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ABSTRACT 
Background: Menopause occurs naturally between the ages of 40 and 60, with 80–90% 
of women experiencing menopause between ages 45 and 55. Menopausal transition is 
associated with a drastic drop in oestrogen, an increase in iron concentrations, the 
appearance of menopausal symptoms, and an increase in the incidence and mortality rates 
for cardiovascular disease (CVD). Early menopause (at age 45 or younger) is associated 
with increased risk of type 2 diabetes (T2D), CVDs, bone fractures, mood disorders, and 
decline in cognitive functions. Conversely, late menopause (at age 55 or older) is 
associated with an increased risk of ovarian, endometrial, and breast cancer. 
Understanding modifiable risk factors affecting the age at which menopause occurs may 
have implications not only for family planning, but also for menopause-related diseases.  
Aims: I analyse the role diet has on natural menopause onset. In my first article, I evaluate 
the association between menopausal status and changes in dietary intake among adult 
women in Switzerland. In the second article, I systematically review and evaluate published 
research on the associations between diet and the onset of natural menopause (ONM). In 
the third and fourth articles, by using data from large population-based cohorts, I 
investigate the association of plant-based diet index (PDI) and dietary iron intake with 
incidence of early natural menopause. 
Methods: For the first article, I used data from women enrolled in the first and the second 
follow-up visits of the CoLaus study—a population-based cohort study in Lausanne, 
Switzerland. I included women with available data on dietary intake and information on 
menopause status from two visits in my analysis. I used multivariable and linear models and 
linear mixed models adjusted for potential confounders to cross-sectionally and 
longitudinally investigate the association between menopause status and dietary intake. 
To summarize the evidence on the association between diet and ONM, I used a systematic 
review and meta‐analysis in the second article. In articles 3 and 4, I used data from 
premenopausal women enrolled in the Nurses’ Health Study (NHS) and Nurses’ Health 
Study II (NHSII) cohorts—population-based cohorts in the United States. I conducted a Cox 
proportional hazard model to assess the association of PDI in quintiles with incidence of 
early natural menopause in NHS and NHSII separately and fixed-effect model to pool the 
results from both cohorts (article 3). I conducted the same analyses to assess the 
association of dietary iron intake with incidence of early natural menopause (article 4). 
Dietary intake was assessed using the food-frequency questionnaire (FFQ), while 
menopause status and ONM was self-reported for all studies. 
Results: These studies’ results are presented in 4 articles. In article 1, I included 1,641 
women and showed no association of menopause status with total energy intake (TEI), 
dietary intake, and adherence to the Swiss dietary recommendations, neither cross-
sectionally nor longitudinally. Article 2 shows that among the investigated food groups, 
higher intake of green and yellow vegetables was associated with early age of ONM, while 
high intakes of some dairy products, such as low-fat, skim milk, and low intake of alcohol 
were associated with a later onset. I observed no consistent association between 

https://www.colaus-psycolaus.ch/professionals/colaus/
https://nurseshealthstudy.org/
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macronutrient and micronutrient intake and ONM, although a vegetarian diet was more 
associated with early ONM. After adjustment for potential confounders, article 3 shows no 
observed association between PDI and the incidence of early natural menopause in either 
cohort or when pooling the results from both cohorts. Article 4 shows high intake of iron 
heme was strongly associated with higher risk to experience early natural menopause 
among the NHSII cohort. Yet, an association was found between iron non-heme and higher 
risk of early natural menopause in NHS only in fully adjusted models.  
Conclusion: I contribute to scientific knowledge by recognizing the current gaps 
regarding the role of diet on ONM and by providing new knowledge about components of 
diet, such as dietary iron intake, that may impact ONM. Despite menopause being 
associated with elevated risks of T2D and CVD and adhering to a healthy diet during this 
critical phase of women’s life could help reduce these risks, my research shows that 
women do not change their diets during menopause transition or when they are in 
menopause. Also, to be easily understood by a wide range of professionals and the public, 
I suggest writing dietary guidelines and scientific findings related to menopause in plain 
language. 
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ABBREVIATIONS 
AMH Anti-Müllerian hormone 
BMI Body mass index 
CHD Coronary heart disease 
CI Confidence interval 
CMD Cardiometabolic disease 
CVD Cardiovascular disease 
DHEA Dehydroepiandrosterone 
E2 Oestradiol 
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FSH Follicle-stimulating hormone 
GSM Genitourinary syndrome of menopause 
hPDI Healthy plant-based diet index 
HR Hazard ratio 
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MUFA Monounsaturated fatty acid 
NHS Nurses’ Health Study 
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NOS Nine-star Newcastle-Ottawa Scale 
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PUFA Polyunsaturated fatty acid 
SFA Saturated fatty acid 
TEI Total energy intake 
T2D Type 2 diabetes 
uPDI Unhealthy plant-based diet index 
WHO World Health Organization 
WMD Weighted mean difference 
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1. INTRODUCTION

