, these associations were significantly
weaker in longitudinal analyses and after adjusting for confounders. Physical ac-
tivity was not associated with the prevalence or severity of menopausal symp-
toms. However, body composition, and especially total and lean body mass, was
observed to moderate this association. Consequently, a higher level of physical
activity was associated with less severe menopausal symptoms in participants
with lower total and lean body mass.

Secondly, I aimed to identify factors associated with the timing of the
natural menopause and to utilize this information for creating models for
predicting ANM in a longitudinal study design. I found that especially higher E2
and FSH levels, irregular menstrual cycles, and prevalence of vasomotor
symptoms are strong indicators of approaching menopause. Additionally,
factors related to life habits and socioeconomic status, such as alcohol
consumption, smoking habits, relationship status, and physical activity, may
provide useful information for assessing the timeline to natural menopause.
Overall, our prediction models demonstrated adequate predictive performance
with good concordance between predicted and observed ANM.
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6.1 Cardiometabolic health around menopause

It is well known that the prevalence of CMD increases around menopause (El
Khoudary et al., 2020). The independent role of menopause in this increase was
highlighted by the findings of the Study of Women’s Health Across the Nations
(SWAN) cohort study, which observed that the aging-related increase in lipid
levels accelerates significantly in a short time period around menopause
(Matthews et al., 2009). Our findings in Study I duplicated these results, with the
increase in total cholesterol and LDL-C levels being significantly greater in
participants who experienced menopause during the follow-up than those who
did not. Contrarily, the association between HDL-C and menopause has been
found to be more complicated, with studies reporting both increases (Derby et
al., 2009; Stevenson et al., 1993) similar to our results and decreases (Gurka et al.,
2016) in HDL-C levels around menopause (El Khoudary, 2017). In addition to the
change in HDL-C concentration, the antiatherogenic functionality of HDL-C may
also deteriorate around menopause, which complicates research on the
associations between HDL-C and CMD risk in middle-aged women (El
Khoudary et al., 2016, 2021).

Menopause-related hormonal changes may also affect blood pressure and
glucose in women. For instance, the decrease in systemic E2 levels may cause
deterioration in insulin sensitivity (Mauvais-Jarvis et al., 2013) and impairment
in the endothelial function (Yanes & Reckelhoff, 2011). However, due to the
previous contradictory findings for both blood pressure (Tikhonoff et al., 2019)
and blood glucose levels (Matthews et al, 2009; Otsuki et al.,, 2007), the
independent role of menopause on the change in these levels in middle-aged
women has not been confirmed. In Study I, we observed significant increases in
SBP and blood glucose during the follow-up. The change in SBP observed did
not differ in women at different menopausal stages, but in blood glucose, the
magnitude of the increase was greater near menopause. These results provide
evidence that menopause may have an independent effect on the changes in
blood glucose levels in middle-aged women. On the other hand, our results
indicate that the increase in SBP observed during the follow-up may primarily be
related to aging rather than menopause.

6.2 Physical activity and cardiometabolic health

The findings from previous studies indicate that physical activity is associated
with decreased risk of CMD and favorable levels in several indicators of
cardiometabolic health in middle-aged women (Karvinen et al., 2019; Mandrup
et al., 2017; Ruiz-Rios & Maldonado-Martin, 2022). In agreement with these
tindings, we observed that a higher level of physical activity was associated with
tavorable levels in blood lipids in women during the 4-year follow-up period.
However, previous studies on this topic have not investigated the independent
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role of physical activity in mitigating the detrimental changes in the levels of
metabolic health indicators around menopause. In Study I, we observed that
participants with a higher level of physical activity had a significantly smaller
increase in SBP during the follow-up than their less active counterparts. However,
physical activity was not associated with a change in blood lipids and glucose
levels. Consequently, these results suggest that being physically active may be
especially beneficial for the management of hypertension in women around
menopause.

6.3 Menopausal symptoms and cardiometabolic health

Previous meta-analyses of observational studies have shown that menopausal
symptoms, and especially VMS, are associated with increased risk of CMD and
unfavorable levels in blood lipids, blood pressure, and body adiposity (Armeni
et al., 2023; Franco et al., 2015; Muka, Oliver-Williams, Colpani, et al., 2016).
Nevertheless, the results of these studies are equivocal due to the use of different
sets of confounders in the studies included in the meta-analyses (Armeni et al.,
2023). The mechanisms behind the linkage between menopausal symptoms and
metabolic health are not completely clear, but they could be explained by the
menopause-related changes in the hormonal milieu and body adiposity that are
known to contribute to the development of menopausal symptoms (Monteleone
et al., 2018) and changes in indicators of cardiometabolic health (El Khoudary et
al., 2020). However, these mechanisms are directly linked to menopausal status,
and therefore they would not explain the potential association between
menopausal symptoms and cardiometabolic health independent of menopausal
status.

In Study 1I, we observed a higher number of vasomotor, psychological, and
urogenital symptoms and that the total number of symptoms was associated with
increased total cholesterol, LDL-C, and HDL-C levels. However, the associations
diminished after controlling for confounders. This finding is contradictory to the
results of the SWAN study, where the frequency of VMS was directly associated
with higher LDL-C, HDL-C, and triglyceride levels independent of aging and
menopausal status (Thurston et al.,, 2012). Furthermore, in Studies II and III,
increased body adiposity was associated with a higher prevalence and severity
of total menopausal symptoms as well as severity of somato-vegetative and
psychological symptoms even after controlling for confounders. Our results are
in line with previous results indicating that VMS and other types of menopausal
symptoms are associated with unfavorable levels in indicators of cardiometabolic
health (Franco et al., 2015). However, it is still unclear if these associations are
independent of the menopausal transition or rather reflect the known increase in
the prevalence and severity of menopausal symptoms with the menopausal
transition (Woods & Mitchell, 2005).
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6.4 Physical activity and menopausal symptoms

Regardless of the vast amount of both experimental and observational studies on
the topic, the association between physical activity and menopausal symptoms
is not well understood (Daley et al., 2011; Nguyen et al., 2020; Pettee Gabriel et
al., 2015). Contradictory results on the topic may be partially explained by the
diversity of the association between physical activity and different symptoms,
which is caused by the heterogeneous nature of menopausal symptoms.
Currently, the overall evidence indicates that physical activity may not be
beneficial for mitigating VMS, but it may have a positive effect on psychological
and urogenital symptoms (Pettee Gabriel et al., 2015). Our results from Studies II
and III provide further evidence that physical activity may not be associated with
the prevalence or severity of menopausal symptoms, regardless of the symptom
type and model adjustments.

Interestingly, we found that total and lean body mass moderated the
association between physical activity and the severity of menopausal symptoms
in Study III. We observed strong indirect associations between physical activity
and the severity of menopausal symptoms in participants with lower total and
lean body mass, especially in total and psychological symptoms. This
observation may be explained by the differences in the types of activity in which
the participants with different lean body mass were engaging — that is, if exercise
that does not significantly increase body muscle mass (e.g., aerobic training) is
more beneficial for alleviating symptoms than exercise that builds muscle mass
(e.g., resistance training). This hypothesis is supported by the results from a small
experimental study with aerobic and resistance training interventions, where the
aerobic training intervention was more beneficial for alleviating the severity of
menopausal symptoms (Agil et al., 2010). Other than that, previous experimental
studies on this topic have mainly focused on aerobic exercise and yoga rather
than resistance training (Daley et al., 2011; Nguyen et al., 2020). Therefore, the
effect of different types of exercise on menopausal symptoms is not well known.

6.5 Prediction of the age at natural menopause

The prediction of menopausal age is challenging due to the irregularity of the
menopausal transition and significant individual differences in ANM, which is
largely controlled by genetic factors (De Bruin et al., 2001; Snieder et al., 1998).
Notably, the progression of the menopausal transition is often assessed using
hormonal levels, but there is significant inter- and intra-individual variability in
hormonal trajectories within the menstrual cycle as well as during the
menopausal transition (Harlow et al., 2012; Tepper et al., 2012). In Study IV, we
observed FSH and E2 to be strong predictors of ANM in middle-aged women.
Our finding that higher FSH levels indicates approaching natural menopause is
in line with the known increase in FSH levels during the menopausal transition
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(Harlow et al., 2012; Shifren et al., 2014). However, although E2 levels are known
to decrease around menopause, in our study, higher E2 levels were associated
with a shorter time to natural menopause. Similar associations have also been
reported previously, and our finding may be explained by the Ilate
perimenopausal increase in E2 levels that precedes the menopause-related
decrease (Santoro et al., 2007; Sowers et al., 2008).

In addition to direct measures of hormonal levels, menopausal symptoms
and irregularity in hormonal cycles have been identified as indicators of
approaching menopause in longitudinal studies (Santoro et al., 2007). Similarly,
we also observed that a higher prevalence of VMS and increased variability in
menstrual cycle length were distinctly associated with shorter time to natural
menopause. These findings concur with the well-documented effect of
menopause on the menstrual cycle as well as the known increase in the
prevalence of menopausal symptoms during the menopausal transition (Harlow
et al., 2012; Woods & Mitchell, 2005).

Previous research has shown that factors related to lifestyle and
socioeconomic status may also associate with ANM (Schoenaker et al., 2014).
However, these findings are mainly derived from cross-sectional studies in
which the lifestyle factors assessed reflected current status or lifetime exposure if
retrospective assessment was used. Due to our longitudinal study design with
multiple measurements and a relatively short follow-up time preceding
menopause in Study IV, our findings primarily reflect the changes that occur
during the menopausal transition rather than lifetime exposure. Based on the
feature selection by lasso regression in Study IV, we identified several factors
related to lifestyle and socioeconomic status, such as smoking, physical activity,
relationship status, and education, as potential indicators of approaching natural
menopause. However, the most distinct lifestyle-related finding in our study was
the indirect association between alcohol consumption and time to natural
menopause, indicating that women tend to increase their alcohol consumption
during the menopausal transition. Accordingly, the menopausal transition has
been shown to be a period of instability regarding alcohol consumption (Peltier
et al., 2020), but a previous longitudinal study did not observe an association
between alcohol consumption and time to menopause (Santoro et al., 2007).

The prediction models constructed in Study IV demonstrated adequate
predictive performance with good concordance between predicted and observed
ANM as well as with the model predictions being distinctly more accurate than
the predicted sample mean. Our results are not comparable with previous studies
on this topic, since the previous research used different methodological
approaches and predicted ANM using only a few predetermined hormonal
measurements (Finkelstein et al., 2020; Greendale et al., 2013; Hefler et al., 2006;
C. Kim et al., 2017). Nonetheless, the findings from the previous studies indicate
that there are some potentially significant predictors of ANM, such as AMH,
antral follicle count, and mother’'s ANM, that were not available in our dataset
(Depmann et al., 2016). Including those into the set of candidate predictors used
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in our study could have significantly influenced the set of predictors chosen for
the final models and improved the predictive performance of the models.

6.6 Strengths and limitations

The biggest advantage of this dissertation is its use of a unique longitudinal
dataset collected from the random sample of middle-aged women. The main
strengths of this study are the assessment of physical activity with accelerometers
and the accurate definition of menopausal status and the timing of the FMP using
repeated FSH measurements and information about menstrual cycles, which
enables the precise consideration of the progressing menopausal transition
during the follow-up period. Furthermore, the repeated measurements,
including DXA-measured body composition, comprehensive assessment of
blood-based biomarkers, and the assessment of the full spectrum of menopausal
symptoms and confounding factors are the other major upsides of the study.
Finally, the significant methodological advantage is the consistent use of multiple
imputation throughout the studies to improve the validity of the results and
reduce bias caused by the missing values.

The main limitation of this dissertation is related to the generalizability of
the results due to the homogenous study sample of white women and the
exclusion of women with severe obesity and severe medical disorders. This may
limit the generalizability of the findings to more heterogeneous populations with
ethnic diversity as well as participants with obesity and disabling conditions.
Additionally, causal inference methods were not used in this dissertation, and
therefore, it is not possible to distinguish between association and causality based
on the results. The assessment of the longitudinal changes in menopausal
symptoms was also limited in this dissertation due to the use of different and
incompatible symptom questionnaires at different time points. Consequently, the
questionnaire used for the assessment of menopausal symptoms in Study II had
not been validated and captured only the prevalence rather than the frequency
or severity of the symptoms.

There are also some limitations related to menopausal status assignments
and the assessment of the use of hormonal preparations. The use of a six-month
instead of a 12-month period of amenorrhea to verify the timing of menopause
may have led to the misclassification of menopausal status for some participants.
Although hormonal preparations were used as a confounder in the analyses, the
used measure only included information about the current use of hormonal
preparations but lacked more detailed information about the dosages and how
long they have been used. Furthermore, only including women who were 47
years or older and not postmenopausal in the baseline measurement may have
caused selection bias in Study IV, since women with earlier menopause were
more likely to be excluded.
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6.7 Future directions

With respect to previous research, the findings of this dissertation raise the need
for more longitudinal studies on multifaceted associations between physical
activity, cardiometabolic health, and menopausal symptoms around menopause.
The specific emphasis of such studies should be to consider the confounding role
of the menopausal transition in these associations. These kinds of studies are
warranted to gain more insight on the independent roles of physical activity and
different menopausal symptoms in the changes in individual indicators of
cardiometabolic health as well as in the overall risk of CMD around menopause.
Furthermore, more studies focusing on the physiology behind these associations
are needed to increase understanding of the underlying mechanisms.

Another substantive research topic based on our preliminary findings is the
potential role of body composition in the association between physical activity
and menopausal symptoms. In particular, experimental studies with an
emphasis on different types of exercise and menopausal symptoms would be
highly beneficial to provide further insight into this topic. For the prediction of
ANM, further studies with long-term follow-up time and a carefully
implemented selection of predictors are warranted to develop models for women
and for clinical work that would be user-friendly and provide more accurate
information about the timeline to menopause.
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7 MAIN FINDINGS AND CONCLUSIONS

The main findings of this dissertation are as follows:

1. Increases in blood lipid, blood glucose, and blood pressure levels occur in
middle-aged women, and the rate of the increase accelerates near menopause.
A higher level of physical activity is associated with favorable blood lipid lev-
els, but it may not counteract the changes that occur around menopause.
However, being physically active may mitigate the increase in blood pressure
in middle-aged women. Although physical activity may not be effective for
counteracting menopause-related changes in indicators of cardiometabolic
health, our findings highlight the importance of an active lifestyle in women
for maintaining a favorable cardiometabolic risk factor profile throughout the
lifespan.

2. The prevalence and severity of menopausal symptoms are associated with
increased total cholesterol, LDL-C, and HDL-C levels as well as increased
body adiposity in middle-aged women. However, the associations between
menopausal symptoms and cholesterol levels may not be independent of age
and menopausal status. These results suggest that maintaining a healthy
weight may be beneficial for the management of menopausal symptoms.

3. Physical activity level is not associated with the prevalence and severity of
menopausal symptoms in middle-aged women overall. However, body com-
position may moderate the association between physical activity and meno-
pausal symptoms. Consequently, being physically active may be more bene-
ficial for the management of menopausal symptoms in women with lower
total and lean body mass.

4. Higher estradiol and FSH levels, the prevalence of menopausal symptom:s,
and menstrual cycle irregularity are strong indicators of approaching meno-
pause in middle-aged women. Furthermore, measures of alcohol consump-
tion, smoking, relationship status, and physical activity may provide
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additional information for assessing the timeline to menopause. These find-
ings suggest that, in addition to well-known indicators of approaching men-
opause, easily accessible measures related to lifestyle, socioeconomic status,
and gynecological history could provide useful information for the prediction
of the ANM for middle-aged women and the clinicians working with them.
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YHTEENVETO (SUMMARY IN FINNISH)

Vaihdevuodet tarkoittavat ajanjaksoa naisten eldméssé, jolloin munasarjojen toi-
minta heikkenee ja lopulta ssmmuu kokonaan, mika johtaa myos kuukautisten
loppumiseen. Munasarjojen toiminnan heikkenemisen seurauksena vaihdevuo-
sien aikana tapahtuu monia hormonaalisia muutoksia, joista tyypillisimpid ovat
elimiston estradiolipitoisuuden lasku ja follikkelia stimuloivan hormonin pitoi-
suuden nousu. Menopaussilla tarkoitetaan viimeisten spontaanisti tapahtuvien
kuukautisten ajankohtaa. Useimmat naiset kokevat menopaussin 40 ja 58 ikdvuo-
den vilissd, ja Suomessa sen keskimdardinen ajankohta on noin 50 vuotta.

Vaihdevuosilla on havaittu olevan merkittavid vaikutuksia naisten tervey-
teen ja elamédnlaatuun. Vaihdevuosioireita, joista tyypillisimpid ovat kuumat aal-
lot ja hikoilupuuskat, kokee jopa yli 85 % naisista. Sekd vaihdevuosien ettd vaih-
devuosioireiden on havaittu olevan yhteydessad epdedullisiin muutoksiin mo-
nissa aineenvaihdunta- sekd sydan- ja verenkiertoelimiston sairauksien riskiteki-
joissd. Toisaalta sdannolliselld fyysiselld aktiivisuudella on useissa havain-
noivissa ja kokeellisissa tutkimuksissa todettu olevan positiivisia vaikutuksia yk-
sittdisiin kardiometabolista terveyttd kuvaavien muuttujien tasoihin seké kardio-
metabolisten sairauksien riskiin. Fyysinen aktiivisuus saattaa myos helpottaa
vaihdevuosioireita.

Tdamdn vaitoskirjatutkimuksen tarkoituksena oli tutkia fyysisen aktiivisuu-
den, vaihdevuosioireiden ja kardiometabolisen terveyden vilisid yhteyksid vaih-
devuosien aikana. Lisédksi vaitoskirjassa tutkittiin, mitka tekijat ennustavat ldhes-
tyvdd luonnollista menopaussia naisilla keski-idssd. Tutkimuksessa kdytettiin
Estrogeeni, vaihdevuodet ja toimintakyky (ERMA) -tutkimuksessa seké sen neli-
vuotisseurantatutkimuksessa Estrogeeni, mikro-RNA:t ja metabolisten toiminta-
hédiriciden riski (EsmiRs) kerattyd poikittais- ja pitkittdisaineistoa. Tutkittavat oli-
vat alkumittauksissa 47-55-vuotiaita naisia, ja tutkittavien méaara vaihteli osa-
toissd 279:n ja 1393:n valilla. Tutkittavien fyysistd aktiivisuutta arvioitiin aktiivi-
suusmittausten sekd kyselylomakkeiden avulla, ja vaihdevuosioireiden maaraa
sekd haittaavuutta kyselylomakkeiden avulla. Kardiometabolista terveytta arvi-
oitiin kolesteroli-, triglyseridi-, verensokeri- ja verenpainetasojen avulla seké
kayttamalld kaksienergiaisen rontgen- absorptiometrian avulla mitattuja kehon-
koostumusmuuttujia.

Tutkimuksessa veren rasva-arvojen, verensokerin ja verenpaineen havait-
tiin kohoavan seurannan aikana ja ndiden muutosten olevan suurempia lahelld
menopaussin ajankohtaa. Suurempi fyysinen aktiivisuus oli yhteydessé tervey-
delle edullisten rasva-arvojen kanssa, mutta sen ei havaittu olevan yhteydessa
seurannan aikana tapahtuviin muutoksiin muissa kardiometabolista terveytta
kuvaavissa muuttujissa kuin systolisessa verenpaineessa. Vaihdevuosioireiden
suurempi mddrd ja haittaavuus olivat yhteydessd suurempaan kehon rasvaisuu-
teen sekd terveydelle epdedullisiin rasva-arvoihin. Vaihdevuosioireiden ja rasva-
arvojen yhteydet eivit kuitenkaan olleet itsendisiad sekoittavista tekijoistd, kuten
ikd ja vaihdevuosistatus. Fyysisen aktiivisuuden ei havaittu olevan yhteydessa
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vaihdevuosioireisiin, mutta kehonkoostumus-muuttujien havaittiin toimivan
moderaattorina fyysinen aktiivisuuden ja vaihdevuosioireiden vilisessd yhtey-
dessd. Tutkittaessa luonnollisen menopaussin ajankohtaa ennustavia tekijoita
etenkin korkeampien estradiolin ja follikkelia stimuloivan hormonin pitoisuuk-
sien, vaihdevuosioireiden sekd epdsdannollisen kuukautiskierron havaittiin en-
nustavan ldhestyvad luonnollista menopaussia. Lisdksi havaittiin, ettd monet ela-
méntapoja ja sosioekonomista statusta kuvaavat muuttujat, kuten alkoholin-
kaytto, tupakointi, fyysinen aktiivisuuden taso sekd koulutustaso, saattavat aut-
taa menopaussin ajankohdan ennustamisessa.

Tama viitoskirjatutkimus osoittaa, ettd ikdantymiseen liittyva kardiometa-
bolisen terveyden heikkeneminen kiihtyy naisilla vaihdevuosien aikana. Fyysi-
sen aktiivisuuden avulla ei vélttamattd pystytd ehkdisemddn nditd vaihdevuo-
sien aikana tapahtuvia muutoksia, mutta sdannollinen fyysinen aktiivisuus vai-
kuttaa edistdvan naisten kardiometabolista terveyttd myos keski-idssd. Tutki-
muksen tulokset viittaavat siihen, ettd painonhallinta saattaa helpottaa vaihde-
vuosioireita sekd auttaa niiden ennaltaehk&isemisessd. Saannollinen fyysinen ak-
tiivisuus ei vélttamattd helpota vaihdevuosioireita kaikilla naisilla, mutta tulos-
ten perusteella kehonkoostumus saattaa vaikuttaa fyysisen aktiivisuuden ja vaih-
devuosioireiden viliseen yhteyteen. Etenkin naisilla, joilla on pienempi kehon
massa ja rasvaton kehon massa, fyysinen aktiivisuus saattaa helpottaa vaihde-
vuosioireita. Tulosten perusteella menopaussin ajankohdasta on mahdollista
saada tietoa hormonaalisten mittauksien lisdksi myos helposti méadritettdavissa
olevien itseraportoitavien muuttujien avulla.
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APPENDICES

SUPPLEMENTARY TABLE 1 Participant characteristics in the last measurement conducted
before the last known bleeding period in Study IV.

Participants All
with known participants
ANM (n =105) (n=279)

Hormone levels (n) 105 279
Estradiol [nmol/L] 044 +0.37 0.42+0.40
Follicle-stimulating hormone [IU/L] 444 + 30.0 31.6+29.7
Menstrual cycle characteristics (n) 67 181
Cycle length mean [d] 49.8+219 39.9+19.3
Cycle length standard deviation [d] 30.1£225 20.6 £21.7
Menopausal symptoms and gynecological 105 71
history (n)
Vasomotor symptoms?

No 10 (11) 34 (93)

Yes 90 (94) 66 (178)
Somatic or pain symptoms?

No 56 (59) 73 (197)

Yes 44 (46) 27 (74)
Psychological symptoms?

No 31 (33) 45 (123)

Yes 69 (72) 55 (148)
Urogenital symptoms?

No 56 (59) 64 (174)

Yes 46 (44) 36 (97)
Use of hormonal contraception?

Never 85 (89) 64 (174)

Former 15 (16) 36 (97)
Lifestyle and socioeconomic status (n) 103 268
Alcohol consumption [portions/week] 430+4.21 3.62+3.72
Single physical activity questionab

1 1() 4 (10)

2 5(5) 8 (22)

3 10 (10) 9(24)

4 30 (31) 24 (63)

5 42 (43) 38 (102)

6 12 (12) 16 (44)

7 1() 1(3)
Smoking?

Never 73 (75) 67 (180)

Former 25 (26) 27 (72)

Current 2(2) 6 (16)
Education?

Primary or secondary 50 (52) 52 (140)

Tertiary 50 (53) 48 (130)
Relationship status?

Single 17 (18) 23 (61)

In a relationship 83 (85) 77 (207)

Data are mean * standard deviation unless otherwise specified. ANM, Age at natural
menopause; ® Data are % (n);  Greater number indicates higher level of physical activity.
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SUPPLEMENTARY TABLE 2 Pooled linear mixed-effect model estimates for the association between the number of menopausal symptoms and
blood-based biomarker levels for longitudinal study design in Study II (n = 298).

Low-density lipo-

High-density lipo-

Eﬁ:;{);/}ll]o lesterol protein cholesterol  protein cholesterol Glucose [mmol/I] E::Egﬁf ides
[mmol/I] [mmol/1]
B 95% CI B 95% CI B 95% CI B 95% CI B 95% CI
Total number of symptoms
Model 1 Main effect 0.04 [-0.01,0.09] 0.04 [0.00, 0.08] 0.00 [-0.03,0.02] 0.01 [-0.02,0.03] 0.03 [-0.01,0.06]
Interaction with time 0.00 [-0.04,0.05] 0.00 [-0.04,0.04] -0.01 [-0.03,0.01] -0.01 [-0.04,0.02] 0.02 [-0.01,0.05]
Model 2 Main effect 0.00 [-0.05,0.06] 0.02 [-0.03,0.06] -0.02 [-0.04,0.01] 0.00 [-0.03,0.03] 0.02 [-0.02,0.05]
Interaction with time 0.02 [-0.03,0.07] 0.01 [-0.03,0.06] 0.00 [-0.02,0.02] -0.01 [-0.04,0.02] 0.02 [-0.01,0.05]
Number of vasomotor symptoms
Model 1 Main effect 0.15*  [0.02, 0.28] 0.12* [0.01, 0.24] 0.03 [-0.04,0.09] -0.02 [-0.10,0.05] 0.05 [-0.04,0.15]
Interaction with time -0.03 [-0.16,0.09] -0.02 [-0.13,0.09] -0.02 [-0.08,0.03] -0.04 [-0.12,0.03] 0.07 [-0.01,0.14]
Model 2 Main effect 0.03 [-0.11,0.18] 0.05 [-0.08,017] -0.03 [-0.10,0.04] -0.04 [-0.12,0.04] 0.01 [-0.09,0.11]
Interaction with time 0.04 [-0.09,0.17] 0.03 [-0.08,0.15] 0.01 [-0.04,0.07] -0.02 [-0.11,0.06] 0.09* [0.01,0.17]
Number of psychological symptoms
Model 1 Main effect 0.05 [-0.06,0.15] 0.06 [-0.03,0.16] -0.01 [-0.07,0.04] 0.01 [-0.050.07] 0.04 [-0.03,0.12]
Interaction with time 0.03 [-0.07,0.13] 0.02 [-0.06,0.11] -0.01 [-0.05,0.03] 0.00 [-0.06,0.06] 0.01 [-0.05,0.07]
Model 2 Main effect 0.01 [-0.10,0.11] 0.04 [-0.06,0.13] -0.03 [-0.09,0.02] 0.01 [-0.050.07] 0.02 [-0.05,0.10]
Interaction with time 0.04 [-0.05,0.14] 0.03 [-0.06,0.12] 0.01 [-0.04,0.05] 0.00 [-0.06,0.06] 0.00 [-0.06,0.07]
Number of somatic or pain symptoms
Model 1 Main effect 0.12 [-0.09,033] 0.09 [-0.09,028] 0.00 [-0.11,011] 0.02 [-0.10,0.14] 0.11  [-0.04, 0.26]
Interaction with time 0.00 [-0.20,0.20] 0.00 [-0.17,017] -0.04 [-0.13,0.05] -0.06 [-0.19,0.06] -0.04 [-0.17,0.08]
Model 2 Main effect 0.05 [-0.16,0.26] 0.04 [-0.14,0.23] -0.03 [-0.14,0.08] 0.00 [-0.12,0.12] 0.09 [-0.07,0.24]
Interaction with time 0.05 [-0.15,0.25] 0.03 [-0.14,0.20] 0.00 [-0.10,0.09] -0.06 [-0.19,0.06] -0.05 [-0.18,0.08]
Number of urogenital symptoms
Model 1 Main effect 0.04 [-0.10,0.17] 0.04 [-0.08,0.15] -0.01 [-0.08 0.06] 0.04 [-0.04,011] 0.04 [-0.05,0.14]
Interaction with time -0.01 [-0.14,011] 0.00 [-0.11,0.11] -0.05 [-0.11,0.00] -0.01 [-0.09,0.06] 0.06 [-0.02,0.14]
Model 2 Main effect -0.03 [-017,011] -0.01 [-0.13,0.11] -0.04 [-0.11,0.03] 0.04 [-0.04,0.11] 0.02 [-0.08,0.12]
Interaction with time 0.01 [-0.11,0.14] 0.01 [-0.10,0.12] -0.03 [-0.09,0.03] -0.01 [-0.09,0.07] 0.07 [-0.01,0.15]

Model 1 is a simple linear regression model. Model 2 is adjusted for age, body mass index, menopausal status, use of hormonal preparations, education,
smoking, and alcohol consumption. CI, confidence interval; * p < 0.05, ** p < 0.01, *** p < 0.001



SUPPLEMENTARY TABLE 3 Pooled linear mixed-effect model estimates for the association between the number of menopausal symptoms with
blood pressure, body adiposity, and physical activity levels for longitudinal study design in Study II (n = 298).

Systolic blood Diastolic blood Total fat mass [kg]* Android fat mass PA, Mean MAD
pressure [mmHg] pressure [mmHg] [kg]2 [mg]
B 95% CI B 95% CI B 95% CI B 95% CI B 95% CI
Total number of symptoms
Model 1 Main effect 0.58 [-0.37,1.53] 040 [-0.12,092] 034 [-0.18,085] 0.03 [-0.03,0.09] -0.14 [-0.65,0.38]
Interaction with time -040 [-1.29,049] -0.13 [-0.59,0.34] 0.06 [-0.37,049] 0.01 [-0.04,0.06] -0.29 [-0.82,0.23]
Model 2 Main effect 0.34 [-0.63,1.31] 018 [-0.35,0.71] 0.18 [-0.36,0.72] 0.01  [-0.05,0.07] 0.00 [-0.55,0.54]
Interaction with time -035 [-1.25,055] -0.03 [-0.48,043] 0.15 [-0.30,0.59] 0.02 [-0.03,0.07] -0.30 [-0.82,0.23]
Number of vasomotor symptoms
Model 1 Main effect -091  [-3.52,169] -043 [-1.87,1.02] 074 [-0.72,221] 0.08 [-0.08,0.24] -0.67 [-2.06,0.72]
Interaction with time -0.15  [-2.68,237] 0.01 [-1.33,135] -0.21 [-1.49,1.07] -0.03 [-0.18,0.12] -0.27 [-1.72,1.19]
Model 2 Main effect -1.71 [4.39,098] -116 [-2.62,030] 029 [-1.28,1.86] 0.02 [-0.15,0.20] -047 [-1.93,1.00]
Interaction with time 0.37 [-2.18,291] 059 [-0.71,190] 0.09 [-1.26,1.44] 0.01 [-0.15,0.16] -0.35 [-1.80,1.11]

Number of psychological symptoms

Model 1 Main effect 1.30  [-0.80,341] 093 [-0.22,2.07] 053 [-0.62,1.67] 0.04 [-0.09,0.17] 0.03 [-1.07,1.12]
Interaction with time -1.18  [-3.18,0.83] -0.55 [-1.61,0.50] 046 [-0.52,1.45] 0.05 [-0.06,0.16] -0.87 [-1.95,60.22]

Model 2 Main effect 096  [-1.11,3.03] 0.68 [-042,1.78] 038 [-0.78,1.54] 0.02 [-0.10,0.15] 0.28 [-0.85,61.42]
Interaction with time -1.22 [-3.16,0.71] -0.54 [-1.52,045] 052 [-048,151] 0.06 [-0.050.17] -0.81 [-1.91,0.29]

Number of somatic or pain symptoms

Model 1 Main effect 283  [-1.28,694] 091 [-1.34,317] 106 [-1.22,335] 0.08 [-0.180.34] -0.02 [-2.20,2.16]
Interaction with time -1.93  [-5.79,193] -0.31 [-2.35,1.74] -0.07 [-2.08,1.94] -0.02 [-0.25,0.22] 0.31  [-1.98,2.59]

Model 2 Main effect 195  [-2.09,598] 023 [-1.93,240] 062 [-1.69,293] 0.03 [-0.23,029] 0.24 [-1.96,2.44]
Interaction with time -1.86  [-5.76,2.04] -0.08 [-2.08,1.92] 015 [-1.90,220] 0.01 [-0.23,0.25] 0.34  [-1.90, 2.58]

Number of urogenital symptoms

Model 1 Main effect 1.89  [-0.71,448] 1.47 [0.00,2.93] 043  [-1.00,1.87] 0.05 [-0.11,0.22] -0.39 [-1.80,1.03]
Interaction with time -0.07  [-2.56,242] 010 [-1.25,146] -0.07 [-1.37,1.22] 0.00 [-0.150.15] -0.61 [-2.05, 0.84]

Model 2 Main effect 145  [-1.12,4.01] 1.08 [-0.32,248] 016 [-1.30,1.62] 0.02 [-0.14,0.19] -0.21 [-1.62,1.20]

Interaction with time 0.08 [2.36,2.53] 026 [-1.00,1.52] 0.08 [-1.20,1.36] 0.02 [-0.13,0.17] -0.57 [-2.00, 0.85]
Model 1 is a simple linear regression model. Model 2 is adjusted for age, body mass index, menopausal status, use of hormonal preparations, education,
smoking, and alcohol consumption unless otherwise specified. 2Model 2 is adjusted for age, menopausal status, use of hormonal contraception, education,
smoking status, and alcohol consumption. CI, confidence interval; PA, physical activity; MAD, mean amplitude deviation; * p < 0.05, ** p < 0.01, *** p < 0.001




SUPPLEMENTARY TABLE 4 Pooled linear regression estimates for the association of base-
line physical activity and body composition with the severity of menopausal symptoms at
follow-up measurement in Study III for participants that did not report any symptoms at
baseline (n = 82).

Severity of . .
Total severity somato- Severity Of. Severlty of
. psychological urogenital
of symptoms vegetative
symptoms symptoms
symptoms
B 9%5% CI B 9%5% CI B 9%5% CI B 95% CI
PA, Mean MAD [10 mg]
i [-1.12, ) [-0.58, [-0.32, i [-0.49,
Model1 -0.25 0.63] 0.18 0.23] 0.08 0.48] 0.15 0.20]
[-1.08, [-0.55, [-0.38, [-0.43,
Model 2 15 072 013 0.29] 003  0.44] 008 507]
Total body mass [kg]?
[-0.07, [-0.05, [-0.01, [-0.04,
Model1 0.01 0.10] -0.01 0.03] 0.02 0.06] 0.00 0.03]
[-0.13, [-0.07, [-0.03, [-0.05,
Model 2 55 0.06] 20.03  0.02] 001  0.05] 0026 001
Body fat mass [kg]*
[-0.09, [-0.06, 0.02  [-0.03, [-0.04,
Model1 0.01 0.12] 0.00 0.05] 0.06] 0.00 0.04]
[-0.39, [-0.16, [-0.20, [-0.13,
Model 2 -0.04 0.31] 0.01 0.17] -0.05 0.10] 001 0.14]
Lean body mass [kg]»
[-0.09, ) [-0.15, [-0.02, i [-0.13,
Model1 0.03 0.12] 0.03 0.09] 0.08 0.19] 0.03 0.07]
[-0.29, [-0.16, [-0.09, [-0.15,
Model 2 0.04 0.37] 0.00 0.16] 0.06 0.20] -0.02 0.11]

Model 1 is a simple linear regression model. Model 2 is adjusted for age, menopausal status, use
of hormonal preparations, education, smoking, and alcohol consumption. @ Model 2 is
additionally adjusted for body height. CI, confidence interval; PA, physical activity; MAD,
mean amplitude deviation; * p < 0.05, ** p < 0.01, *** p < 0.001
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BACKGROUND: In women, metabolic health deteriorates after menopause, and the role of physical activity (PA) in mitigating the
change is not completely understood. This study investigates the changes in indicators of metabolic health around menopause and
evaluates whether PA modulates these changes.

METHODS: Longitudinal data of 298 women aged 48-55 years at baseline participating in the ERMA and EsmiRs studies was used.
Mean follow-up time was 3.8 (SD 0.1) years. Studied indicators of metabolic health were total and android fat mass, waist
circumference, waist-to-hip ratio (WHR), systolic (SBP) and diastolic (DBP) blood pressure, blood glucose, triglycerides, serum total
cholesterol, and high- (HDL-C) and low-density (LDL-C) lipoprotein cholesterol. PA was assessed by accelerometers and
questionnaires. The participants were categorized into three menopausal groups: PRE-PRE (pre- or perimenopausal at both
timepoints, n = 56), PRE-POST (pre- or perimenopausal at baseline, postmenopausal at follow-up, n = 149), and POST-POST
(postmenopausal at both timepoints, n = 93). Analyses were carried out using linear and Poisson mixed-effect models.
RESULTS: At baseline, PA associated directly with HDL-C and inversely with LDL-C and all body adiposity variables. An increase was
observed in total (B=1.72, 95% Cl [0.16, 3.28]) and android fat mass (0.26, [0.06, 0.46]), SBP (9.37, [3.34, 15.39]), and in all blood-
based biomarkers in the PRE-POST group during the follow-up. The increase tended to be smaller in the PRE-PRE and POST-POST
groups compared to the PRE-POST group, except for SBP. The change in PA associated inversely with the change in SBP (—2.40,
[—4.34, —0.46]) and directly with the change in WHR (0.72, [0.05, 1.38]).

CONCLUSIONS: In middle-aged women, menopause may accelerate the changes in multiple indicators of metabolic health. PA
associates with healthier blood lipid profile and body composition in middle-aged women but does not seem to modulate the

changes in most of the studied metabolic health indicators during the menopausal transition.
International Journal of Obesity (2022) 46:544-554; https://doi.org/10.1038/s41366-021-01022-x

INTRODUCTION
Metabolic health is an umbrella term for factors that combine
several aspects of cellular, cardiovascular, and cardiorespiratory
health and well-being. Body adiposity, anthropometrics, blood
pressure, and blood-based biomarkers, such as serum lipids and
blood glucose, can be clinically used to evaluate metabolic health.
One established method is to use the diagnostic criteria of
metabolic syndrome (MetS) [1], a multifaceted disorder predis-
posing individuals to severe health concerns, such as athero-
sclerotic heart disease [2] and type Il diabetes [3]. Although there
is a significant genetic component in the individual variance of
metabolic health and emergence of MetS risk factors [4],
unhealthy lifestyle habits, such as physical inactivity, are proposed
to be a major contributor.