1.1. Menopause 

1.1.1. What is menopause? 

The World Health Organization (WHO) defines menopause as ‘the permanent cessation of 
menstruating resulting from the loss of ovarian follicular activity’ and absence of 
menstruation (amenorrhoea) over a period of 12 months [1]. On average, the cessation of 
reproductive function occurs naturally between the ages of 50 and 52, with 80-90% of 
women having their final menstrual period (FMP) between ages 45 and 55 [2]. Up to 10% 
of women may experience early menopause (<45 years old) naturally, non-naturally due to 
medical treatment (chemotherapy and radiation), or due to the removal of both ovaries 
(bilateral oophorectomy) prior to natural menopause, the latter two known as surgical 
menopause [2].  

The variation in age of ONM could be due to different geographic areas, ethnic 
backgrounds, and genetic and non-genetic factors [3].  Geographic region has been found 
to explain 68.5% of the observed heterogeneity in mean age of menopause range. As 
reported in Figure 1, among countries in Africa, Latin America, Asia (except for several East 
Asian countries, such as Japan and Korea), and the Middle East, age at menopause onset 
was generally earlier compared to countries in Europe, Australia, and the United States; 
variations in age at natural menopause are reported also within the same geographical 
region [4]. 

Figure 1. Variation in menopause timing according to geographic region. Adapted from Laisk et al. [5] 
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Few studies assessed racial/ethnic variability in age at menopause onset and of studies 
that have, findings have been inconsistent, mainly due to conflating two terms in the 
literature: race (denoting a person’s physical appearance) and ethnicity (including a 
broader concept of similarities in cultural heritage, social practice, traditions, language, and 
geopolitical factors) [6]. Socioeconomic factors are also related to menopause timing; in 
general, studies showed lower education and lower socioeconomic levels to be associated 
with earlier age at ONM [7]. Other factors identified linked to menopausal age can be 
categorized into lifestyle factors and life history, such as early menarche and nulliparity 
which are associated with early age at menopause [8,9], while increasing parity is 
associated with later age at menopause [10,11]. Among lifestyle factors, smoking has a 
strong association with earlier age at menopause, while a weaker association has been 
found with lower body mass index (BMI) and earlier age at menopause [12,13]. In the last 
decade, lifestyle factors expanded to diet with few studies reporting controversial but 
existing associations with ONM.  

1.1.2. Physiological mechanisms 

During foetal life, women1 receive a maximum quota of oocytes. In the first half of foetal 
development, the ovaries contain around 6–7 million oocytes [14]. At birth, the ovarian 
reserve decreases to 1–2 million oocytes and at menarche, the rate decreases to 
300,000–400,000 [15]. During the fertility period, the continued decline in quantity and 
quality of oocytes will cause a drastic drop below 1,000 at the time of menopause, as 
reported in Figure 2 [16]. 

Figure 2. Representation of the number of primordial follicles present in the ovaries and quality of oocytes 
in relation to female age. Adapted from Broekmans et al. [14] 

1 For ease of read, I use “women” to signify all those born biological women, although they may not identify as women. 
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Several sources reported that fertility gradually decreases from the age of 30 years 
onward, even though the physiological process is still unnoticed [17,18]. During the fertility 
period, the menstrual cycle has a mean length of 28 days, but the regularity of the 
menstrual cycle is gradually lost and cycles become shorter due to a shorter duration of 
the follicular phase. Then, cycles may become lengthened with delayed initiation of 
dominant follicle growth or anovulatory bleeding [19,20]. Later, cycle length will vary and 
cycles may be skipped due to prolonged absence of recruitable follicles. The complete loss 
of cyclic ovarian follicular activity is defined by 12 consecutive months of amenorrhea. 
Within the first year after menopause, a residual follicular activity may still be present due 
to a small number of oocytes left; however, the number is too low to sustain a regular 
menstrual cycle [21].  