The effect of menopause on metabolic health and the
development of MetS has been an increasing area of interest, as

nowadays women in Western countries are expected to live in the
postmenopausal state for more than one third of their lives [5-71.
Menopausal transition and the accompanying changes in the
hormonal milieu (e.g., decrease in the systemic estradiol (E2)
levels) have been associated with unfavorable changes in several
indicators of metabolic health [8, 9]. For instance, increased blood
glucose [10], accumulation of abdominal adiposity [11] as well as
unhealthy changes in serum lipids [12] have been reported during
menopausal transition. Additionally, menopause-related increase
in inflammation marker levels [13] and decrease in muscle mass
[14] have an additive negative impact on metabolic health.
Therefore, it is not surprising that in women the incidence of MetS
and cardiovascular disease increases after menopause [8, 15].
Physical activity (PA) has been widely proposed to improve the
metabolic risk factor profile and cardiovascular health. Literature
suggests that regular PA decreases total and visceral fat mass,
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improves insulin sensitivity, prevents dyslipidemia, and decreases
systolic (SBP) and diastolic (DBP) blood pressure [16-18]. Thus, it
can be used for the prevention and treatment of MetS. However,
the associations between PA and changes in indicators of
metabolic health around menopause are understudied as only
few longitudinal studies have been conducted using device-
measured PA [12, 19]. Moreover, these studies included only
women transitioning from pre- or perimenopause to postmeno-
pause and therefore could not address the contemporaneous
aging-related changes.

The objective of this study was to investigate the changes
around menopause in serum lipids and glucose, blood pressure,
and body adiposity as indicators of metabolic health. Additionally,
the aim was to evaluate whether PA modulates these changes
using unique longitudinal data from the study of middle-aged
women with different menopausal status.

MATERIALS AND METHODS

Study design and population

This study utilized the data from the observational Estrogenic Regulation
of Muscle Apoptosis (ERMA) and Estrogen, MicroRNAs and the Risk of
Metabolic Dysfunction (EsmiRs) studies. The participant selection for the
ERMA study has been described in detail elsewhere [20]. Briefly, out of the
6 878 randomly selected women aged 47-55 years living in Central
Finland, 1393 consented and met the inclusion criteria for the baseline
measurements (Fig. 1). Exclusion criteria included conditions and the use
of medications affecting ovarian function and systemic hormone or
inflammatory status, such as bilateral oophorectomy, pregnancy, lactating,
severe obesity (self-reported body mass index (BMI) > 35 kg/mz), or the use
of estrogen-containing medications and continuous cortisone or inflam-
matory drug treatment [20].

Cohort of 47-55-year-old women (n=6 878)

o | Not responding (n=3 649)
ld Not willing (n=165)
A
Prequestionnaires (n=3 064)
Did not consent (n=445)
> Excluded (n=997)
Discontinued (n=229)
A 4
Baseline measurement and menopausal
group assignments (n=1 393)
g Did not consent to be
gl contacted (n=582)
\ 4
Invited to 4-year follow-up
(n=811)
[ Not responding (n=289)
gl Not willing (n=28)
A 4
4-year follow-up questionnaires (n=494)
Did not consent (n=25)
Excluded (n=56)
[ Not willing (n=16)
> Laboratory visits
discontinued due to the
A\ 4 COVID-19 (n=99)

4-year follow-up physiological measures
and menopausal group assignments
(n=298)

Fig. 1 Flow chart of the study. The flow chart describes the
participant enrollment and selection procedure of the ERMA and
EsmiRs studies with detailed information about the exclusions and
discontinuations during each phase of the study.
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The 4-year follow-up measurements were carried out in the EsmiRs
study. Out of the 811 participants measured in the ERMA baseline who
consented to be contacted, 494 were willing to participate in the EsmiRs
questionnaire. Of these participants, 56 were excluded, 25 did not consent,
and 16 were not willing to continue to physiological measurements. The
participants were excluded due to having more than 7 years from
menopause based on the self-reports (n = 46), diabetes requiring regular
insulin therapy (n=2), severe cardiovascular dysfunction (n=2), or
diagnosed with cancer during the follow-up (n=6). Furthermore, 99
participants could not be measured because of the COVID-19 lockdown.
Consequently, the final study sample included 298 white women (Fig. 1).
To estimate potential selection bias, sensitivity analyses comparing the
included sample to the rest of the measured participants (n = 1095) at the
ERMA baseline for all outcome variables and accelerometer-measured PA
were conducted.

The recruiting for the ERMA study was conducted in 2014. The baseline
measurements were initiated at the beginning of 2015, and they lasted
until the end of 2016. The recruiting for the EsmiRs study started in
November 2018 and laboratory measurements were initiated in January
2019. They were discontinued on March 16, 2020 due to the COVID-19
pandemic. The study was performed in accordance with the Declaration of
Helsinki. All participants provided written informed consent, and the study
was approved by the ethical committee of the Central Finland Health Care
District (ERMA 8U/2014 and EsmiRs 9U/2018).

Menopausal status assignments

Blood sampling after overnight fasting was performed in a supine position
from the antecubital vein during days 1-5 of menstrual cycle if the cycle
was predictable. Serum was separated from whole blood and stored at
—80 °C before analysis. Serum concentrations of E2 and follicle-stimulating
hormone (FSH) were determined using IMMULITE® 2000 XPi (Siemens
Healthineers, Erlangen, Germany) according to the manufacturer’s
instructions.

Participants were categorized as pre-, peri-, or postmenopausal in both
measurements based on the FSH concentrations and self-reported
menstrual bleeding diaries using the adapted Stages of Reproductive
Aging Workshop (STRAW + 10) guidelines [20]. The participants were
divided into three groups based on how their menopausal status changed
during the study. PRE-POST group (n=149) consisted of women who
experienced menopause during the follow-up period. That is, they were
categorized as pre- or perimenopausal in the baseline and postmenopau-
sal in the follow-up measurement. Furthermore, women that were pre- or
perimenopausal (PRE-PRE, n = 56) or postmenopausal (POST-POST, n = 93)
in both measurements were designated to their respective groups.

Indicators of metabolic health

Blood pressure and anthropometrics were measured after overnight
fasting. SBP and DBP was measured twice in a sitting position after 10 min
rest using Omron M6 Comfort (Omron Healthcare, Kioto, Japan) with a
standard size cuff and the mean values of the measurements were used.
Waist circumference was measured in light underwear midway between
the superior iliac spine and the lower rib margin, and hip circumference at
the level of the greater trochanters [21]. Body mass and height were
measured with standard procedures and BMI was computed by dividing
the body mass with squared body height. Total body fat mass and
percentage, android fat mass, and fat free mass were assessed with dual-
energy X-ray absorptiometry (DXA; LUNAR, GE Healthcare, Chicago,
IL, USA).

Serum samples collected during menopausal status assignment were
also used for outcome variable analysis. Serum glucose, high- (HDL-C), low-
density lipoprotein cholesterol (LDL-C), total cholesterol, and triglycerides
were measured with KONELAB 20 XTi analyzer (Thermo Fischer Scientific,
Vantaa, Finland).

The updated ATP Il criteria for MetS risk factors was used [1]. The
defining levels for risk factors were =88 cm for waist circumference, >130/
=85mmHg for blood pressure, =1.69 mmol/l for serum triglycerides,
>5.6 mmol/l for blood glucose, and <1.29 mmol/I for HDL-C.

Physical activity

Accelerometry-measured PA was assessed in both timepoints by triaxial
ActiGraph GT3X and wGT3X accelerometers (ActiGraph LLC, Pensacola, FL,
USA) with an accompanied diary. Participants were instructed to wear the
accelerometers for seven consecutive days on their right hip during

SPRINGER NATURE

545



M. Hyvérinen et al.

546

waking hours, except during water-based activities. The data were
collected at 60 Hz and the Euclidian norm of the resultant acceleration
was computed for each timepoint. Consequently, the mean amplitude
deviations (MAD) were computed for non-overlapping 5 s epochs, and the
mean MAD value for 1 min epochs were determined based on the 5s MAD
values [22]. The accelerometer-measured MAD (ACC-MAD) reflects the
directly measured acceleration and captures the volume of the activity in
the entire intensity profile [23] and has been validated against oxygen
consumption [24]. Non-wear time was identified as any epoch of at least
60 min with 1 min MAD continuously less than 0.001g (g denotes the
gravitational acceleration on Earth)." A minimum of 3 days with a wear
time of 10 h or more was regarded as a valid measurement.” Finally, the
ACC-MAD was determined for wear time for each measurement. For
supplementary information, we defined activity with intensity higher or
equal to 0.091 g as moderate-to-vigorous physical activity (MVPA) [24]. The
ACC-MAD was strongly associated (r=0.88 and r = 0.79) with the amount
of MVPA and ActiGraph counts [25], respectively.

Additionally, PA was assessed by a self-reported questionnaire (SR-PA)
[26]. Briefly, the questionnaire included four questions about the average
frequency, intensity, and duration of leisure time PA bouts as well as the
average duration of the commuting activity. Based on the responses, the
metabolic equivalent (MET) hours per day for leisure time PA was
calculated.

Covariates

The use of medications and lifestyle habits were assessed by a structured
questionnaire at baseline and follow-up measurements. Responses were
used to assess alcohol consumption in portions per week and current
smoking status (nonsmoker/smoker). Participants also reported their use of
regular prescription medications that were categorized using the
Anatomical Therapeutic Chemical (ATC) classification [27]. The use of
medications was assessed (non-user/user) separately in preparations
affecting blood pressure (ATC C02-05 and C07-09), serum lipids (ATC
C10), and thyroid function (ATC H03).

Based on self-reports, participants were classified as being either non-
user, only estrogen, only progestogen or combined estrogen and
progestogen users. Exogenous sex hormone preparations for contra-
ceptive and hormone replacement therapy use, such as pills, intra-uterine
device, patches, and transdermal gels but not intravaginal local estrogen
therapy were included. Diet quality score (DQS) was computed based on a
food-frequency questionnaire as reported previously [14]. Shortly, DQS
consisted of 11 elements characteristic to a healthy diet by the Nordic
Nutrition Recommendations 2012. A higher intake of whole-grains,
vegetables, fruits and berries, low-fat dairy, fish, and nuts and seeds, and
a lower intake of processed grains, processed meats, sugary beverages, fast
foods, and sweet or salty snacks were regarded as beneficial. Each
component accounted for was worth of 1 point, and the maximum score
available was therefore 11 points. A higher DQS score was regarded to
reflect a healthier diet. The DQS was partly adapted from Masip et al. [28].

Missing data

The percentage of missing values across the variables separately for each
timepoint varied from 0 to 21%. The number of valid measurements for
298 participants in each variable is presented in Table 1. The total number
of missing data values was 741 out of 13,708 (5%). Missing data occurred
due to invalid or missing measurements as well as unclear or incomplete
questionnaire responses. Missing data were assumed to occur at random
and multiple imputation was used to create and analyse 50 multiply
imputed data sets. Multiple imputation was carried out in R [29] using the
“mice” package [30]. All variables measured at the same timepoint and the
target variable measurement from the other timepoint were used for
imputation of each variable. The number of iterations was set to 50 and
passive imputation was used for the derived waist-to-hip ratio (WHR)
variable. The model parameters were estimated in each imputed dataset
separately and pooled using Rubin’s rules [31]. For comparison, we also

"The threshold of 0.001 g was determined based on the
correspondence with the self-reported wear time in this population
(r=10.70). Self-reported wear time was not used in the analysis due to
the invalid and missing entries in the diaries.

2Seven valid days were recorded in 89% (462/528) of the
measurements.
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performed the complete case analysis and there was no notable difference
in the results that would have led to different conclusions.

Statistical analysis

The main analyses were carried out using linear and Poisson mixed-effect
models with random intercept [32]. For each outcome variable, the fixed
effects were time (0 = baseline, 1 = follow-up), menopausal group, ACC-
MAD, and interactions between time and group as well as time and ACC-
MAD. The interactions were included in the models to study how the
change in PA associate with the change in outcome variables during the
follow-up. Furthermore, the covariates included as fixed effects were mean
centered age at baseline and the use of hormonal preparations. Residual
plots, Q-Q plots, and correlation analysis were used for testing the model
assumptions. The analyses were carried out in R using the “nime” [33] and
“Ime4” [34] packages.

Based on the literature, we identified candidate covariates related to
lifestyle habits and the use of medications that may be associated with
the outcome variables. Their distributions in the study population are
presented in detail in Supplementary Table 1. However, to our
consideration, lifestyle habits and the use of antihypertensives, lipid-
modifying agents or thyroid therapy do not significantly affect the
progression of menopausal transition, and the use may even be caused
by the menopause-induced changes in the outcome variables. Thus,
only the use of sex hormone therapy was controlled for confounding.
Nonetheless, we also performed the analysis including the relevant
variables and their interaction with time as covariates, but it did not
have a notable effect on the results. Furthermore, we conducted
sensitivity analyses for blood lipids and blood pressure by excluding the
participants who used lipid-modifying agents and antihypertensives,
respectively.

RESULTS

Characteristics of the study population

The average follow-up-time was 3.8 years in all groups (Table 1). At
baseline, the participants were slightly overweight with mean BMI
of 25.3 +SD 3.7 and had slightly elevated SBP (132.0 + 3.7), DBP
(84.1 £9.2), total cholesterol (5.23 +0.91), and LDL-C (3.05 + 0.80).
Other outcome variable means were within the normal range
[35, 36]. Participants in the PRE-PRE group were the youngest and
had the lowest FSH and highest E2 levels at baseline. Respectively,
the participants in the POST-POST group were the oldest and had
the highest FSH and lowest E2 levels. The most notable changes in
E2 and FSH levels occurred in the PRE-POST group during the
follow-up. The percentage of the participants with three or more
MetS risk factors was 16% at baseline and at follow-up. The
sensitivity analyses using unpaired T-test indicated the study
sample to have slightly lower blood glucose (5.15+0.45 and
528+ 0.63, t (1387)=3.319, p=0.001) and higher ACC-MAD
(30.2+10.0 and 28.8+8.8, t (782) = —2.044, p = 0.041) compared
to participants that did not participate in the follow-up. No
differences were observed for other outcome variables (data not
shown).

Blood-based biomarkers

The PRE-POST group had lower total cholesterol and HDL-C
compared to the POST-POST group (Table 2). In the full sample,
ACC-MAD was directly associated with HDL-C (B = 0.06, 95% Cl
[0.01, 0.11]) and inversely with LDL-C (B= —0.11, 95% Cl [-0.21,
—0.01]). The levels of all blood-based biomarkers increased
during the follow-up in the PRE-POST group and the increase
tended to be smaller in the PRE-PRE and, especially, in the POST-
POST group. The change in ACC-MAD was not associated with
the change in any of the outcome variables measured from
blood. The use of progestogen was associated with lower HDL-C,
while the combined progestogen and estrogen use was
associated with a lower blood glucose. The results did not differ
notably when using SR-PA as a PA measure (Supplementary
Table 2) or excluding participants using lipid-modifying agents
(Supplementary Table 3).
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Table 1. Characteristics of the study population in full sample and separately for each group.

Age and blood-based biomarkers [n]
Age [year]
Estradiol [nmol/I]

Follicle-stimulating hormone [IU/I]
Total cholesterol [mmol/I]

HDL-C [mmol/1]

LDL-C [mmol/I]

Glucose [mmol/I]

Triglycerides [mmol/I]

Blood pressure and
anthropometrics [n]

Systolic blood pressure [mmHg]
Diastolic blood pressure [mmHg]
Waist circumference [cm]

Waist-to-hip ratio x 100
Weight [kg]

Body mass index [kg/m?]
Body mass index [kg/m?]®
<18.5
18.5-24.9
25-29.9
230
Body composition [n]
Total fat mass [kg]
Android fat mass [kg]

Total fat percentage [%]
Fat free mass [kg]

Full sample

BL
298
51318

038+
0.53

399+
37.1

523+
0.91

172+
0.47

3.05+
0.80

515+
0.45

1.08 +
0.61

249

1320+
16.3

84.1+9.2
82.9+9.7

825+64

69.5+
10.8

253+3.7

0 (1)

53 (131)
36 (90)
11 (27)
244
242+84

214+
0.91

34074
452+43
249

FU
298
55.1+18

0.26 +
0.28

69.5 +
5

567 +
1.00

191+
0.50

341+
0.88

5.16
0.62

1.27 £
0.73

298

1332+
18.3

81.9+
10.0

83.7+
104

84.2+55

70.9 +
11.5

25.8+4.1

13)

44 (131)
39 (117)
16 (47)
292
25.9+9.1

239+
1.01

357+76
448+4.4
298

Change®
298
3.8+0.1
—0.12%

0.62
29.5+£40.5
0.43+0.88
0.19+0.39
0.37+0.76
0.02+0.55
0.19+0.53
249
20+134
—2.1%£65

1.2+4.2

1.7+3.7
1.8+39

07+1.4

240
20%33
0.27 +0.42

20+28
—04+15

PRE-POST

BL
149
513+17

047 +
0.49

242+
21.8

514+
0.90

1.68 =
0.42

298 +
0.75

512+
0.43

1.06 +
0.53

139

1322+
17.4

83.9+9.7

83.0+
10.3

824+6.7

69.8 +
11.0

25.5+39

0 (0)

51 (71)
36 (50)
13 (18
137
24.7 +89

2,18+
0.96

343+8.0
452+43
139

FU
149
552+17

0.20+
0.21

80.3
31.9

575+
1.02

193+
0.48

349+
0.91

522+
0.70

131+
0.70

149

1336+
18.0

822+
104

83.8+
1.1

838+54

717+
12.3

262+44

1(1)

44 (66)
36 (54)
19 (28)
145
26.7+9.8

247 +
1.09

36.4+8.0
44,6 +4.5
149

Change®
149
3.8+0.2
—-0.27 £

0.54
56.0+36.3
0.61+0.75
0.25+0.39
0.51+0.67
0.10+0.64
0.25+0.52
139
20%134
—1.5+x71

1.3+39

1.4+4.1
23+36

09+14

134
26+28
0.35+0.38

25+23
—05+16

PRE-PRE

BL
56
500+14

052+
0.98

1.7+
16.6

5.07 +
0.78

161+
0.38

297+
0.75

5.18+
0.42

1.03+
0.49

46

1320+
15.8

843+86

83.2+88

82.8+6.0

70.0 +
10.3

25.1+3.1

0 (0)

52 (24)
39 (18)
94

44
235+73

2.06 +
0.81

329+59
46.6 +4.5
46

FU
56
538+14

0.58 +
0.39

189+
123

541+
0.99

1.78 £
0.41

327+
0.86

520+
0.45

1.12+0.54

56

1336+
19.1

815+93

84.6 +9.6

85.1+5.8

720+
10.4

259+33

0 (0)

38 (21)
48 (27)
14 (8)
55
25179

226+
0.87

342+6.6
46.8+4.0
56

Change®
56
3.8+0.1
0.06 = 1.09

7.1+21.5
0.34+0.92
0.17+0.29
0.30%0.80
0.03+0.36
0.10+ 041
46
22+136
~3.1£59
0.9+48

2.1+£37
1.5+33

05+1.2

4
1.2£33
0.15+0.35

1.1+£3.0
0.1+13

POST-POST

BL
93
521+1.8

0.15+
0.10

82.0+
29.1

550+
0.95

1.86+
0.55

3.20+
0.89

518+
0.48

113+
0.76

64

1314+
14.6

84.3+8.8

823+9.0

82.7+6.0

68.3+
10.8

249+3.6

2(1)

56 (36)
34 (22)

8 (5)

63
23779

211+
0.88

341+7.0
442 +4.0
64

FU
93
559+18

0.17 +
0.13

826+
29.6

5.69+
0.94

1.97 £
0.56

337+
0.85

505+
0.55

1.29+
0.88

93

1322+
18.4

81.7+
10.0

83.1+98

844+54

69.1+
10.6

253+38

2(2)

47 (44)
39 (36)
12 (11)
92
25.1+84

234+
0.96

355+74
44.0+4.2
93

Change®
93
3.8+0.1
0.02+0.10

0.6+24.7
0.20+0.98
0.11+0.42
0.17+0.82
—0.13%
045
0.16 £ 0.60
64
1.8+13.4
—28+53

1.1+4.4

22+25
1.0+45

04+1.6

62
1.3+4.0
0.17 £ 0.50

14+33
—05+15
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Table 1 continued

Metabolic syndrome risk factors®

[n]

A W N = O

5

Accelerometer-measured PA [n]

ACC-MAD [mg]

Use of hormonal preparations® [n]

Non-user
Progestogen
Estrogen

Progestogen + Estrogen

Lifestyle habits [n]

Alcohol consumption [portions/

wk]
Diet quality score

Smoking®
Non-smoker
Smoker

Full sample

BL

302+
10.0

298
62 (186)
38 (112)
0(0)
0 (0)
276

373+
3.92

587+
2.45

95 (262)
5(13)

Data are mean + SD unless otherwise specified.
PRE-POST participants who were pre- or perimenopausal at baseline and postmenopausal at follow-up, PRE-PRE participants who were pre- or perimenopausal in both measurements, POST-POST participants who
were postmenopausal already at baseline, BL baseline measurement, FU follow-up measurement, HDL-C high-density lipoprotein cholesterol, LDL-C low-density lipoprotein cholesterol, PA physical activity, ACC-
MAD accelerometer-measured mean amplitude deviation, mg milligravity (0.00981 m/s?).
?For participants with baseline and follow-up measurement.