The hormonal changes of the transition are complex, variable, and unpredictable. The 
menopause transition is characterized by wide variability in follicle-stimulating hormone 
(FSH), oestrogen, inhibin B, androgens, and Anti-Müllerian hormone (AMH) in the blood 
[22]. When follicle numbers reach a presumably critically low level, inhibin B secretion 
declines. FSH levels generally remain in the reproductive age range when regular ovulatory 
cycles continue, and the levels rise when cycles are no longer normal [23]. The gradual 
decline in ovarian oestrogen production in the years prior to the complete cessation of 
menstruation is largely related to the number of remaining primordial follicles; during 
menopause a dramatic decline in plasma oestradiol (E2) level occurs and the 
postmenopausal ovary will cease to contribute to E2 levels in blood [24], even though the 
pituitary gland continues to produce FSH throughout life [22]. Menopausal oestrogen 
deprivation plays a role in the aetiology of many symptoms and health conditions such as 
osteoporosis, CVD, and urogenital atrophy; currently the mechanisms underlying ovarian 
senescence are not yet fully understood [25]. 

1.1.3. Early, normal, and late menopause 

A homogeneous classification of menopausal status (Table 1) based on physiologic 
phenotypes is fundamental for comparing, generalizing, integrating, and spreading 
findings, as well for promoting public health and improving and guiding future research [2]. 
Natural menopause is determined by the completion of ‘12 consecutive months of 
amenorrhea resulting from the loss of ovarian follicular activity’ and occurs naturally for 
most women between the ages of 50 and 52 [2,28]. Menopausal transition defines the 
period before the FMP when irregularity in the menstrual cycle usually increases, while 
perimenopause should include the period immediately before menopause and the first 
year after menopause. Premenopause is often used ambiguously either to refer to the 1 or 
2 years before menopause or the entire reproductive period before menopause; WHO 
recommends the term enclose the entire reproductive period before the FMP. Last, post-
menopause is defined as the period dating from the FMP, regardless of induced or 
spontaneous menopause [26].  
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Table 1. Classification of the reproductive phases of the woman with approximate duration. 
Adapted from García-Ríos et al. [27] 

Approximately 10% of the menstruating population enter menopause before age 45—a 
condition termed early menopause [29]. About 1% of women enter menopause before age 
40 and 0.1% of women before age 30—a condition termed premature ovarian 
insufficiency (POI) [30]. Emerging evidence suggests that early menopause and POI may 
be due a variety of possible causes, including genetic factors [31], autoimmune disease, 
iatrogenic conditions, infections [14], and other modifiable lifestyle factors, such as diet 
[32,33]. Both early menopause and POI are associated with increased risk of T2D, CVD, 
bone fractures, mood disorders, and decline in cognitive functions. Conversely, late 
menopause occurs after age 55, and it is associated with increased risks of ovarian, 
endometrial, and breast cancer [34].  

Menopausal transition is characterized by hormonal changes, in particular hormones such 
as E2, FSH, inhibin B, androgens, and AMH are involved in this delicate phase. To predict 
ovarian aging, recommendations favour using AMH; AMH is the most consistent and 
reliable predictive marker of impending menopause; serum levels of AMH were found to 
be less than the detectable limit (0.08 ng/mL) for 3 years before menopause. This finding 
suggests that menopause occurs within 3 years among women with serum levels of AMH 
below the limit who experience irregular menstruation [35]. 

1.2. Adverse metabolic outcomes following menopause 

1.2.1. Menopausal symptoms 

Menopause and associated biological changes have a negative impact on the general 
health and quality of life as well as the wellbeing of middle-aged women [36]. The most 
frequently annoying menopausal symptoms among pre- and postmenopausal women are 
joint and muscular discomforts, depressive mood, hot flushes, night sweats, decreased 
libido, urogenital complaints, and higher central and intra-abdominal fat accumulation [36]. 