®Data are % (n).

FU

29 (87)
35 (103)
21 (61)
8 (25)
5(15)
2(7)
283
28.3+8.6

298

60 (180)
19 (56)
3(10)
18 (52)
298

324+
343

585+
2.26

94 (280)
6 (18)

Change®

222
—19+72

276

—0.53+
2.63

—0.02+
1.90

PRE-POST
BL

31 (43)
30 (42)
24 (33)
10 (14)
4 (6)
1(1)
134

29.7
1.1

149

62 (101)
32 (48)
0 (0)

0 (0)
144

393+
3.32

584+
2.52

95 (136)
5(7)

FU

28 (42)
35 (52)
20 (29)

8 (12)

6 (9)

3 (5)

141
28.0+83

149
66 (99)
15 (23)
34
15 (23)
149

3.68 +
3.69

570+
233

94 (140)
6(9)

Change®

126
—1.8+78

144

—0.26 +
232

—0.04+
1.90

PRE-PRE
BL

28 (13)
37 (17)
15 (7)
94

7 (3)
4(2)

43
317178

56

39 (22)
61 (34)
0 (0)

0 (0)
53

3.00+
243

577 +
2.28

96 (51)
4 (2)

FU

29 (16)
39 (22)
18 (10)
11 (6)
4(2)

0 (0)

55
29.1+88

56

34 (19)
41 (23)
4(2)
21 (12)
56

254+
1.94

6.20+
234

96 (54)
4 (2)

Change®

43
—33+58

53

—0.58 +
1.91

0.38+1.91

POST-POST
BL

33 (21)
31 (20)
22 (14)
11.(7)
3(2)

0 (0)

58
30.3+86

93

68 (63)
32 (30)
0(0)

0 (0)
79

3.86+
5.43

599+
2.46

95 (75)
5 (4)

FU

31 (29)
31 (29)
24 (22)

8 (7)
44
2(2)

87
284+9.0

93

67 (62)
11 (10)
4 (4)
18 (17)
93

298 +
3.62

5.88+
2.08

92 (86)
8 (7)

Change®

53
—09+6.7

79

—0.99 +
3.45

—0.27 %
1.89

95 (262)
5(13)
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Table 2.

Total cholesterol [mmol/l]

B 95% CI

Intercept (PRE-POST) 5.48%** [5.12, 5.83]
Main effects

Group

PRE-POST (ref.) =

PRE-PRE 0.03 [-0.27, 0.33]
POST-POST 0.33* [0.09, 0.59]
ACC-MAD [10 mg] —0.10 [-0.21, 0,01]
Age at baseline [year] 0.03 [—0.03, 0.09]
Use of hormonal preparations

Non-user (ref.) -

Progestogen —-0.14 [-0.32, 0.04]
Estrogen —0.19 [-0.68, 0.30]
Progestogen + Estrogen -0.17 [-0.42, 0.07]
Time (PRE-POST) 0.45* [0.07, 0.84]
Interactions
Time x Group

Time x PRE-POST (ref.) -

Time X PRE-PRE —0.28* [-0.54, —0.01]
Time X POST-POST —0.42%** [-0.65, —0.20]
Time x ACC-MAD 0.05 [-0.07, 0.18]

Pooled fixed effect estimates for blood-based biomarkers (n = 298).

HDL-C
[mmol/l]
B
1.54%%

—0.05
0.18**
0.06*

—0.00

—0.11**
0.16
—0.08
0.35%**

—0.07
—0.15*
—0.04

95% ClI
[1.38, 1.72]

[-0.20, 0.10]
[0.05, 0.31]
[0.01, 0.11]
[-0.03, 0.03]

[-0.20, —0.03]
[-0.07, 0.38]
[-0.19, 0.03]
[0.18, 0.52]

[-0.18, 0.05]
[-0.24, —0.05]
[-0.09, 0.02]

LDL-C
[mmol/l]
B
3.33%%

0.05
0.21
—0.11*
0.02

—0.05
—0.16
—0.15
0.40*

—0.21
—0.34**
0.04

95% Cl
[3.02, 3.62]

[-0.22, 0.32]
[-0.02, 0.43]
[-0.21, —0.01]
[-0.03, 0.07]

[-0.21, 0.10]
[-0.59, 0.27]
[-0.37, 0.06]
[0.06, 0.74]

[-0.44, 0.02]
[-0.53, —0.14]
[-0.07, 0.15]

Glucose
[mmol/l]
B
5.17%%*

0.04
0.06
—0.02
—0.00

0.06
0.12
—0.19*%
0.32**

—0.06
—0.22*
—0.07

95% CI
[4.97, 5.38]

[-0.13, 0.22]
[-0.08, 0.20]
[-0.08, 0.04]
[-0.03, 0.03]

0.05, 0.16]
0.18, 0.42]
0.33, —0.04]
0.08, 0.55]

[
[
[
[

[-0.22, 0.11]
[-0.36, —0.08]
[-0.14, 0.01]

Triglycerides
[mmol/l]
B 95% ClI
1.24%%* [0.99, 1.48]
0.02 [—0.19, 0.24]
0.05 [-0.13, 0.22]
—0.06 [-0.13, 0.01]
0.03 [-0.01, 0.07]
—0.03 [—0.15, 0.09]
—0.13 [-0.45, 0.18]
—0.02 [-0.17, 0.14]
0.28* [0.03, 0.52]
—0.15 [—0.32, 0.01]
—0.09 [—0.23, 0.05]
—0.01 [-0.09, 0.07]

HDL-C high-density lipoprotein cholesterol, LDL-C low-density lipoprotein cholesterol, CI Confidence interval, PRE-POST participants who were pre- or perimenopausal at baseline and postmenopausal at follow-
up (reference group), PRE-PRE participants who were pre- or perimenopausal in both measurements, POST-POST participants who were postmenopausal already at baseline, ACC-MAD accelerometer-measured
mean amplitude deviation, mg milligravity (0.00981 m/s), Time from baseline to follow-up.

*p <0.05; **p <0.01; ***p < 0.001.
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Table 3.

Fat mass [kg]

B 95% CI B
Intercept (PRE-POST) 26.66***  [24.59, 28.73] 2.46%**
Main effects
Group
PRE-POST (ref.) - -
PRE-PRE 0.46 [—2.33, 3.26] 0.04
POST-POST —0.74 [-3.05, 1.57] —0.04
ACC-MAD [10 mg] —0.77**  [-1.27, —0.26] —0.11**
Age at baseline [year] 0.40 [—0.18, 0.98] 0.04
Use of hormonal
preparations
Non-user (ref.) - -
Progestogen —0.61 [—1.55, 0.34] —0.06
Estrogen 1.02 [-1.08, 3.13] 0.09
Progestogen + Estrogen —0.60 [—-1.81, 0.62] —-0.14
Time (PRE-POST) 1.72% [0.16, 3.28] 0.26**
Interactions
Time x Group
Time X PRE-POST (ref.) - =
Time x PRE-PRE —1.33* [-2.41, —0.26] —0.15*
Time x POST-POST —1.20* [-2.12, —0.28] —0.12
Time x ACC-MAD 0.24 [-0.28, 0.75] 0.03

Android fat mass [kg]

Pooled fixed effect estimates for body composition and anthropometrics (n = 298).

Waist circumference [cm] Waist-to-hip ratio x 100

95% CI B 95% CI B 95% CI
[2.19, 2.73] 85.41***  [82.81, 88.00] 84.95***  [82.85, 87.04]
[-0.27, 0.35] 1.96 [-1.30, 5.22] 1.10 [-0.92, 3.12]
[-0.30, 0.21] —0.75 [-3.48, 1.97] —0.05 [-1.78, 1.68]
[-0.18, —0.03] —0.92** [-1.60, —0.24] —0.89** [-1.51, —0.27]
[-0.02, 0.11] 0.61 [-0.07, 1.29] 0.32 [-0.08, 0.72]
[-0.18, 0.05] —0.28 [-1.48, 0.92] —0.12 [-1.19, 0.94]
[-0.17, 0.36] 1.14 [-1.58, 3.86] 0.19 [-2.37, 2.75]
[-0.29, 0.01] —0.47 [-1.94, 0.99] 0.58 [-0.76, 1.92]
[0.06, 0.46] 0.44 [-1.64, 2.51] —0.75 [-2.77, 1.26]
[-0.29, —0.02] —0.19 [-1.61, 1.22] 0.61 [-0.81, 2.03]
[—0.24, 0.00] —0.47 [-1.76, 0.81] 0.36 [-0.92, 1.64]
[-0.04, 0.09] 0.23 [-0.46, 0.91] 0.72% [0.05, 1.38]

Cl Confidence interval, PRE-POST participants who were pre- or perimenopausal at baseline and postmenopausal at follow-up (reference group), PRE-PRE
participants who were pre- or perimenopausal in both measurements, POST-POST participants who were postmenopausal already at baseline, ACC-MAD
accelerometer-measured mean amplitude deviation, mg milligravity (0.00981 m/s?), Time from baseline to follow-up.

*p <0.05; **p < 0.01; **p < 0.001.

Body composition and anthropometrics

ACC-MAD was inversely associated with total fat mass (B= —0.77,
95% Cl [-1.27, —0.26]) and android fat mass (B= —0.12, 95% Cl
[—0.18, —0.03]), waist circumference (B= —0.92, 95% Cl [—1.60,
—0.24]), and WHR (B= —0.89, 95% Cl [—1.51, —0.27]) in the full
sample (Table 3). Total (B=1.72, 95% Cl [0.16, 3.28]) and android
fat mass (B = 0.26, 95% CI [0.06, 0.46]) increased during the follow-
up in the PRE-POST group and the change was smaller in the PRE-
PRE and POST-POST groups compared to the PRE-POST group. The
change in ACC-MAD was directly associated with the change in
WHR (B=0.72, 95% Cl [0.05, 1.38]). Combined progestogen and
estrogen use was associated with lower android fat mass when
compared to non-hormone users. The results were relatively
similar when using SR-PA, however, SR-PA was not associated with
the change in WHR (Supplementary Table 4).

Blood pressure

ACC-MAD was not associated with SBP and DBP in the full sample
(Table 4). SBP increased during the follow-up in the PRE-POST
group (B=9.37,95% Cl [3.34, 15.39]) and the change did not differ
between the groups. Additionally, the change in ACC-MAD was
inversely associated with the change in SBP (B= —2.40, 95% Cl
[—4.34, —0.46)), but this association was not observed with SR-PA
(Supplementary Table 5). The combined progestogen and
estrogen use was associated with lower SBP and DBP. The results
did not differ notably when excluding participants using
antihypertensives (Supplementary Table 6).

Number of MetS risk factors

In the Poisson mixed-effect models (Table 5), age at baseline was
directly associated with the number of MetS risk factors at
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baseline (exp(B) = 1.07, 95% CI [1.00, 1.14]) in the full sample. The
number of risk factors at baseline and the change in the number
of risk factors during the follow-up did not differ between the
groups. Furthermore, ACC-MAD was not associated with the
number of risk factors at baseline nor with the change in the
number. The results did not differ notably when using SR-PA
(Supplementary Table 7) or excluding participants using lipid-
modifying agents or antihypertensives (Supplementary Table 8).

DISCUSSION

In this longitudinal study of middle-aged women, an increase in
several indicators of metabolic health, ranging from blood-based
biomarkers and SBP to body adiposity, were observed during the
follow-up. The increase was greater during menopausal transition,
and the rate of change decelerated after menopause, especially in
blood-based biomarkers. Higher PA was associated with favorable
levels in metabolic health indicators; however, the change in PA
did not associate with the rate of change during the follow-up in
most of the studied metabolic health indicators. Nonetheless,
associations of higher PA with a greater increase in WHR and a
smaller increase in SBP were observed. PA was not associated with
the number of MetS risk factors.

We observed a significant increase in total cholesterol, HDL-C,
LDL-C, triglycerides, and blood glucose in women going through
menopause during the follow-up. Several other longitudinal
studies have also reported an increase in serum total cholesterol,
LDL-C, and triglycerides during the menopausal transition [37-40].
However, the literature on the associations of menopause and
HDL-C is more inconsistent. Previous studies have reported HDL-C
to increase [12, 19, 39, 41], peak right before menopause [40], as
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Table 4. Pooled fixed effect estimates for blood pressure (n = 298).

Systolic blood pressure [nmHg]

B

Intercept (PRE-POST) 130.91%**
Main effects

Group

PRE-POST (ref.) -
PRE-PRE 1.31
POST-POST -1.97
ACC-MAD [10 md] 0.28
Age at baseline [year] 1.10
Use of hormonal preparations

Non-user (ref.) -
Progestogen 0.46
Estrogen 1.76
Progestogen + Estrogen —5.55%*
Time (PRE-POST) 9.37**
Interactions
Time x Group

Time x PRE-POST (ref.) -

Time x PRE-PRE 0.62
Time x POST-POST —0.03
Time x ACC-MAD —2.40*

Diastolic blood pressure

[mmHg]

95% ClI B 95% ClI
[125.01, 136.80] 84.90*** [81.83, 87.96]
[—4.41, 7.03] 1.10 [-2.07, 4.27]
[-6.79, 2.85] 0.01 [—2.66, 2.68]
[-1.42, 2.00] —0.36 [-1.24, 0.51]
[-0.03, 2.23] 0.42 [-0.22, 1.06]
[-2.66, 3.59] —0.18 [-1.80, 1.43]
[—6.24, 9.76] —0.95 [—4.91, 3.01]
[-9.61, —1.49] —4.33%*%* [-6.36, —2.30]
[3.34, 15.39] —0.16 [-3.11, 2.79]
[-3.67, 491] —0.81 [-2.88, 1.26]
[-3.80, 3.73] —0.73 [-2.57,1.12]
[—4.34, —0.46] —0.28 [-1.24, 0.68]

Cl Confidence interval, PRE-POST participants who were pre- or perimenopausal at baseline and postmenopausal at follow-up (reference group), PRE-PRE
participants who were pre- or perimenopausal in both measurements, POST-POST participants who were postmenopausal already at baseline, ACC-MAD
accelerometer-measured mean amplitude deviation, mg milligravity (0.00981 m/s?), Time from baseline to follow-up.

*p < 0.05; **p < 0.01, **p < 0.001.

well as continuously decline during menopausal transition [42]. In
addition to increase in HDL-C in the PRE-POST group, higher
baseline HDL-C levels and lower increase rate in the postmeno-
pausal group were also observed. These conflicting results suggest
that the change in HDL-C during menopausal transition is a
complicated process related to, e.g, aging and genetic back-
ground. As HDL-C and its antiatherogenic functionality have a
major role in promoting cardiovascular health, it is obvious that
more detailed longitudinal studies are needed to clarify this
process.

Previous findings on associations of menopausal transition and
blood glucose are also contradictory. Some longitudinal studies
have reported a decrease [15, 19] during the menopausal
transition, but in cross-sectional design postmenopausal women
have been reported to have higher blood glucose compared to
pre- and perimenopausal women [10, 43]. We observed an
increase in fasting blood glucose in women going through
menopause and the increase was attenuated in the POST-POST
group. Our findings indicate that in addition to aging, the increase
in blood glucose may be explained by the decreasing E2 levels
during menopausal transition, since E2 is known to enhance
insulin sensitivity and glucose disposal in women [44].

The observed increase in total and android fat masses in this
study are consistent with previous literature [45-47]. The decrease
in female sex hormone levels during menopausal transition is
proposed to lead to increased accumulation of adipose tissue
especially in the waist and visceral area [11, 48], yet the association
of menopause to total adipose tissue accumulation is somewhat
debated [9]. Although android fat mass increased during the
follow-up, we did not observe a change in waist circumference.
Similar results have also been reported by others [19, 49]. This
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indicates a change in the ratio between android lean and fat
masses during the follow-up. A comparable change in muscle-to-
fat ratio is also observed in total body level during the
menopausal transition [11, 47]. Furthermore, we observed an
increase in SBP that did not differ between the groups. This
finding is supported by the previous review by Taddei [50] that
suggested the changes in SBP to be more dependent on age than
menopausal status in middle-aged women.