Menopausal symptoms and their time of occurrence vary widely. For some women, 
symptoms occur before the actual cessation of menses; for other women, symptoms 
coincide with menopause; and for some others, symptoms do not appear until several 
years later. Although around 60–80% of women experience menopausal symptoms, there 
is also a group of women who do not experience these symptoms [37]. The prevalence and 
severity of menopausal symptoms differ by geographic region and may vary due to factors 
such as lifestyle, social status, body composition, and psychological status [38]. Within 
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geographic variation, culture, religious beliefs, and ethnicity may play a role in the way 
women perceive menopause symptoms, as well as the rate and severity of the symptoms. 
For example, urogenital and sexual issues are not discussed openly in some Asian cultures, 
such as Chinese and Indian, and these issues might get translated into somatic and 
psychological symptoms. In addition, women in those cultures might believe those 
symptoms are a part of ageing [39]. Furthermore, in tropical countries hot flushes from hot 
weather effects or as symptom of menopause might be indistinguishable. Different 
perceptions or approaches affect reporting of menopausal symptoms and consequent 
variation in prevalence.  

1.2.2. Cardiometabolic diseases 

Figure 3. Representation of the risk of T2D, coronary heart disease (CHD), and overall mortality among 
women with early age of menopause. Adapted from Muka et al. [40] 

Among women with early menopause, overall mortality and morbidity are mainly due to 
cardiometabolic diseases (CMD), including T2D and CVD (Figure 3), and their 
associated factors, such as hypertension, dyslipidaemia, insulin resistance, and 
obesity [41]. At a young age, CMD prevalence is higher among men than women, 
but this gap disappears with aging, particularly after menopause [42,43]. 
Women in post-menopause face more cardiovascular events than women in 
pre-menopause at the same age [44]; during menopausal transition women increase 
blood lipids, fasting glucose, blood pressure, and abdominal fat—all CMD risk factors 
[45]. In addition, psychological and somatic-vegetative symptoms, such as sleep 
disturbances, depression, and anxiety, have been linked with adverse cardiometabolic 
profile [46,47]. 

Even ONM is considered a predictor of cardiometabolic health. For instance, early ONM is 
associated with long-term health consequences, including T2D, CVD, and overall mortality. 
Data confirmed that premature menopause or early menopause, induced by bilateral 
oophorectomy, accompany increased risk for CVD [48]. Currently, data used to 
determine the association between menopause and CVD risk are mainly based on 
traditional risk factors; decline in E2 levels coincide with increased CVD and T2D and 
recent studies show oestrogen can have beneficial cardiometabolic effects among 
younger women but harmful effects in older women [49,50]. The impact of E2 and 
androgens on women’s health remains debatable and further studies are needed [51]. 
Indeed, the impact of other 
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androgens, such as serum dehydroepiandrosterone (DHEA) and testosterone, on the 
association between menopause and CMD risk could be more complex than we expect and 
depend on several hormonal pathways, as reported in Figure 4.  

Figure 4. Age-related variations in serum sex hormones and cardiometabolic risk in women. 
Adapted from Roa-Díaz et al. [45] 

In conclusion, the mechanisms underlying menopause transition and CMD associations are 
not well understood; and novel pathways, such as iron metabolism, the role of 
environmental factors, and the possible role of DNA damage response mechanisms, may 
explain the association of menopause and CMD [45].  

1.2.3. Non-cardiometabolic outcomes 

1.2.3.1. Osteoporosis 
Oestrogen is the major hormonal regulator of bone metabolism among women and men 
and bone is a strong oestrogen-dependent tissue. Oestrogen plays a major role in the 
acquisition and maintenance of bone mineral content; inhibits osteoclastic differentiation, 
and maintains bone formation activity [52]. Postmenopausal osteoporosis (PMO) is a 
frequent clinical condition, which affects nearly 1 in 3 women after age 50; it is 
characterized by structural deterioration of bone tissue, leading to increased bone fragility 
and thus higher risk of fracture in postmenopausal women. PMO is due to the deficiency 
of oestrogen production, maximal within the first 2–3 years after menopause transition, 
which causes an imbalance in the bone remodelling process where resorption/formation 
skewed more towards resorption and consequent bone loss. It causes high morbidity and 
severe health complications, such as increased frailty, functional limitations, loss of 
independence, and mortality [53,54]. However, there are large individual variations in the 
bone mineral content of each woman at menopause; such variations are not fully 
elucidated. For instance, early onset of menopause, the nature of menopause 
(natural/surgical), and smoking seem to be associated with rapid bone loss [55,56], 



11 

whereas overweight, obesity, and later age of menopause may be associated with slower 
postmenopausal bone loss [57]. Yet, genetic determinants may contribute to inter-
individual differences in the impact of oestrogen deficiency on bone [58,59]. Even though 
the current PMO therapy has many unwanted side effects and even increases the 
possibility of tumorigenesis [53], hormone replacement therapy (HRT) prevents bone loss 
and significantly reduces the risk of fracture at all bone sites by 20–40%. Also, the 
individual benefit-risk balance of HRT is dependent on individual risk profiles, as well as the 
type of oestrogens and progestogens or doses and routes of administration. In conclusion, 
in the absence of contraindication, use of HRT should be considered the first option for the 
maintenance of bone health among those women where specific bone active medications 
are not warranted [54]. 

1.2.3.2. Mood disorders and sexual function 
The existence of an association between depression and menopause has been the focus 
of clinical and scientific debates for years due to the heterogeneity of studies, lack of use 
of standardized tools or instruments necessary to characterize psychiatric symptoms, and 
lack of proper characterization of menopausal staging. Nowadays, ongoing efforts to 
improve those aspects are changing this scenario [60]. Several studies have confirmed 
that the menopausal transition constitutes a window of vulnerability to depressive 
symptoms with higher risk of depressive symptoms mostly in perimenopause and 
menopause [61-64]. Fluctuations in E2 and FSH levels, history of premenstrual complaints, 
poor sleep, and employment status were found to be individual contributors to the 
increased risk of depression [65].  

The menopausal transition is also associated with an increased frequency of sleep 
disturbances, and insomnia represents one of the most reported symptoms by 
menopausal women. Different predisposing factors, such as hormonal changes, 
vasomotor symptoms (hot flashes and night sweats), pain, and other circadian 
modifications, may favour its occurrence; thus, insomnia treatment implies a careful 
evaluation of psychological and somatic symptoms [66].  

Since 2014, the genitourinary syndrome of menopause (GSM) has been introduced as a 
new term to incorporate conditions such as vulvovaginal atrophy, atrophic vaginitis, or 
urogenital atrophy. Most of these symptoms can be attributed to the lack of oestrogen 
that mostly characterizes the menopausal period. The hypoestrogenic state leads to 
vaginal dryness, dyspareunia (genital pain), and reduced lubrication with a consequence of 
great impact on sexual life and quality of life of affected women [67]. The first treatment 
for women with mild to moderate GSM symptoms consists of non-hormonal therapies, 
such as lubricants and moisturizers that act immediately and provide temporary relief. 
Hormonal therapy with local oestrogen products is considered the ‘gold-standard’ and it is 
an option for the treatment of moderate to severe GSM symptoms. Recent approaches 
consist of using selective oestrogen receptor modulators or laser technologies, which 
restore the tropism in the lower genitourinary tract, but further research is needed [67]. 
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The physiological and psychological effects of menopause are largely mediated by 
oestrogen but occur simultaneously with interpersonal, sociocultural, and psychological 
factors [68]. 

1.2.3.3. Neurological outcomes 
A recent study shows that human menopause is a dynamic neurological transition that 
significantly impacts brain structure, connectivity, and metabolic profile during midlife 
endocrine aging of the female brain [69]. Observational studies have suggested that early 
and prolonged loss of ovarian E2 (premature menopause) leads to a doubled lifetime risk 
for dementia and a fivefold increased risk of mortality from neurological disorders, yet 
some controversy remains related to cerebral ischemia and Alzheimer’s disease [70]. 
Understanding the biological mechanisms behind menopause is complicated but emerging 
evidence shows that oestrogens are a key influence on immune and inflammatory 
processes; even oestrogen receptor-beta regulates an important component of the innate 
immune response involved in regulation of neuronal mitochondrial function, the 
inflammasome [71]. The role of oestrogen on neurological diseases is far from understood; 
however, novel research is changing this current scenario. 