Regular PA is a well-established contributor to a healthier
blood lipid profile and body composition also in menopausal
women [12, 51]. With both accelerometry-measured and self-
reported measures, higher PA was associated with lower levels in
blood-based biomarkers and body composition variables but,
surprisingly [52], not in blood pressure. When exploring the
combined effect of PA and follow-up time, increased PA was
associated with an accelerated increase in WHR. This result
suggests accelerated decrease in hip circumference in more
active women, since the change in PA was not associated with
the change in waist circumference. While estradiol levels are
associated with both gluteal adipose [53] and muscle mass
[14, 54], we suspect that the pronounced decrease in more
physically active women is caused especially by the loss of
muscle mass due to the potentially higher muscle mass on their
gluteal area at baseline. However, in the current study, we were
not able to accurately identify the lost tissue type at the hip area.
We also observed higher PA to be associated with a smaller
increase in SBP during the follow-up. As discussed earlier, the
observed changes in SBP may have been related to aging rather
than menopausal transition [50], but our results indicate that
regular PA may be efficient for controlling SBP in menopausal
women similar to other populations [55, 56].
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Table 5. Pooled fixed effect estimates for number of metabolic
syndrome risk factors (n = 298).

Number of metabolic
syndrome risk factors

exp (B) 95% ClI

Intercept (PRE-POST) 141 [0.91, 2.16]
Main effects

Group

PRE-POST (ref.) -

PRE-PRE 1.31 [0.93, 1.84]
POST-POST 0.95 [0.71, 1.28]
ACC-MAD [10 mg] 0.91 [0.79, 1.04]
Age at baseline [year] 1.07* [1.00, 1.14]
Use of hormonal preparations

Non-user (ref.) -

Progestogen 0.98 [0.78, 1.23]
Estrogen 0.85 [0.41, 1.74]
Progestogen + Estrogen 0.71 [0.50, 1.02]
Time (PRE-POST) 1.59 [0.93, 2.73]
Interactions
Time x Group

Time X PRE-POST (ref.) -

Time x PRE-PRE 0.77 [0.53, 1.14]
Time X POST-POST 0.93 [0.67, 1.30]
Time x ACC-MAD 0.88 [0.73, 1.06]

Cl Confidence interval, PRE-POST participants who were pre- or perimeno-
pausal at baseline and postmenopausal at follow-up (reference group),
PRE-PRE participants who were pre- or perimenopausal in both measure-
ments, POST-POST participants who were postmenopausal already at
baseline, ACC-MAD accelerometer-measured mean amplitude deviation,
mg milligravity (0.00981 m/s?), Time from baseline to follow-up.

*p <0.05; **p < 0.01; ***p < 0.001.

Although PA was associated with individual indicators of
metabolic health, no associations with PA and the number of
MetS risk factors or change in the number were observed. This
may be caused by the strict cutoff points used in the clinical
identification of MetS that does not capture the change unless the
cutoff point is reached. Our findings are somewhat contradictory
to a recent longitudinal study [57] in which higher PA was
associated with lower incidence and better recovery from MetS in
middle-aged women. Nonetheless, also in our study, the number
of MetS factors tended to be smaller and the increase in the
number was slightly lower in more active participants. Thus, PA
might be beneficial for preventing the unwanted changes in
individual MetS risk factors, but more studies on the associations
of PA and number of MetS risk factors during menopause are
required.

An interesting additional finding of the study was the observed
associations of external hormone use with multiple indicators of
metabolic health, highlighted by the distinctive association
between the combined use of estrogen and progestogen and
lower SBP. The use of hormone replacement therapy has been
previously shown to reduce abdominal fat, blood glucose, LDL-to-
HDL ratio and blood pressure [58], similar to our results. The
individual effects of progestogen use on body composition and
metabolic health are less studied, but estrogen is recognized to
associate directly with gynoid adipose tissue volume [48, 59],
better insulin sensitivity [44], and beneficial effects on vasodilata-
tion and LDL-C concentration [60]. Although our results from
exogenous hormone use are mostly in agreement with previous
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results, the results need to be interpreted with caution, since we
did not consider the dosage, the duration of use, or form of the
exogenous hormones.

One of the limitations was that the measurements were
repeated only once. The homogenous sample of white, middle-
aged women with exclusion of women with severe obesity and
different medical disorders may limit the generalizability of the
results for more heterogeneous populations including participants
with disabling conditions. Furthermore, based on the sensitivity
analysis, dropouts during the study have caused healthy selection
bias particularly towards slightly better glucose control and higher
PA which also limits the generalizability of the results. However,
this is unlikely to have caused overestimation of the observed
unhealthy menopause-related changes in outcome variables. The
strengths of the study included the use of accelerometers for PA
and DXA for body composition measurements. Additionally, the
study design in which women of similar age but different
menopausal status were followed for the same amount of time
allowed to study the menopause-related changes in outcome
variables while taking into account the simultaneous aging.

In conclusion, the results indicate that undesirable changes in
blood lipids, body adiposity, and blood pressure occur in middle-
aged women, and the rate of change accelerates near menopause,
especially in blood lipids. Although habitual PA associated with a
healthier blood lipid profile and lower body adiposity in middle-
aged women in this study, it did not significantly modulate the
menopause-related changes in most of the studied metabolic
health indicators. However, higher PA may attenuate the increase
in SBP and associate with an accelerated increase in WHR. These
results indicate that significant increases in PA around menopause
may be needed to counteract the menopause-related changes in
blood-based biomarkers and body adiposity. Nonetheless, our
findings could encourage professionals working with menopausal
women to highlight the importance of PA in the early prevention
of hypertension and cardiovascular disease. Further longitudinal
studies on the role of PA on the metabolic health during the
menopausal transition are needed.
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ABSTRACT
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Objective: To study associations of menopausal symptoms with cardiometabolic risk factors.

Study design: A cross-sectional and longitudinal study of a representative population sample of 1393 women aged
47-55 years with a sub-sample of 298 followed for four years. The numbers of vasomotor, psychological, somatic
or pain, and urogenital menopausal symptoms were ascertained at baseline through self-report. Their associa-
tions with cardiometabolic risk factors were studied using linear regression and linear mixed-effect models.
Models were adjusted for age, menopausal status, body mass index, the use of hormonal preparations, education,
smoking, and alcohol consumption.

Main outcome measures: Cardiometabolic risk factors included total cholesterol, low-density and high-density
lipoprotein cholesterol, blood pressure, glucose, triglycerides, total and android fat mass, and physical activity.
Results: All cholesterol and fat mass measures had modest positive associations with menopausal symptoms. The
number of vasomotor symptoms, in particular, was associated with total cholesterol (B = 0.13 mmol/1, 95 % CI
[0.07, 0.20]; 0.15 mmol/1 [0.02, 0.28]) and low-density lipoprotein cholesterol (0.08 mmol/1 [0.03, 0.14]; 0.12
mmol/l [0.01, 0.09]) in cross-sectional and longitudinal analyses, respectively. However, these associations
disappeared after adjusting for confounders. The number of symptoms was not associated with blood pressure,
glucose, triglycerides, and physical activity. Menopausal symptoms at baseline did not predict the changes in the
risk factors during the follow-up.

Conclusions: Menopausal symptoms may not be independently associated with cardiometabolic risk, and they do
not seem to predict the changes in risk factors during the menopausal transition.

1. Introduction

disturbances, depression, anxiety, sexual dysfunction, and vasomotor
symptoms (VMS) including hot flushes and night sweats [2].

The menopausal transition marks the time in women's life charac-
terized by the hormonal changes including decrease in systemic estra-
diol (E2) and increase in follicle-stimulating hormone (FSH) levels, and
it has been linked to adverse metabolic changes and a significant in-
crease in the risk of cardiovascular disease [1]. During the menopausal
transition, women experience various symptoms, such as sleep

The incidence of cardiovascular disease and metabolic syndrome
increases during the menopausal transition [3,4]. This is at least
partially due to the unfavorable changes in cardiometabolic disease
(CMD) risk factors that are independent of the effect of aging [5,6]. For
instance, the menopausal transition has been associated with an increase
in blood lipids, blood glucose, blood pressure, and total and abdominal
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fat mass [5,6]. As CMD is one of the leading causes of death in women
[3], the early identification of individuals with highlighted risk of
developing CMD after menopause could have significant clinical and
public health implications.

Menopausal symptoms have been associated with increased CMD
risk. This association may differ with age and is mainly explained by the
unfavorable risk factor profile in symptomatic women [7-9]. However,
it is still unclear whether menopausal symptoms are an independent risk
factor for metabolic syndrome [10]. Furthermore, the link between
menopausal symptoms and CMD risk is mostly derived from cross-
sectional studies, highlighting the need for longitudinal studies on this
topic [9-11]. Only one previous study with three different sub-studies
has explored longitudinal changes in CMD risk factors during the
menopausal transition based on the menopausal symptoms and the focus
of those studies was only on the VMS [12-14].

The objective of this study was to investigate the associations of
diverse menopausal symptoms with CMD risk factors in cross-sectional
and longitudinal study designs. The risk factors of interest included
several blood-based biomarkers, blood pressure, and measures of body
composition and physical activity. The focus of the study was to explore
if the prevalence of menopausal symptoms could be used to predict
future cardiometabolic health in middle-aged women.

2. Materials and methods
2.1. Study design and population

This observational study was part of the Estrogenic regulation of
Muscle Apoptosis (ERMA) and its follow-up the Estrogen MicroRNAs
and the risk of Metabolic Dysfunction (EsmiRs) study (dataset: 10.17011
/jyx/dataset/83491). The baseline measurements in ERMA were con-
ducted in 2015-2016. The follow-up measurements in EsmiRs were

Baseline measurement and menopausal
group assignments (n=1 393)

Maturitas 174 (2023) 39-47

initiated at the beginning of 2019, and they were discontinued on March
16, 2020 due to the pandemic. The studies were performed in accor-
dance with the Declaration of Helsinki, and they were approved by the
ethical committee of the Central Finland Health Care District. All par-
ticipants provided written informed consent.

The participant selection procedures for both cross-sectional [15]
and longitudinal [6] parts of the study have been described elsewhere.
Briefly, 1393 women aged 47-55 years living in the Central Finland
participated in the baseline ERMA measurements. The ERMA exclusion
criteria included conditions affecting ovarian function, systemic hor-
mone levels or inflammatory status, such as bilateral oophorectomy,
pregnancy, lactating and severe obesity (self-reported body mass index
(BMI) > 35 kg/m?). Additionally, participants using estrogen-containing
medications and continuous cortisone or inflammatory drug treatment
were excluded. The loss of participants during the study is illustrated in
Fig. 1.

The cross-sectional analyses of the study were carried out using the
data from the ERMA baseline measurement (n = 1393), and the longi-
tudinal analyses utilize data from the ERMA baseline and EsmiRs 4-year
follow-up measurements (n = 298). Menopausal symptoms were only
assessed at baseline, but all other covariates of the study are assessed in
both time points.

2.2. Menopausal symptoms

At baseline, participants were asked to report if they had experienced
any of the symptoms related to menopause based on the list of 10 pre-
determined symptoms (Table 1) [15,16]. The questionnaire also
included the option to describe a maximum of three additional symp-
toms [15]. Reported symptoms were classified into four categories
(vasomotor, psychological, somatic or pain, and urogenital) [16]. To
consider the quantity of the distinct symptoms as well as the prevalence

A 4

Did not consent to be contacted (n=582)

Invited to 4-year follow-up
(n=811)

Not responding (n=289)
Not willing (n=28)

4-year follow-up questionnaires (n=494) .

4-year follow-up physiological measures

Did not consent (n=25)
Excluded (n=56)

*  More than 7 years from menopause (n=46),
diabetes requiring insulin therapy (n=2),
severe cardiovascular dysfunction (n=2),
cancer diagnosed during the follow-up
(n=6)

Not willing (n=16)
Laboratory visits discontinued due to the COVID-19
(n=99)

and menopausal group assignments
(n=298)

Fig. 1. The flow chart of the study.
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Table 1

Classification of menopausal symptoms.

Symptom category (maximum
number of symptoms”)

Symptoms included in
the questionnaire

Additional self-
described symptoms

Vasomotor symptoms (3) Sweating Cold flashes
Hot flashes Heart palpations
Coldness
Psychological symptoms (4) Sleeplessness Memory problems
Tiredness Irritability
Mood swings Inability to
concentrate
Weepiness
Somatic or pain symptoms (3) Headache Stomach pain
Aching joints Migraine
Hip pain

Muscle pain
Breast pain
Dizziness
Swelling
Weakness
Vaginal infection
Urinary tract
infection
Vaginal dryness

Urogenital symptoms (4) Vaginal symptoms
Urinary tract symptoms

Lack of sexual desire

# The number of symptoms was determined as the sum of all reported pre-
determined symptoms in each category with one additional symptom for par-
ticipants who reported one or more additional self-described symptoms in that
category.

of the symptoms, the number of reported symptoms in each category
was determined.

2.3. Cardiometabolic risk factors

Total cholesterol, low-density lipoprotein cholesterol (LDL-C), high-
density lipoprotein cholesterol (HDL-C), glucose, and triglycerides were
measured from the serum samples using KONELAB 20XTi analyzer
(Thermo Fischer Scientific, Vantaa, Finland). Blood pressure was
measured in a sitting position after a 10-minute rest using Omron M6
Comfort (Omron Healthcare, Kioto, Japan) and the mean value of two
measurements was used for systolic (SBP) and diastolic blood pressure
(DBP). Total and android fat mass were assessed with dual energy X-ray
absorptiometry (DXA; LUNAR, GE Healthcare, Chicago, IL, USA). All
measurements were carried out after overnight fasting and during the
first five days of the menstrual cycle for participants with a predictable
menstrual cycle.

Physical activity was assessed with accelerometers using the mean
amplitude deviation method (ACC-MAD). The detailed description of
the procedure is described elsewhere [6]. Briefly, participants used hip-
worn accelerometers (ActiGraph GT3X and wGT3X; Actigraph LLC,
Pensacola, FL, USA) for seven consecutive days during waking hours,
except for water-based activities. The data were collected at 60 Hz, and
the Euclidian norm of the resultant acceleration was computed for each
time point. Finally, mean amplitude deviation values were computed for
non-overlapping five-second epochs, and ACC-MAD was computed as
their mean value.

2.4. Covariates

Serum concentrations of E2 and FSH were measured using IMMU-
LITE® 2000 XPi (Siemens Healthineers, Erlangen, Germany). Partici-
pants were categorized as pre-, peri-, or postmenopausal based on the
FSH concentrations and self-reported menstrual bleeding diaries using
the adapted Stages of Reproductive Aging Workshop (STRAW -+10)
guidelines [15]. BMI was calculated using body mass and height
measured with standard procedures.

Structured questionnaires were used to assess education (primary or
secondary/tertiary), smoking status (non-smoker/smoker) and alcohol
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consumption in portions per week. The use of hormonal preparations
and medications was assessed based on self-reports. Regarding hor-
monal preparations, the participants were classified as non-user, only
progestogen, only estrogen, and combined estrogen and progestogen
users. All exogenous sex hormone preparations for contraceptive and
hormone therapy use were included, except for the intravaginal local
estrogen therapy. The regular prescription medication users were clas-
sified using the Anatomical Therapeutic Chemical (ATC) classification
separately for participants using preparations affecting serum lipids
(ATC C10) and blood pressure (ATC C02-C05 and C07-C09).

2.5. Missing data

The percentage of missing values across the variables varied from
0 to 44 at baseline (n = 1393) and from 0 to 7 at follow-up (n = 298)
(Table 2). The missing data values were 7238 out of 43,869 (16 %).
Missing data occurred due to invalid or missing measurements and un-
clear and incomplete questionnaire responses. Missing data were
assumed to occur at random and multiple imputation was used to create
50 multiply imputed data sets. Multiple imputation was carried out
recursively. That is, baseline values for each variable were imputed first,
and the imputed baseline measurement values were then utilized for the
imputation of follow-up measurement [17]. Variables measured at the
same timepoint and the target variable measurement from the other
timepoint were used for the imputation of each variable. The number of
iterations for chained equations [18] was set to 50, and passive impu-
tation was used for the derived variable BMI. The model parameters
were estimated separately for each data set. Multiple imputation and
pooling of the model estimates were carried out in R [19] using the
standard settings of the “mice” package [18]. We also performed the
complete case analysis and there were no notable differences in the
results.

2.6. Statistical analyses

Linear regression models and linear mixed-effect models with
random intercept were used for the cross-sectional and longitudinal
analyses, respectively. Models were created separately for each CMD
risk factor as the outcome variable (total cholesterol, LDL-C, HDL-C,
glucose, triglycerides, SBP, DBP, total fat mass, android fat mass, and
physical activity). We constructed models both with and without con-
founders (Model 1 and model 2, respectively). In linear mixed-effect
models, the main effect of the menopausal symptoms at baseline, time
(0 = baseline, 1 = follow-up), and their interaction was included in all
models to study the changes in outcome variable over time based on the
menopausal symptoms. The confounding factors in the model 2 were
age, BMI, menopausal status, use of hormonal preparations, education,
smoking status, and alcohol consumption. However, BMI was not
included in the total fat mass and android fat mass models due to its
strong association with the outcome variable. We also constructed
models that were additionally adjusted with E2 and FSH. Furthermore,
the confounding of symptoms from other categories was taken into ac-
count by including all symptom categories in the same models as pre-
dictors. Finally, we conducted sensitivity analyses for blood lipids and
blood pressure by excluding the participants who used lipid modifying
agents and antihypertensives, respectively. Residual plots, Q-Q plots,
and correlation analysis were used for testing the model assumptions.
The analyses were carried out using base R and the “nlme” package [20].

3. Results
3.1. Characteristics of the study population
The characteristics of the study population are shown in Table 2 and

Fig. S1. At baseline, percentages of the participants in pre-, peri-, and
postmenopausal groups were 28, 34, and 38, respectively. On average,
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Table 2

Characteristics of the study population.