1.2.3.4. Cancer 
Generally, cancer arises when dividing cells undergo mutations and these genetically 
damaged cells become susceptible to unrestrained division. Thus, female hormones and 
other hormones that affect growth are potential risk factors for cancer, such as breast, 
ovarian, and endometrial. In contrast, factors that induce differentiation are likely to reduce 
the risk of cancer [72]. Even though the mechanisms are still equivocal, later menopausal 
age is associated with an increased risk of breast, ovarian, and endometrial cancer [72,73]. 
Several hypotheses have been formulated; one hypothesis suggests that high levels of 
oestrogen may increase the probability of DNA damage, such as mitotic activity, DNA 
replication, and somatic mutations [74,75]. People with a later menopause have higher 
hormone levels and longer time exposure to oestrogens. Another hypothesis suggests that 
anovulatory cycles, common among people having later menopause, is associated with 
progesterone deficiency, which may also contribute to cancer risk [76]. In conclusion, 
menopause and increasing age may be factors associated with cancer and rise more in mid 
age [77]. 

1.3. Diet and other factors associated with onset of menopause 

1.3.1. Non-dietary factors associated with menopause 

Multiple factors, including hormonal and environmental exposures, socioeconomic status, 
and stress throughout a woman's life course, interact to influence menopause onset and 
menopause-related pathways, including the evaluation of the genetic role on menopause 
onset [78]. In Table 2, I summarize the association between multiple factors and ONM. 
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Table 2. Association between dietary and non-dietary factors and ONM. 

1.3.1.1. Genetic 
Menopause is a highly heritable condition. Genetic variants contribute to ∼50% of the 
variation in age at menopause [79]. Genome-wide linkage studies have associated a limited 
number of genetic variants with menopause, mostly correlated with POI [80,81]. However, 
the results are conflicting because many of these studies suffer from methodological 
issues, the results are generally not replicated in different independent samples, and most 
of these studies are underpowered. Recent genome-wide association studies (GWAS) 
have identified several genes involved in DNA repair, maintenance, and immune function 
associated with menopause and POI [82,83]. In conclusion, data seem to indicate that 
fertility, age at menopause, and longevity are interlinked through common genetic factors 
involved mostly in DNA repair and maintenance [82,83]. If these systems fail, cell death and 
accelerated aging occur with upcoming onset of menopause.  

1.3.1.2. Marital status, age of menarche, and parity 
Several studies reported that married and widowed women experience later menopause 
when compared with single and divorced women. The effect of marriage on age at 
menopause may be due to behavioural factors that alter the internal hormonal or chemical 
environment, such as sexual activity, parity, or smoking habits. [84,85]. Yet, unmarried 
women experience more severe symptoms at menopause when compared with those who 
are married; the probable reason for this is that married women have better social 
relationships and family support [86,87]. Nowadays, the association between age at 
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menarche and age at menopause remains uncertain. Some studies report that women with 
early menarche experience early menopause; other studies report that early menarche is 
associated with late menopause or there is no association [86,87]. The duration of the 
reproductive period may be an indicator of cumulative exposure to oestrogens and 
progestogens [88] even though menopause is mainly about the aging of eggs and what 
causes them to age more quickly. Increasing the number of pregnancies and childbirths, 
or the age of the last pregnancy, can also lead to late menopause onset; potential 
explanations for these findings include increased oestrogen and progesterone secretion 
due to longer uterine and ovarian activity and breastfeeding [89,90]. 

1.3.1.3. Education and socioeconomic status 
Women with more education experience older menopausal ages; one study reported that 
mean age of natural menopause among primary educated women was 45.7 years, while 
graduate education and above was 47.2 ±4.4 years [84]. In addition, better social class 
(e.g., financial position) was found associated with better health status and later 
menopause (high vs. low occupation level; Weighted Mean Difference [WMD], 0.76; 95% 
Confidence Interval [CI], 0.44–1.09); this association could be explained by better 
nutritional status, reproductive choices, stress, and access to better health and medical 
care [4,91]. People who had a low economic situation in childhood experienced earlier age 
at menopause, probably due to an increase in smoking in adulthood [92,93]. 

1.3.1.4. Lifestyle: obesity and smoking 
Studies indicate that there is an association between lifestyle and ONM; lower BMI has 
been found to be associated with earlier onset of menopause, while high BMI has been 
found to be associated with later menopause. A meta-analysis reported women with 
overweight have a lower likelihood of experiencing early menopause [Hazard Ratio (HR), 
0.93; 95% CI, 0.91–0.96; P < 0.001] compared with  women at ideal weight. This 
association was markedly confirmed even among women with obesity, after adjusting 
for smoking (HR, 0.85; 95% CI, 0.81–0.90; P < 0.001) [94]. Several studies have 
indicated that BMI is the major determinant of endogenous oestrogen levels and women with higher BMI have higher levels of E2 and 
oestrogen in their bodies, leading to delayed menopause [95]. 

Smoking influences the age of menopause and smokers experience menopause at an 
earlier age. Some studies reported that smoking is the most important cause of early 
menopause [96]. A meta-analysis confirmed this association; they analysed two groups of 
women according to their data on menopause (dichotomous and continuous studies). 
Women who smoked were significantly associated with early ONM in both dichotomous 
(Odds Ratio [OR], 0.74; 95% CI, 0.60–0.91; P < 0.01) and continuous studies (OR, 1.12; 95% 
CI, 1.80 to 0.44; P = 0.04) when compared with non-smokers [97]. 
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1.3.2. Current evidence on diet and menopause onset: the role of food, micro-
/macronutrients, and dietary patterns  

1.3.2.1. Food, micro-/macronutrients intake and menopause onset 
Diet has been implicated in menopause onset, yet the findings in the literature are 
inconsistent. In some studies [98,99], high fruit intake showed to be associated with later 
onset of menopause, while other studies found no association [100-103]. When focused on 
markers of menopause, high fruit intake was inversely associated with annual reduction in 
AMH, suggesting prolonging reproductive life [104]. The micronutrient β-cryptoxanthin—
a common carotenoid mainly found in fruit—is associated with later onset of menopause 

[99], suggesting its role in prolonging reproductive life.  

Different findings obtained regarding the association between vegetable intake and 
menopause onset may depend on the type of vegetable being consumed. For instance, 
green and yellow vegetable intake could be associated with earlier natural menopause and 
the antioxidative mechanism may explain this association [105]; the antioxidant activity of 
carotenoids may be related to menopausal transition due to their impact on FSH secretion 
[106]. In recent years, there has been an increasing trend of consuming vegetarian diets; 
however, their role on menopause onset is still unclear. Due to activating/inhibiting 
oestrogen receptors, high phytoestrogen intake, rich in vegetable food, could affect 
menopause onset—these compounds may inhibit oestrogen action even though the risks 
or benefits of estrogenic or antioestrogenic effects highly depend on targeted tissue, 
timing, and level of exposure [107]. Evidence has been inconsistent regarding 
phytoestrogen-rich foods such as soy/tofu, beans, and legumes and menopause onset 
[108,109].  

Some dairy products may be associated with onset of menopause; low-fat dairy-food 
intake, such as skim milk and yogurt, may reduce the risk of early natural menopause up to 
17% [108,109]. Similarly, dairy protein and dairy fat were associated with a late natural 
menopause [110]. In addition, total dairy, milk, and fermented dairy products seem to 
reduce the rate of AMH decline, prolonging reproductive life [104]. In conclusion, higher 
dietary intakes of calcium from dairy sources, free galactose, and lactose are also 
associated with both lower annual reduction in AMH and the odds of its rapid decline 

[104,111].  

1.3.2.2. Alcohol intake and menopause onset 
The association between alcohol consumption and menopause onset is not fully 
understood [112]. Several studies reported low and moderate alcohol intake might be 
associated with late onset of menopause [33] due to a rise in circulating oestrogen levels, 
induced by alcohol [12,113]. However, studies exploring possible associations between 
alcohol intake and oestrogen metabolism are limited [114]. Among specific beverages, 
evidence of lower early menopause risk was confined to consumption of white wine, 
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potentially red wine, and liquor, but not to beer [115]. In addition, these findings should be 
read within the context of the complex association of alcohol with menopause-related 
health conditions. Although low to moderate alcohol consumption has been linked to a 
reduced risk of CVD and T2D [116,117], an association has been reported between high 
alcohol intake and risk of breast cancer among premenopausal women [118]. 

1.3.2.3. Dietary patterns and menopause onset 
Traditionally, nutrition research has focused on single nutrients or specific foods, although, 
except for supplements, individuals do not consume nutrients or foods in isolation. Recent 
epidemiological studies have shifted to dietary pattern analysis, which describes the 
overall diet. Dietary patterns have several advantages, such as limiting potential 
confounding by other features of diet, assessing the cumulative effects of foods, and 
allowing for interactions, assessing the food combination and variety, as well as the 
frequency and quantity with which they are habitually consumed [103]. One study reported 
a dietary pattern characterized by high animal-based protein intake to be associated with 
late natural menopause [103], yet other studies failed to show any impact. A vegetarian diet 
seems to be associated with early natural menopause onset [100,119] due to its anti-
atherogenic activity and ability to impact oestrogen levels; better atherogenic profiles 
have been suggested to slow depletion of the follicle pool [120]. 