Cross- Longitudinal study
sectional
study
Baseline Baseline Follow- Change”
up
Menopausal symptomsh 1097 276
Number of vasomotor
symptoms®
No symptoms 41 (454) 49 (135)
2 or more symptoms 29 (313) 23 (64)
Number of
psychological
symptoms®
No symptoms 50 (549) 61 (167)
2 or more symptoms 28 (305) 22 (61)
Number of somatic or
pain symptoms®
No symptoms 76 (835) 79 (219)
2 or more symptoms 5(53) 4(12)
Number of urogenital
symptoms®
No symptoms 65 (713) 69 (191)
2 or more symptoms 15 (167) 12 (33)
Total number of
symptoms®
No symptoms 24 (260) 30 (82)
2 or more symptoms 60 (657) 52 (143)
Age & menopausal status 1393 298 298 298
(n)
Age [years] 51.3 + 2.1 51.3 + 55.1 + 3.8 +0.2
1.8 1.8
Menopausal status”
Pre 28 (389) 34 (100) 5(15)
Peri 34 (474) 35 (105) 14 (42)
Post 38 (530) 31(93) 81 (241)
Blood-based biomarkers 1393 298 298 298
(n)
Estradiol [nmol/1] 0.34 + 0.41 0.38 = 0.26 + —-0.12 =
0.57 0.28 0.63
Follicle-stimulating 44.0 + 38.6 399 + 69.5 + 29.5 +
hormone [1U/1] 37.1 37.5 40.5
Total cholesterol 5.30 + 0.91 5.24 + 5.67 + 0.43 +
[mmol/1] 0.91 1.00 0.88
HDL-C [mmol/1] 1.72 + 0.46 1.72 + 1.91 + 0.19 +
0.47 0.50 0.39
LDL-C [mmol/1] 3.05 + 0.80 3.05 + 3.41 + 0.37 +
0.80 0.88 0.76
Glucose [mmol/1] 5.28 +£0.84 5.15 + 5.16 + 0.02 +
0.45 0.62 0.55
Triglycerides [mmol/1] 1.09 £ 0.72 1.08 + 1.27 + 0.19 &+
0.61 0.73 0.53
Dual-energy X-ray 902 244 292 240
absorptiometry (n)
Fat mass [kg] 25.0 + 8.5 24.2 + 25.9 + 2.0+ 3.3
8.4 9.1
Android fat mass [kg] 2.24 + 0.97 2.14 + 2.39 + 0.27 +
0.91 1.01 0.42
Blood pressure & body 932 249 298 249
mass index (n)
Systolic blood pressure ~ 132.5 +17.5 132.0 + 133.2 £ 2.0 £
[mm Hg] 16.3 18.3 13.4
Diastolic blood 84.5+9.7 84.1 = 819 + -21+
pressure [mm Hg] 9.2 10.0 6.5
Body mass index [kg/ 25.5 + 3.7 25.3 + 25.8 + 0.7 +£1.4
m?] 3.7 4.1
Accelerometer-measured 784 235 283 222
PA (n)
ACC-MAD [mg] 29.2+9.2 30.2 + 28.3 £ -1.9+
10.0 8.6 7.2
Lifestyle habits & 1098 276 298 276
medications (n)
Alcohol consumption 3.82 £ 3.75 373+ 3.24 + —0.53 +
[portions/week] 3.92 3.43 2.63
Smoking®
Non-smoker 93 (1014) 95 (262) 94 (280)
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Table 2 (continued)

Cross- Longitudinal study
sectional
study
Baseline Baseline Follow- Change”
up
Smoker 7 (78) 5(13) 6 (18)
Education®
Primary or 59 (643) 55 (165) 55 (165)
secondary
Tertiary 41 (455) 45 (133) 45 (133)
Use of hormonal
preparations®
Non-user 61 (676) 62 (186) 60 (180)
Progestogen 39 (426) 38 (112) 19 (56)
Estrogen 0 (0) 0 (0) 3(10)
Progestogen + 0 (0) 0 (0) 18 (52)
estrogen

Data are mean =+ standard deviation unless otherwise specified. HDL-C high-
density lipoprotein cholesterol, LDL-C low-density lipoprotein cholesterol, PA
physical activity, ACC-MAD, accelerometer-measured physical activity mean
amplitude deviation, mg milligravity (0.00981 m/s?).

 For participants with baseline and follow-up measurement.

b Measured only at baseline.

¢ Data are % (n).

participants had slight overweight at baseline with a mean BMI of 25.5
kg/m? and had slightly elevated SBP (132.5 mm Hg), DBP (84.5 mm
Hg), total cholesterol (5.23 mmol/1), and LDL-C (3.05 mmol/l). Vaso-
motor and psychological symptoms were the most frequently reported
symptoms, with 59 % and 50 % of the participants reporting at least one
symptom of those categories in the full sample, respectively. One or
more somatic or pain symptoms and urogenital symptoms were reported
by 24 % and 35 % of the participants, respectively. Consequently, 76 %
of the participants reported at least one symptom from any category. At
baseline, 4 % (n = 43) and 17 % (n = 192) of the participants reported
using lipid modifying agents and antihypertensives.

3.2. Cross-sectional analyses

In simple linear regression models, the number symptoms in most
categories were positively associated with cholesterol levels (Table 3).
Especially, vasomotor, urogenital, and the total number of symptoms
were associated with higher total cholesterol and LDL-C. Also, VMS
associated with higher HDL-C. However, after adjusting the models with
confounders, all associations between symptoms and cholesterol levels
disappeared. In unadjusted models, a higher total number of symptoms
associated positively with higher total (B = 0.31 kg, 95 % CI [0.03,
0.59]) and android fat mass (B = 0.04 kg, 95 % [0.01, 0.07]). Adjusting
the models did not notably affect these results. Participants who re-
ported more somatic or pain symptoms tended to have higher SBP in
unadjusted (B = 1.95 mm Hg, 95 % CI [-0.18, 4.09]) and adjusted (B =
1.36 mm Hg, 95 % CI [-0.65, 3.37]) models. Including all symptom
categories in the same models (Tables S1 and S2), adjusting the models
with E2 and FSH (Table S3), and removing the participants using
medications directly affecting the outcome variables (Table S4) did not
change the results notably. No interactions between symptoms and other
covariates were observed, and omitting BMI from the list of confounders
did not significantly affect the results in adjusted models (data not
shown). The full models shown in Tables S1 and S2 indicate that BMI
was positively associated with most of the outcome variables, while age
and menopausal status were positively associated with cholesterol
levels.

3.3. Longitudinal analyses

The number of menopausal symptoms in each category tended to
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Table 3
Associations of menopausal symptoms with cardiometabolic risk factors in cross-sectional study design (n = 1393).
Total cholesterol LDL-C [mmol/1] HDL-C [mmol/1] Glucose [mmol/1] Triglycerides Systolic blood Diastolic blood Total fat mass [kg]® Android fat mass Physical activity"
[mmol/1] [mmol/1] pressure [mm Hg] pressure [mm Hg] [kgl® [mg]
B 95 % CI B 95 % CI B 95 % CI B 95 % CI B 95 % CI B 95 % CI B 95 % CI B 95 % CI B 95 % CI B 95 % CI
Vasomotor symptoms
Model 0.13*** [0.07,0.20]  0.08** [0.03,0.14] 0.06*** [0.03,0.09] —0.04 [-0.10, 0.03 [-0.02, 0.21 [-1.07, 0.16 [-0.55, 0.44 [-0.33, 0.06 [-0.03, -0.26 [-0.91,
1 0.02] 0.08] 1.49] 0.87] 1.21] 0.14] 0.40]
Model 0.00 [-0.08, —0.03 [—0.09, 0.02 [-0.02, —0.04 [-0.10, 0.01 [-0.05, -0.33 [-1.71, —0.23 [-0.98, 0.55 [-0.35, 0.05 [-0.05, —0.28 [-1.05,
2 0.07] 0.03] 0.06] 0.03] 0.06] 1.05] 0.51] 1.45] 0.15] 0.49]
Psychological symptoms
Model 0.06* [0.01,0.11] 0.04 [0.00,0.09]  0.01 [-0.02, -0.02 [-0.07, 0.02 [-0.02, 0.07 [-0.98, 0.16 [-0.42, 0.49 [-0.16, 0.05 [-0.02, -0.13 [-0.71,
1 0.03] 0.02] 0.06] 1.13] 0.74] 1.14] 0.13] 0.45]
Model 0.01 [-0.04, 0.00 [—0.04, —0.01 [-0.03, -0.02 [-0.07, 0.01 [-0.03, -0.23 [-1.26, —0.07 [-0.62, 0.50 [-0.17, 0.05 [-0.03, —0.10 [-0.70,
2 0.06] 0.05] 0.02] 0.02] 0.05] 0.80] 0.48] 1.16] 0.12] 0.50]

Somatic or pain symptoms

Model 0.10 [-0.01, 0.08 [-0.01, 0.00 [-0.05, 0.01 [-0.08, 0.04 [-0.03, 1.95 [-0.18, 0.63 [-0.53, 0.91 [-0.34, 0.11  [-0.03, -0.21 [-1.17,
1 0.20] 0.17] 0.05] 0.10] 0.12] 4.09] 1.79]1 2.16] 0.24] 0.74]
Model 0.03 [-0.08, 0.02 [-0.07, —-0.01 [-0.06, 0.01 [-0.09, 0.03 [-0.05, 1.36 [-0.65, 0.17 [-0.87, 0.83  [-0.46, 0.09 [-0.05, -0.18 [-1.17,
2 0.13] 0.12] 0.03] 0.10] 0.11] 3.37] 1.22] 2.13] 0.23] 0.80]

Urogenital symptoms

Model 0.09**  [0.02,0.15] 0.09** [0.03,0.14] 0.01 [-0.02, —-0.01 [-0.07, —0.01 [-0.05, 0.13 [-1.19, 0.32 [-0.41, 0.60 [-0.23, 0.08 [-0.01, —0.11 [-0.74,
1 0.04] 0.05] 0.04] 1.45] 1.05] 1.44] 0.17] 0.51]

Model 0.01 [-0.06, 0.03 [-0.03, —-0.01 [-0.05, —0.02 [-0.08, —0.02 [-0.07, -0.41 [-1.77, —0.05 [-0.74, 0.60 [-0.26, 0.07 [-0.03, —0.08 [-0.74,
2 0.08] 0.08] 0.02] 0.05] 0.03] 0.95] 0.65] 1.471 0.171 0.58]

Total number of symptoms

Model 0.05*** [0.03,0.07]  0.04*** [0.02,0.06] 0.01 [0.00,0.02] —0.01 [-0.03, 0.01 [-0.01, 0.18 [-0.33, 0.14 [-0.14, 0.31* [0.03,0.59] 0.04* [0.01,0.07] -0.09 [-0.33,
1 0.01] 0.03] 0.69] 0.42] 0.15]
Model 0.01 [-0.02, 0.00 [-0.02, 0.00 [-0.02, —0.01 [-0.04, 0.00 [-0.02, —0.07 [-0.58, —0.04 [-0.31, 0.35* [0.03,0.67] 0.04 [0.00,0.07] —-0.09 [-0.36,
2 0.03] 0.02] 0.01] 0.01] 0.02] 0.43] 0.22] 0.19]

Model 1 is simple linear regression model. Model 2 is adjusted with age, body mass index, menopausal status, use of hormonal contraception, education, smoking status, and alcohol consumption unless otherwise
specified. LDL-C low-density lipoprotein cholesterol, HDL-C high-density lipoprotein cholesterol. CI confidence interval, mg milligravity (0.00981 m/s).
& Model 2 is adjusted with age, menopausal status, use of hormonal contraception, education, smoking status, and alcohol consumption.
b Accelerometer-measured physical activity mean amplitude deviation.
" p<0.05.
“ p<0.01
" p <0.001.
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associate positively with total cholesterol, LDL-C, total fat mass, and
android fat mass (Tables 4 and 5). Notably, a higher number of VMS
associated with higher total cholesterol (B = 0.15 mmol/l, 95 % CI
[0.02, 0.28]) and LDL-C (B = 0.12 mmol/l, 95 % CI [0.01, 0.24]).
However, adjusting the models with confounders diminished the asso-
ciations, especially with total cholesterol and LDL-C. Participants
reporting more psychological, somatic or pain, and urogenital symptoms
tended to have higher SBP with an estimated increase per reported
symptom varying from 0.96 to 2.83 mm Hg. Participants reporting more
VMS tended to have lower SBP, with an estimated decrease per reported
symptom varying from 0.91 to 1.71 mm Hg. A higher number of VMS
was associated with a 0.09 mmol/1 (95 % CI [0.01, 0.17]) greater in-
crease in triglycerides during the follow-up. The results did not differ
notably when including all symptoms in the same models (Tables S5 and
$6), adjusting the models with E2 and FSH (Table S7), or removing
participants using lipid modifying agents and antihypertensives
(Table S8). The full models in Tables S5 and S6 show that all studied
cholesterol levels increased and DBP decreased during the follow-up.
Also, BMI associated positively with LDL-C, glucose, triglyceride, and
blood pressure levels and negatively with HDL-C and physical activity.
Menopausal status was positively associated with total cholesterol, LDL-
C, and HDL-C.

4. Discussion

In this study, menopausal symptoms were observed to have modest
positive associations with cholesterol levels and body fat mass measures.
Remarkably, most of the observed associations disappeared after
adjusting for confounders. Menopausal symptoms were not associated
with blood pressure, blood glucose, triglycerides, and physical activity.

Table 4
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Furthermore, menopausal symptoms at baseline did not predict the
changes in most of the CMD risk factors during the follow-up.

In both cross-sectional and longitudinal analyses, we observed that
menopausal symptoms, especially VMS, were positively associated with
total cholesterol, LDL-C, and HDL-C but not with triglycerides and blood
glucose. However, the observed associations disappeared after control-
ling for confounders with a higher number of VMS accounting only for
—0.03 to 0.04 mmol/l change in all cholesterol levels. The previous
evidence from cross-sectional and longitudinal studies focusing on night
sweats and hot flashes has demonstrated positive associations of VMS
with total cholesterol, LDL-C, HDL-C, and triglycerides [9,12], as well as
with blood glucose [13,21] even after controlling for confounders. For
instance, higher total cholesterol levels have been reported for women
with hot flashes (0.27 mmol/l, 95 % CI [0.15, 0.39]) in large cross-
sectional study [22] and for women with night sweats (0.17 mmol/1,
95 % CI [0.03, 0.31]) in meta-analysis including two large cross-
sectional studies [9]. However, similarly to our results, one small
study of Nordic women did not observe associations between VMS and
blood lipids [23].

Previous meta-analysis of cross-sectional studies reported women
with hot flashes and night sweat to have higher SBP and DBP [9]. Similar
findings were also observed in one large-scale longitudinal study [14].
However, our longitudinal analyses indicated that women with a higher
number of vasomotor symptoms might even have lower SBP and DBP.
On the other hand, in all other symptoms categories, a higher number of
symptoms tended to associated with higher SBP and DBP in our ana-
lyses. Furthermore, a higher physical activity level has previously been
found to associate with fewer somatic and mood symptoms but the ev-
idence of its association with VMS is contradictory [24]. Our analyses
demonstrated a trend that the number of symptoms in all categories

Associations of menopausal symptoms with blood-based biomarkers in longitudinal study design (n = 298).

Total cholesterol [mmol/1] LDL-C [mmol/1]

HDL-C [mmol/1] Glucose [mmol/1] Triglycerides [mmol/1]

B 95 % CI B 95 % CI B 95 % CI B 95 % CI B 95 % CI

Vasomotor symptoms

Model 1~ Main effect 0.15*  [0.02, 0.28] 0.12*  [0.01, 0.24] 0.03  [-0.04, 0.09] —-0.02  [-0.10, 0.05] 0.05 [-0.04, 0.15]
Interaction with time ~ —0.03 [-0.16, 0.09] —0.02 [-0.13, 0.09] —-0.02  [-0.08,0.03] —-0.04  [-0.12,0.03] 0.07 [-0.01, 0.14]

Model 2 Main effect 0.03 [-0.11, 0.18] 0.05 [-0.08, 0.17] —0.03  [-0.10, 0.04] —0.04  [-0.12,0.04] 0.01 [-0.09, 0.11]
Interaction with time 0.04 [-0.09, 0.17] 0.03 [-0.08, 0.15] 0.01 [—0.04, 0.07] —-0.02  [-0.11, 0.06] 0.09* [0.01, 0.17]

Psychological symptoms

Model 1~ Main effect 0.05 [-0.06, 0.15] 0.06 [-0.03, 0.16] —-0.01 [-0.07, 0.04] 0.01 [—0.05, 0.07] 0.04 [-0.03, 0.12]
Interaction with time 0.03 [-0.07, 0.13] 0.02 [-0.06, 0.11] —0.01 [—0.05, 0.03] 0.00  [—0.06, 0.06] 0.01 [-0.05, 0.07]

Model 2 Main effect 0.01 [-0.10, 0.11] 0.04 [-0.06, 0.13] —0.03  [-0.09, 0.02] 0.01 [—0.05, 0.07] 0.02 [-0.05, 0.10]
Interaction with time 0.04 [-0.05, 0.14] 0.03 [-0.06, 0.12] 0.01 [—0.04, 0.05] 0.00  [-0.06, 0.06] 0.00 [-0.06, 0.07]

Somatic or pain symptoms

Model 1 Main effect 0.12 [-0.09, 0.33] 0.09 [-0.09, 0.28] 0.00 [-0.11, 0.11] 0.02 [-0.10, 0.14] 0.11 [—0.04, 0.26]
Interaction with time 0.00 [-0.20, 0.20] 0.00 [-0.17, 0.17] —0.04 [-0.13, 0.05] —0.06 [-0.19, 0.06] —0.04 [-0.17, 0.08]

Model 2 Main effect 0.05 [-0.16, 0.26] 0.04 [-0.14, 0.23] —0.03  [-0.14,0.08] 0.00 [-0.12,0.12] 0.09 [-0.07, 0.24]
Interaction with time 0.05 [-0.15, 0.25] 0.03 [-0.14, 0.20] 0.00 [-0.10, 0.09] —0.06 [-0.19, 0.06] —0.05 [-0.18, 0.08]

Urogenital symptoms

Model 1~ Main effect 0.04 [-0.10, 0.17] 0.04 [-0.08, 0.15] —0.01 [—0.08, 0.06] 0.04  [-0.04,0.11] 0.04 [-0.05, 0.14]
Interaction with time ~ —0.01 [-0.14, 0.11] 0.00 [-0.11, 0.11] -0.05 [-0.11,0.00] —-0.01 [-0.09, 0.06] 0.06 [-0.02, 0.14]

Model 2 Main effect —0.03 [-0.17, 0.11] —0.01 [-0.13, 0.11] —0.04 [-0.11,0.03] 0.04  [-0.04,0.11] 0.02 [-0.08, 0.12]
Interaction with time 0.01 [-0.11, 0.14] 0.01 [-0.10, 0.12] —0.03 [—0.09, 0.03] —0.01 [—0.09, 0.07] 0.07 [-0.01, 0.15]

Total number of symptoms

Model 1~ Main effect 0.04 [-0.01, 0.09] 0.04 [0.00, 0.08] 0.00  [-0.03,0.02] 0.01 [-0.02, 0.03] 0.03 [-0.01, 0.06]
Interaction with time 0.00 [—0.04, 0.05] 0.00 [—0.04, 0.04] —-0.01 [-0.03, 0.01] —-0.01 [—0.04, 0.02] 0.02 [-0.01, 0.05]

Model 2~ Main effect 0.00 [-0.05, 0.06] 0.02 [-0.03, 0.06] —0.02  [-0.04,0.01] 0.00  [-0.03, 0.03] 0.02 [-0.02, 0.05]
Interaction with time 0.02 [-0.03, 0.07] 0.01 [-0.03, 0.06] 0.00  [-0.02, 0.02] —-0.01 [—0.04, 0.02] 0.02 [-0.01, 0.05]

All models include menopausal symptoms, time, and their interaction as predictors. Model 2 is additionally adjusted with age, body mass index, menopausal status, use
of hormonal contraception, education, smoking status, and alcohol consumption. LDL-C Low-density lipoprotein cholesterol, HDL-C High-density lipoprotein

cholesterol, CI Confidence interval.
" p <0.05.
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Table 5
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Associations of menopausal symptoms with blood pressure, body composition, and physical activity measures in longitudinal study design (n = 298).

Systolic blood pressure

Diastolic blood pressure

Total fat mass [kg]”

Android fat mass [kg]"

Physical activity” [mg]

[mm Hg] [mm Hg]
B 95 % CI B 95 % CI B 95 % CI B 95 % CI B 95 % CI
Vasomotor symptoms
Model 1 Main effect —0.91 [-3.52, 1.69] —0.43 [-1.87,1.02] 0.74 [-0.72, 2.21] 0.08 [-0.08, 0.24] —0.67 [-2.06, 0.72]
Interaction with time =~ —0.15  [-2.68, 2.37] 0.01 [-1.33,1.35] -0.21 [-1.49,1.07] —-0.03 [-0.18,0.12] -0.27 [-1.72,1.19]
Model 2~ Main effect -1.71 [—4.39, 0.98] -1.16  [-2.62,0.30] 0.29  [-1.28,1.86] 0.02 [-0.15,0.20] -0.47  [-1.93,1.00]
Interaction with time 0.37 [-2.18,2.91] 0.59 [-0.71,1.90] 0.09 [-1.26,1.44] 0.01 [-0.15,0.16] —0.35 [-1.80,1.11]
Psychological symptoms
Model 1 Main effect 1.30 [-0.80, 3.41] 0.93 [-0.22, 2.07] 0.53 [-0.62, 1.67] 0.04 [-0.09, 0.17] 0.03 [-1.07,1.12]
Interaction with time =~ —1.18  [-3.18, 0.83] -0.55 [-1.61, 0.50] 0.46  [-0.52,1.45] 0.05 [-0.06,0.16] —0.87 [-1.95,0.22]
Model 2 Main effect 0.96 [-1.11, 3.03] 0.68 [-0.42,1.78] 0.38 [-0.78, 1.54] 0.02 [-0.10, 0.15] 0.28 [-0.85, 1.42]
Interaction with time =~ —1.22  [-3.16, 0.71] —0.54  [-1.52,0.45] 0.52 [-0.48,1.51] 0.06 [-0.05,0.17] —0.81 [-1.91, 0.29]
Somatic or pain symptoms
Model 1~ Main effect 2.83  [-1.28,6.94] 0.91 [-1.34, 3.17] 1.06  [-1.22,3.35] 0.08 [-0.18,0.34] —0.02  [-2.20, 2.16]
Interaction with time =~ —-1.93  [-5.79, 1.93] —0.31 [-2.35,1.74] —-0.07  [-2.08,1.94] —0.02  [-0.25,0.22] 0.31 [-1.98, 2.59]
Model 2 Main effect 1.95 [-2.09, 5.98] 0.23 [-1.93, 2.40] 0.62 [-1.69, 2.93] 0.03 [-0.23, 0.29] 0.24 [-1.96, 2.44]
Interaction with time —1.86 [-5.76, 2.04] —0.08 [-2.08, 1.92] 0.15 [-1.90, 2.20] 0.01 [-0.23, 0.25] 0.34 [-1.90, 2.58]
Urogenital symptoms
Model 1 Main effect 1.89 [-0.71, 4.48] 1.47  [0.00, 2.93] 0.43  [-1.00, 1.87] 0.05 [-0.11,0.22] -0.39 [-1.80,1.03]
Interaction with time =~ —0.07  [-2.56, 2.42] 0.10  [-1.25,1.46] -0.07  [-1.37,1.22] 0.00 [-0.15,0.15] —0.61 [-2.05, 0.84]
Model 2~ Main effect 1.45 [-1.12,4.01] 1.08  [-0.32,2.48] 0.16  [-1.30, 1.62] 0.02 [-0.14,0.19] -0.21 [-1.62, 1.20]
Interaction with time 0.08  [-2.36,2.53] 0.26  [-1.00, 1.52] 0.08  [-1.20,1.36] 0.02 [-0.13,0.17] -0.57 [-2.00, 0.85]
Total number of symptoms
Model 1~ Main effect 0.58  [-0.37,1.53] 0.40 [-0.12,0.92] 0.34  [-0.18,0.85] 0.03  [-0.03,0.09] —-0.14 [-0.65,0.38]
Interaction with time =~ —0.40  [-1.29, 0.49] -0.13  [-0.59, 0.34] 0.06 [-0.37,0.49] 0.01 [-0.04,0.06] —0.29 [-0.82,0.23]
Model 2~ Main effect 0.34  [-0.63,1.31] 0.18 [-0.35,0.71] 0.18 [-0.36,0.72] 0.01 [-0.05, 0.07] 0.00 [-0.55, 0.54]
Interaction with time =~ —0.35  [-1.25, 0.55] —0.03  [-0.48,0.43] 0.15  [-0.30, 0.59] 0.02 [-0.03,0.07] —0.30 [-0.82,0.23]

All models include menopausal symptoms, time, and their interaction as predictors. Model 2 is additionally adjusted with age, body mass index, menopausal status, use
of hormonal contraception, education, smoking status, and alcohol consumption unless otherwise specified. CI confidence interval.

@ Model 2 is additionally adjusted with age, menopausal status, use of hormonal contraception, education, smoking status, and alcohol consumption.

b Accelerometer-measured physical activity mean amplitude deviation, mg milligravity (0.00981 m/s2).

might be associated with higher total and android fat mass. These results
are partially in line with previous results showing associations of VMS
with higher body fat percentage [25] and BMI [9].

The mechanisms behind the linkage between menopausal symptoms
and CMD risk factors are not completely clear. However, this linkage
could be explained by the change in the hormonal milieu and especially
the decrease in systemic E2 levels during the menopausal transition.
These hormonal changes are often considered to be one major contrib-
utor to the development of menopausal symptoms [2], and they may
also contribute to the unhealthy changes in CMD risk factors during the
menopausal transition [1,6]. Some potential mechanisms for how the
hormonal changes could affect the relationship between menopausal
symptoms and CMD risk factors are the menopause-related changes in
endothelial function and sympathetic activity that are also associated
with VMS [26,27] and may result in changes in blood pressure [28] and
lipids [29]. Our findings, in which the studied associations diminished
after adjusting for menopausal status and other confounders, support the
hypothesis about the confounding role of the change in the hormonal
milieu and its derivatives in associations between menopausal symp-
toms and CMD risk factors.

Additionally, menopausal transition and varied menopausal symp-
toms have been linked to changes in body adiposity and obesity [2]. The
increased amount of adipose tissue that contributes to CMD risk and the
development of a pro-inflammatory adipokine profile is associated with
a variety of menopausal symptoms and may play a role in the devel-
opment of VMS [2,30]. BMI has been reported to moderate the associ-
ations between VMS with blood lipids [12], which indicates that the
amount of adipose tissue may play a role in the associations between
menopausal symptoms and CMD risk factors. However, contradictory to
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our results, several previous studies have reported these associations to
persist even after adjusting for BMI [9,12,14]. Also, in our analyses, BMI
did not moderate the associations between menopausal symptoms and
CMD risk factors.

Strengths of the study include the longitudinal study design, where a
total of 148 out of 298 participants experienced menopause during the
follow-up. Another upside of this study is the relatively large sample
with a comprehensive set of CMD risk factors and measured con-
founders. Furthermore, the assessment of menopausal symptoms in our
study was not limited only to VMS, but included a variety of other
symptom types as well. However, the substantive limitation of the study
is the assessment of the menopausal symptoms only at baseline with a
questionnaire that has not been validated and does not capture the
frequency or the severity of the symptoms. Furthermore, the homoge-
neous sample of white women with several health-related exclusion
criteria limits the generalizability of the results and may affect the as-
sociations between menopausal symptoms and CMD risk factors.

5. Conclusion

This study shows that menopausal symptoms are associated with
higher cholesterol levels and body adiposity in middle-aged women.
However, the associations between menopausal symptoms and choles-
terol levels were diminished after controlling for confounders, indi-
cating that these associations are, at least partially, explained by
differences in age, menopausal status, BMI, socioeconomic status, and
lifestyle habits. According to our results, menopausal symptoms are not
associated with blood glucose, triglycerides, blood pressure, and phys-
ical activity levels, and they do not predict changes in CMD risk factors
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during the menopausal transition. The independent role of menopausal
symptoms in explaining the CMD risk factors may therefore be smaller
than what has been previously suggested. More large-scale longitudinal
studies with a comprehensive set of confounders are needed to clarify
the independent role of menopausal symptoms in CMD risk in women.
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ORIGINAL STUDY

Predicting the age at natural menopause in middle-aged women

Matti Hyvdrinen, MSc,” Juha Karvanen, DSc,” Pauliina Aukee, PhD, MD,? Tuija H. Tammelin, PhD,”

Sarianna Sipild, PhD," Urho M. Kujala, PhD, MD,’

and Eija K. Laakkonen, PhD’

Vuokko Kovanen, PhD,5 Timo Rantalainen, DSc,I

Abstract

Objective: To predict the age at natural menopause (ANM).

Methods: Cox models with time-dependent covariates were utilized for ANM prediction using longitudinal data
from 47 to 55-year-old women (n = 279) participating in the Estrogenic Regulation of Muscle Apoptosis study. The
ANM was assessed retrospectively for 105 women using bleeding diaries. The predictors were chosen from the set of
32 covariates by using the lasso regression (model 1). Another easy-to-access model (model 2) was created by using a
subset of 16 self-reported covariates. The predictive performance was quantified with c-indices and by studying the
means and standard deviations of absolute errors (MAE + SD) between the predicted and observed ANM.

Results: Both models included alcohol consumption, vasomotor symptoms, self-reported physical activity, and
relationship status as predictors. Model 1 also included estradiol and follicle-stimulating hormone levels as well as SD
of menstrual cycle length, while model 2 included smoking, education, and the use of hormonal contraception as
additional predictors. The mean c-indices of 0.76 (95% CI 0.71-0.81) for model 1 and 0.70 (95% CI 0.65-0.75) for
model 2 indicated good concordance between the predicted and observed values. MAEs of 0.56+0.49 and
0.62 + 0.54 years respectively for model 1 and 2 were clearly smaller than the MAE for predicted sample mean
(1.58+1.02).

Conclusions: In addition to sex hormone levels, irregularity of menstrual cycle, and menopausal symptoms, also
life habits and socioeconomic factors may provide useful information for ANM prediction. The suggested approach
could add value for clinicians’ decision making related to the use of contraception and treatments for menopausal

symptoms in perimenopausal women.

Key Words: Final menstrual period — Menopausal transition — Menopause prediction — Perimenopause —

Premenopause.

Video Summary: http://links.Iww.com/MENO/A743.

actors related to age at natural menopause (ANM)
have been one of the most frequently studied topics in
menopause-related research in recent decades due
to the many potential clinical implications of ANM. For
instance, accurate prediction of ANM would be beneficial
for women who are making decisions related to family

planning and treatments for menopausal symptoms. More-
over, accurate prediction of ANM would help to identify
women likely to have early menopause, which may put them
at increased risk for cardiovascular disease, cardiovascular
mortality,"* depression® as well as osteoporosis* and frac-
tures.’ On the other hand, later ANM has been associated with
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increased risk of breast cancer®’ as well as endometrial® and
ovarian’ cancer. However, due to the considerable interindi-
vidual variation in the ANM as well as the irregularity and
long duration of the menopausal transition, predicting the
ANM accurately is challenging.'

Previous research in predicting the ANM has mostly focused
on investigating the predictive performance of only a few
predetermined blood-based biomarkers, such as estradiol,
follicle-stimulating hormone, and anti-Miillerian hormone
levels, or utilized data and methods with time-invariant or
categorized continuous covariates.''""* Therefore, the objec-
tives of the study was to use longitudinal study design with
repeated covariate measurements to 1) investigate the factors
associated with the ANM and 2) develop prospective models
for predicting the ANM. A comprehensive set of potential
predictors were considered and the predictors for the final
models were chosen with an automated selection method. In
addition to laboratory-assessed characteristics, the predictive
performance of easily accessible self-defined covariates that
could be useful for clinicians estimating the time to approach-
ing menopause was evaluated.

METHODS

Study design

The study was part of the Estrogenic Regulation of Muscle
Apoptosis study that has been described in detail elsewhere.'”
In brief, participants were randomly selected from the Digital
and Population Data Services Agency (dvv.fi) and a postal
invitation were sent to 6,878 women aged 47 to 55 years living
in the city of Jyviskyld or neighboring municipalities. Of
2,390 women who responded, decided to continue, and con-
sented, 997 were excluded based on the exclusion criteria.
These criteria included several factors and medical conditions
that could affect the timing of the final menstrual period or
hinder the menopausal group definitions, such as the use of
estrogen containing medications, bilateral oophorectomy,
pregnancy, lactating, polycystic ovary syndrome, and severe
obesity (body mass index > 35).

The sample of 1,393 White women were categorized as
pre-, peri-, or postmenopausal based on serum follicle-stimu-
lating hormone (FSH) concentrations and self-reported men-
strual diaries.'® The categorization follows the Stages of
Reproductive Aging Workshop 410 guidelines'® although
due to technical research reasons a minimum of 6 months
follow-up period was used instead of 12 months to verify the
postmenopausal status.'> The participants assigned to the
perimenopausal group were invited to a follow-up phase that
included keeping menstrual diaries as well as laboratory visits
every 3 to 6 months until the participant was categorized as
postmenopausal. To avoid misclassification, the FSH concen-
tration was verified with a second measurement about a month
after the participant first met the postmenopausal criteria. The
participants who have had a hysterectomy, used hormonal
intrauterine device, or started using hormone therapy during
the follow-up period were excluded from the current study

Initial laboratory visit and menopausal group assignments
(n=1393)

L2

Excluded postmenopausal
(n=530)

7 A
Premenopausal
(n=389)

Perimenopausal
(n=474)

Discontinued or excluded due
to medical conditions
(n=93)

h 4

A
Follow-up study
(n=381)

Have had hysterectomy, used
intrauterine device, started using
» hormone therapy or did not report
bleeding after any measurement

(n=491)

A4 v v

Participants with unknown age at
natural menopause who recorded
bleeding after at least one
measurement (n = 174)

t '

Data for model development
(n=279)

Participants with observed
age at natural menopause
(n=105)

Data for model validation
(n=105)

FIG. 1. Flow chart for the study participant selection.

(Fig. 1). The measurements were initiated in the beginning of
2015 and the follow-up period lasted until the end 0of 2018. All
participants provided written informed consent and the study
was approved by the ethical committee of the Central Finland
Health Care District (No. 8U/2014).

Outcome

All participants in the Estrogenic Regulation of Muscle
Apoptosis study were instructed to keep a menstrual diary
throughout the study starting at least 12 weeks prior to the
baseline measurement. In menstrual diaries, participants
reported their daily menstrual bleeding status as bleeding,
spotting, or no menstrual bleeding. Bleeding period was
defined as at least 1 day of bleeding or 3 or more consecutive
days of spotting and spotting days preceding or following
bleeding days were considered bleeding days. A single bleed-
ing-free day surrounded by bleeding days was treated as a
bleeding day and the surrounding bleeding days were merged
into one continuous bleeding period.'”

For the participants who were perimenopausal in the baseline
measurement, went through the follow-up period and had
monthly complete bleeding diary, ANM was determined by
the age when the last reported bleeding period had started
(n=105). Only the measurements carried out prior to the ANM
could be utilized in the analysis and, therefore, all measure-
ments carried out before the menopause were excluded. Finally,
there were 296 valid measurements from the participants with
known ANM that were used for model development as well as
model validation. Additionally, for other participants who were
pre- or perimenopausal in the baseline measurement, the last
known menstrual period was determined. To make sure that no
postmenopausal measurements were included in the analysis,
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measurements that were carried out after the last reported
bleeding period were excluded. Thus, 391 measurements from
174 participants with unknown time to menopause were also
used for model development as censored observations.
Consequently, in addition to data from participants with
known ANM, also the data from participants with unknown
ANM were used for the development of the models. This data
set included 687 separate measurements from 279 partici-
pants. However, for the validation of the models, only the data
from 105 participants with known ANM could be utilized.

Covariates

The data set consisted of 32 covariates describing charac-
teristics that have been associated with ANM or have been
reported to fluctuate during menopausal transition.'®?° They
included several blood-based biomarkers, body composition
variables, objectively measured physical activity, menstrual
cycle characteristics as well as self-reported variables related
to gynecologic history, menopausal symptoms, life habits,
and socioeconomic status. They were assessed during every
laboratory visit in baseline and follow-up measurements with
self-report questionnaires and various measurements. The
baseline visits were scheduled to occur at the beginning of
the menstrual cycle for participants with regular or predictable
menstrual cycles. Most of the candidate predictors were time
varying and their values were updated after each laboratory
visit. However, self-report variables such as age at menarche,
parity, number of pregnancies, and education level (second-
ary, tertiary) were considered time-invariant and their base-
line measurement value was used throughout the study. The
questionnaire and measurements that were used are described
in more detail elsewhere.'’

During the laboratory visits, blood samples were taken, and
anthropometrics were measured after overnight fasting.
IMMULITE 2000 XPi (Siemens Healthineers AG, Erlangen,
Germany) was used to measure FSH and estradiol (E2) levels
from which the FSH/E2 -ratio was also computed. Further-
more, fasting blood glucose, triglyceride, total cholesterol as
well as high- and low-density lipoprotein cholesterol levels
were measured. Fat free mass, fat mass, and body fat percent-
age were assessed using InBody 720 multifrequency bioelec-
trical impedance analyzer (Biospace Co. Ltd, Seoul, Korea).
Body mass and height were measured with standard proce-
dures and body mass index (BMI) was computed by dividing
the body mass with the square of the body height.

Menstrual cycle characteristics were determined by using
the menstrual diaries and included covariates were menstrual
cycle length mean and standard deviation as well as range of
menstrual cycle length that was determined as the difference
between the longest and shortest recorded menstrual cycle.
The length of one cycle was determined in days from the start
of bleeding period to the end of the following bleeding-free
period and at least two fully recorded cycles was required for a
valid covariate value.

Menopausal symptoms were recorded using structured
questionnaires in which the participants were asked to report
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what kind of menopausal symptoms they had experienced.
The reported symptoms were merged into four categories that
were vasomotor symptoms (eg, sweating and hot flashes),
somatic or pain (eg, headache and joint pain), psychological
symptoms (eg, sleeping problems and mood swings) and
urogenital problems (eg, vaginal symptoms and urinary tract
problems).?! Furthermore, the self-report questionnaires were
used to determine the use of hormonal contraception (never,
former), relationship status (single, in relationship), smoking
status (never, former, current), alcohol consumption in por-
tions per week and physical workload (light, moderate, heavy,
very heavy) that describes the occupational physical activity.

Physical activity level was assessed using ActiGraph GT3X
and wGT3X accelerometers (ActiGraph LLC, Pensacola,
FL). The data were collected at 60 Hz, filtered, and converted
into 60-second epochs. The daily mean of total counts and
time spent in moderate-to-vigorous activities with tri-axial
vector magnitude cut-off point of 6,166 counts per minute
normalized to 16-hour wearing time was used.”** Valid
measurements included three or more days with more than
10 hours of wear time. Additionally, since self-report physical
activity measures capture different aspects of physical behav-
ior compared with accelerometers, two self-report measures
focusing on the leisure-time physical activity were included in
the analysis. They were a single seven-level scale question >
and a four-item questionnaire with questions related to com-
muting as well as average intensity, duration, and frequency
of leisure time physical activity that were used for assessing
physical activity in MET-hours per day.**

Missing data

Of 279 participants in the study, the ANM was determined
from 105. The other 174 participants were treated as censored
observations in the analysis. The percentage of missing values
across the 32 covariates varied between 0% and 28%
(Table 1). In total 1,602 covariate records out of 23,358
(7%) were incomplete. Missing data occurred due to incom-
plete or unclear questionnaire responses and bleeding diaries
as well as invalid or missing measurements. Missing data
were assumed to occur at random and multiple imputation was
used to create and analyze 50 multiply imputed data sets.
Multiple imputation was carried out in R (R Foundation for
Statistical Computing, Vienna, Austria) using the ‘‘mice’’
package.®®> The parameters of substantive interest were esti-
mated in each imputed dataset separately and combined using
Rubin’s rules.”®

Multiple imputation was carried out recursively one mea-
surement at a time starting from the baseline measurement.
That is, the imputed values of the previous measurement were
utilized for the imputation of current measurement. The
predictors for the imputation of each variable measured at
the same time point were chosen based on their associations
with the target variable and missing data values.*” Addition-
ally, the value of target variables in the previous and following
time points were used as the predictors in imputation if they
existed. The number of iterations in the imputation algorithm
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TABLE 1. Characteristics of study population, the distribution of all candidate predictors, and the number of missing data values

Participants with known All participants All measurements Missing data
ANM (n=105) (n=279) (n=1687) value® n (%)
Blood-based biomarkers
Total cholesterol [mmol/L] 533+£0.92 5314+0.89 5.31+£0.90 19 (2.8)
Low-density lipoprotein cholesterol [mmol/L] 2.96+0.77 3.05£0.80 3.03£0.80 19 (2.8)
High-density lipoprotein cholesterol [mmol/L] 1.83£0.42 1.73 £0.44 1.75+£0.43 19 (2.8)
Blood glucose [mmol/L] 5.24+£0.59 5.21+0.60 525+0.57 19 (2.8)
Triglycerides [mmol/L] 1.06 +0.44 1.09+0.54 1.06 +0.53 20 (2.9)
Estradiol [nmol/L] 0.4440.37 0.42+0.40 0.43+£0.45 0 (0.0)
Follicle-stimulating hormone [TU/L] 44.44+30.0 31.6 £29.7 32.0+27.6 0 (0.0)
FSH/E2 [IU/pmol] 0.41+1.41 0.28 +1.00 0.23+£0.69 0 (0.0)
Anthropometrics and body_composition
Body mass index [kg/m?]” 25.7+4.1 259+3.8 259438 17 (2.5)
Fat free mass [kg] 46.6£5.3 473£53 474+52 17 (2.5)
Fat mass [kg] 23.1+£9.0 22.7+82 22.7+83 17 (2.5)
Body fat percentage 323+79 31.6+7.7 31.5+7.6 17 (2.5)
Menstrual cycle characteristics
Cycle length mean [d] 49.8+£21.9 39.9+19.3 38.0+17.1 189 (27.5)
Cycle length standard deviation [d] 30.1+£22.5 20.6 £21.7 18.7+£17.8 189 (27.5)
Cycle length range [d] 71.7+50.5 57.14+56.4 52.64+46.8 189 (27.5)
Menopausal symptoms and gynecological history
Vasomotor symptoms’ 8(1.2)
No 11 (10.5) 93 (34.3) 214 (31.5)
Yes 94 (89.5) 178 (65.7) 465 (68.5)
Somatic or pain symptoms®® 8(1.2)
No 59 (56.2) 197 (72.7) 446 (65.7)
Yes 46 (43.8) 74 (27.3) 233 (34.3)
Psychological symptoms"’C 8(1.2)
No 33 (31.4) 123 (45.4) 294 (43.3)
Yes 72 (68.6) 148 (54.6) 385 (56.7)
Urogenital symptoms®® 8(1.2)
No 59 (56.2) 174 (64.2) 433 (63.8)
Yes 46 (43.8) 97 (35.8) 246 (36.2)
Use of hormonal contraception® 10 (1.5)
Never 89 (84.8) 216 (80.0) 536 (79.2)
Former 16 (15.2) 54 (20.0) 141 (20.8)
Age at menarche [yr.]h’d 13 (1.3) 13 (2) 13 (2) 18 (2.6)
Parity” 2(2) 2(2) 2(2) 12 (1.7)
Pregnancies’? 2(2) 2(2) 2(3) 14 (2.0)
Physical activity
Accelerometer, MVPA [min/d] 50.6+31.8 4874273 51.54+29.6 114 (16.6)
Accelerometer, Counts x 10° 6.11+2.01 6.19+1.78 6.344+1.90 114 (16.6)
PA questionnaire [MET xh/d]” 443+4.13 4324+4.18 4414437 18 (2.6)
Single seven-level scale question"’C 17 (2.5)
1 1(1.0) 10 (3.7) 30 (4.5)
2 5(4.9) 22 (8.2) 49 (7.3)
3 10 (9.7) 24 (9.0) 53 (7.9)
4 31 (30.1) 63 (23.5) 168 (25.1)
5 43 (41.7) 102 (38.1) 244 (36.4)
6 12 (11.7) 44 (16.4) 120 (17.9)
7 1(1.0) 3(1.1) 6 (0.9)
Life habits and other self-report variables
Alcohol consumption [portions/wk]” 430+4.21 3.62+3.72 3.60£3.73 17 (2.5)
Smoking®* 21 (3.1)
Never 75 (72.8) 180 (67.2) 457 (68.6)
Former 26 (25.2) 72 (26.9) 169 (25.4)
Current 2 (1.9 16 (5.9) 40 (6.0)
Education®® 10 (1.5)
Secondary 52 (49.5) 140 (51.9) 366 (54.1)
Tertiary 53 (50.5) 130 (48.1) 311 (45.9)
Relationship status™® 18 (2.6)
Single 18 (17.5) 61 (22.8) 163 (24.4)
In relationship 85 (82.5) 207 (77.2) 506 (75.6)
Physical workload®* 78 (11.4)
Light 48 (51.1) 135 (55.1) 316 (51.9)
Moderate 23 (24.5) 53 (21.6) 139 (22.8)
Heavy 20 (21.3) 52 (21.2) 148 (24.3)
Very heavy 3(3.2) 52.1) 6 (1.0)

The first two data columns include only the values from the last valid measurement from each participant. Data are mean + SD unless otherwise
specified.

ANM, age at natural menopause; FSH/E2, follicle-stimulating hormone/estradiol; MVPA, moderate-to-vigorous physical activity; PA, physical activity.
“Missing data rates illustrated in data set that includes all measurements.

“Easily accessible predictor.

“Data are n (%).

“Data are median (IQR).
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was set to 50 and passive imputation was used for derived
variables, such as FSH/E2 -ratio and body fat percentage.

Model selection and validation

Cox regression models with time-varying covariates®® and
age as time scale” were used for predicting the ANM. The
proportional hazards assumption of the Cox models was tested
using Schoenfeld residuals and the model selection was carried
out using the lasso (Least Absolute Shrinkage and Selection
Operator) regression’’ in two separate sets of candidate pre-
dictors. The first set included all 32 candidate predictors and the
second set included only 16 of them that could be measured
without any clinical measurement devices and long-term dia-
ries. Thus, the second set included all self-report covariates as
well as BMI (Table 1) and the aim of using this set of candidate
predictors was to investigate the predictive performance of
casily accessible covariates that a woman can effortlessly
provide herself without expert assistance.

The model selection was done in R using the ‘‘penalized”’
package.?! The optimal value of the tuning parameter lambda
was initially chosen separately for all 50 imputed data sets
using cross-validation and the covariates of interest were
selected as the intersection of all predictor sets. However,
the optimal lambda value resulted in 19 covariates of interest
with all candidate predictors and in 11 covariates of interest
with easily accessible candidate predictors which might lead
to overfitting with current data set with effective sample size
of 105. Thus, based on the good average requirement pre-
sented by Harrell>? in which the maximum number of pre-
dictors should be less than effective sample size divided by
15, we increased the lambda value to limit the number of
covariates of interest to seven.

The predictive performance of fitted models was quantified
using pooled concordance index ¢** and leave-one-out cross-
validation that was used for studying the errors between the
predicted and observed ANM. The mean of the median
survival times from all 50 complete data sets was used for
prediction. Bootstrap validation with 200 resamples in 1
randomly selected imputed data set was used to estimate
how accurately the models predict the ANM on future sub-
jects or subjects not used to develop the model. Additionally,
the leave-one-out cross-validation was also used for sensitiv-
ity analysis by utilizing only the first measurement from each
participant to investigate the predictive performance of the
constructed models with longer time from measurement
to ANM. Analysis was carried out in R using the ‘‘rms”’
package.*

RESULTS

Characteristics of study population

With the notation of mean =+ standard deviation, the age of the
participants in the baseline measurement was 51.2 + 1.8 with
minimum of 48.6 and maximum of 57.4 years. The number of
valid measurement time points varied from 1 to 9 for each
participant. In the complete data set of 279 participants, the
number of participants with specific number of measurement
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time points in order from 1 to 9 was 143, 37, 24, 23,26, 13, 8, 3,
and 2. Respective numbers for participants with known ANM
(n=105) were 27, 31, 16, 12, 11, 3, 3, 1, and 1. The mean time
between repeated measurements was 163 + 44 days and the time
from the last measurement to ANM varied from 4 to 196 days
with the mean of 70 +49. Valid full follow-up time varied from
0.00 to 3.67 years with the mean of 0.86 & 0.97 years. The mean
ANM in the study population was 52.8 4 1.9 years. Other char-
acteristics of the candidate predictors and the number of missing
values is given in Table 1.

Constructed models

Among all 50 imputed data sets, the median c-index for
models in which the predictors were selected from the set of
all available covariates (model 1) was 0.762 with the mini-
mum of 0.755 and maximum of 0.783. Respectively, the
median c-index for the model in which the predictors were
selected from the set of easily accessible covariates (model 2)
was 0.701 with the minimum of 0.694 and maximum of 0.706.
The model predictors as well as pooled model hazard ratios, P
values, and c-indices are given in Table 2.

Model validation

The predictive performance of the models was measured by
the mean absolute error (MAE) between the predicted and
observed values (Table 3). The MAEs for model 1 (0.56y)
and model 2 (0.62y) were clearly smaller than the MAE
(1.58y) for the model that used the sample mean as the
prediction. The distributions of model errors are illustrated
in Figure 2. Furthermore, leave-one-out cross-validation indi-
cated that both models 1 and 2 were slightly biased toward
predicting younger ANM compared with the observed values.
However, mean bias errors were approximately only 1 month
(0.09y) for model 1 and 2 months (0.18y) for model 2. The
bootstrap validation with one randomly selected data set and
200 resamples demonstrates that there was no significant
overfitting present with either one of the conducted models
with bootstrap estimate of c-index being 0.74 and 0.65 for
models 1 and 2, respectively (Table 4).

The sensitivity analysis indicated that the time from mea-
surement to ANM varied from 0.01 to 2.94 years with mean of
0.90 £ 0.72 and the MAEs were 0.55 + 0.44 years for model 1
and 0.61 £0.54years for model 2 (Supplemental Digital
Content 1, http://links.lww.com/MENO/A742). For both
models, the MAEs were distinctly smaller for the participants
with the time from measurement to ANM varying from 0 to
0.5years (0.524+0.38 and 0.44+£0.32y, respectively) or
0.5 to 1.5years (0.36 £0.26 and 0.39 £0.29y, respectively)
compared to participants with intervals longer than 1.5 years
(1.00+0.57 and 1.41 £0.56y, respectively).

DISCUSSION
Our longitudinal study of 279 pre- and perimenopausal
women from whom 105 had observed ANM demonstrated
that especially higher estradiol and FSH levels, irregular
menstrual bleeding, vasomotor symptoms, and higher level
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TABLE 2. Pooled model characteristics

Hazard ratio (95% CI) P value

c-index (95% CI)“

Model 1: Predictors selected from set of all available predictors

Estradiol [nmol/L]
Follicle-stimulating hormone [IU/L]
Cycle length standard deviation [d]
Alcohol consumption [portions/wk]
SR-PA7 (linear)
Vasomotor symptoms

No

Yes
Relationship status

Single

In relationship

2.13 (1.42-3.18)
1.01 (1.01-1.02)
1.02 (1.01-1.03)
1.07 (1.02-1.12)
2.29 (0.55-9.57)

1 reference
2.68 (1.41-5.12)

1 reference
1.42 (0.85-2.38)

Model 2: Predictors selected from the set of easily accessible predictors

Alcohol consumption [portions/wk]
SR-PA7 (linear)
Vasomotor symptoms
No
Yes
Use of hormonal contraception
Never
Former
Relationship status
Single
In relationship
Smoking
Never
Former
Current
Education
Secondary
Tertiary

1.06 (1.01-1.12)
1.85 (0.46-7.49)

1 reference
3.33 (1.80-6.19)

1 reference

0.68 (0.38-1.21)

1 reference
1.35 (0.81-2.25)

1 reference
0.99 (0.61-1.60)
0.37 (0.09-1.52)

1 reference

1.25 (0.82-1.91)

<0.001
<0.001
<0.001
0.009
0.257
0.003

0.182

0.959
0.169
0.297

0.76 (0.71-0.81)

0.70 (0.65-0.75)

CI, confidence interval; SR-PA7, single seven-level scale question for physical activity assessment.

“Pooled using Rubin’s rules for logit transformed index values.

of alcohol consumption are indicators of approaching natural
menopause. The two models constructed in the study demon-
strated adequate performance for predicting the ANM by
reaching the threshold of good (¢ > 0.7) but not strong
(¢ < 0.8) concordance with the observed values. Furthermore,
the predictions of both models were distinctly more accurate
compared with using sample mean ANM as the prediction for
all participants.

Mostly, the associations observed in the study are in
agreement with the literature. However, a novel observation
in the study was that the participants tended to increase their

TABLE 3. Differences between the predicted and observed age at
natural menopause computed using leave-one-out cross-validation

(n=104%)

Model 1 Model 2 Predicted sample mean
Observed ANM  52.77+1.89  52.77+1.89 52.77+1.89
Predicted ANM 52.68£1.79 52.59+1.72 52.77+0.00
Bias error” —0.09+0.74 —0.18 £0.80 0.00+1.89
Absolute error” 0.56+0.49 0.62+0.54 1.58+1.02
Squared error” 0.55+0.97 0.67+1.12 3.55+4.01
Pairwise 7 test’  r=—1.298 t=-2245

df=103 df=103

p=0.197 p=0.027

Data are mean £ SD in years unless otherwise specified.

ANM, age at natural menopause.

“Number of participants with valid ANM prediction.

*Between observed and predicted values. Pairwise ¢ test was not carried
out for predicted sample mean since the results would not be meaningful.

self-reported alcohol consumption when approaching the
ANM, although previous studies have reported no associa-
tion** or positive association between alcohol consumption
and ANM.***¢ On the other hand, menopausal transition has
been previously shown to be a period of instability regarding
alcohol consumption®” and increasing alcohol consumption
could potentially be influenced by negative affect, such as
depressive symptoms, caused by hormonal changes during the
menopausal transition.*® Furthermore, the observed associa-
tion between higher estradiol levels and shorter time to natural
menopause was interesting considering that estradiol levels
are known to decrease during the menopausal transition.
Nonetheless, similar associations have been reported previ-
ously®* and they may result from estradiol levels remaining
relatively constant until the late perimenopause and even
slightly increasing before they start to decrease toward post-
menopause.”’

Covariates, such as educational level, relationship status,
physical activity, BMI, parity, and age at menarche, have been
frequently associated with ANM,*****! yet contradictory
results have also been reported.'****? In this study, educa-
tional level, relationship status, and physical activity were
only weakly associated with ANM; however, they still
increased the accuracy of the models if included as predictors.
On the other hand, BMI, parity, and age at menarche were not
chosen by the lasso regression as predictors in either one of
the models. These results that are partially contradictory to
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FIG. 2. Histograms illustrating the distributions of model errors.

previous findings may result from the unique study design that
utilizes information from several measurements carried out
during the perimenopause. Thus, unlike most of the previous
studies, this study also captures the changes that occur during
the menopausal transition in addition to associations of certain
covariates with ANM. Furthermore, the predictors for the
models were not chosen based on their statistical significance
but by optimizing the constructed models.

The greatest strength of the study is the methodological
approach including dealing with the missing data values, using
models that encompass time-varying covariates, and utilizing
an extensive set of candidate predictors with automated model
selection. As the participants were a homogenous sample of
Finnish middle-aged women, the generalizability of the results
is good for populations consisting of Scandinavian White
women but poorer for more heterogeneous populations.
Furthermore, although assessing the postmenopausal status
using bleeding diaries and FSH measurements is considered
advantageous compared with retrospective self-reports, the use
of'a 6-month follow-up period instead of 12 months to verify to
postmenopausal status may have led to misclassification for
some participants. The age range 0f47 to 55 years as well as the
exclusion of postmenopausal women in the baseline may have
also caused selection bias since women with younger ANM
were more likely to be excluded. Other limitations of the study
are the data set with relatively small sample size and follow-up
time less than 4 years for all participants. This increases the
uncertainty in the results and keeps the constructed models

from being suited for predicting the ANM for women in their
30s or early 40s. Additionally, some potentially strong pre-
dictors of ANM, such as anti-Miillerian hormone levels, follicle
counts, or mother’s ANM,* were not included in the set of
candidate predictors because they were not available.
Although the models were constructed with a data set in
which the time from last measurement to ANM were less than
7months for all participants, the sensitivity analysis using
only one measurement from each participant demonstrated
that the models provide adequate prediction accuracy when
using measurements that are carried out up to 18 months
before the ANM (Supplemental Digital Content 1, http://
links.lww.com/MENO/A742). These are encouraging results
indicating that by utilizing a training data set with longer
follow-up time and possibly a few additional candidate
predictors, the suggested predictors and methodological
approach could also be used for discovering the diagnostic
rules for predicting ANM for younger premenopausal women.

CONCLUSIONS

Higher estradiol and FSH levels, irregular menstrual cycles,
and menopausal symptoms are strong indicators of approach-
ing menopause in middle-aged women. Additionally, infor-
mation related to life habits and socioeconomic factors, such
as alcohol consumption, smoking habits, relationship status,
physical activity, and the use of hormonal contraception may
provide useful information for assessing the time to natural
menopause. The suggested approach for predicting ANM

TABLE 4. Bootstrap validation of constructed models

Original sample Training sample Test sample Optimism Corrected index n

Model 1

c-index 0.763 0.775 0.747 0.028 0.735 200

R? 0.162 0.190 0.135 0.056 0.106 200

Slope” 1.000 1.000 0.766 0.233 0.766 200
Model 2

c-index 0.697 0.715 0.672 0.043 0.654 200

R? 0.097 0.121 0.070 0.051 0.046 200

Slope” 1.000 1.000 0.696 0.304 0.696 200

“Calibration slope (slope of predicted log odds vs true log odds).
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could be useful for clinicians when making decisions related

to

the use of hormonal contraception and treatment for

menopausal symptoms in perimenopausal women. However,
further studies with a similar methodological approach,
long-term follow-up time and a more comprehensive set of
covariates are warranted to develop models with improved
predictive performance that would be applicable in more
heterogeneous populations and for women in their 30s or
early 40s.
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