1.3.3. Closing the gaps on impact of diet on menopause onset 

In the last decade, more attention has been given to diet as risk factor to determine timing 
of menopause and mostly about the biological and physiological processes behind 
menopause. Particularly, long life after menopause is a relatively recent phenomenon, 
resulting from the progress of medicine and better lifestyle, which have succeeded in 
prolonging life; in fact, women now spend one-third of their lifetime in menopause. In 
parallel, novel studies have been conducted to treat the wide range of climacteric 
symptoms affecting women before and after menopause [121].  

Despite the progresses made in this field, there is no comprehensive review of the 
literature on diet and menopause or a critical evaluation of the evidence. Most evidence 
comes from poor quality studies, not well-defined menopause outcomes, and not well-
defined food item or food group exposures, which can explain the inconsistent evidence. 
For instance, soy, such as whole food tofu and soybeans or processed versions like soy 
protein powders and soy-based veggie burgers, has been studied. Processed and 
unprocessed food have a different composition in terms of bioavailable nutrient; thus, 
different responses on the body [122]. In addition, considering menopause is related with 
several health outcomes, changing diet during menopause can help reduce the burden of 
menopause-related diseases. Yet, to date, there are no prospective studies evaluating 
whether menopause can impact women’s diet (or vice versa). Further, since PDI has been 
linked to lower risks of several diseases and is environmentally friendly, PDI has become 
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popular. However, the impact of PDI on reproductive health remains under investigated. 
Within PDI, iron remains an important dietary element with impact on multiple health 
outcomes, such as cardiovascular risk, T2D, metabolic syndrome, oxidative stress, and 
menopause symptoms [123,124]. To my knowledge, there is no study in the literature 
investigating the association between dietary iron intake and menopause onset.  

Understanding whether specific dietary factors might be associated with menopause 
onset could lead to new approaches reducing unhealthy dietary habits and adverse 
outcomes related to early/late natural menopause, and diet may be an alternative 
treatment for hot flushes and other symptoms that accompany menopause [125]. 
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2. GENERAL AIMS

In this PhD thesis, I add to understandings about the impact of diet on menopause onset. 
To achieve this, in article 1 I evaluate the association between menopausal status and 
changes in dietary intake among adult women in Lausanne, Switzerland. Adherence to a 
healthy diet may contribute to maintaining adequate health throughout the menopausal 
transition. In article 2, I evaluate the currently published evidence on associations between 
diet and ONM. In article 3, I evaluate the association of PDI with early natural menopause 
in the NHS and NHSII. Additionally, using the same cohorts, in article 4 I investigate the 
association between dietary iron intake and early natural menopause.  

2.1. Specific aims 

2.1.1. Article 1. Menopausal transition is not associated with dietary change in Swiss 
women 

Adherence to a healthy diet could contribute to maintaining adequate health throughout 
the menopausal transition, yet data are scarce. Therefore, I 1) studied the changes in 
dietary intake among women before and after menopause using data from the CoLaus 
cohort study. I cross-sectionally compared the dietary intake between pre and 
postmenopausal women, and then whether the change in menopausal status was 
prospectively associated with 5 years changes in dietary intake compared with women 
who remained premenopausal during the follow-up or were postmenopausal across the 
study period and 2) assessed whether menopausal status was associated with adherence 
to dietary Swiss recommendations (Supplementary material 1) as published in 2021 by 
Grisotto et al.   

2.1.2. Article 2. Dietary factors and onset of natural menopause: a systematic 
review and meta-analysis  

I conducted a systematic appraisal of the literature on how diet can influence the ONM. 
Understanding factors that can influence the timing of natural menopause has emerged as 
an important and relevant public health topic in reducing adverse outcomes related to early 
or late natural menopause; however, the evidence is inconsistent. Therefore, I 1) 
systematically reviewed prospective studies investigating the association between diet 
and timing of natural menopause; 2) meta-analysed studies exploring the association 
between alcohol intake (consumers vs. non-consumers, lowest vs. highest) and natural 
menopause onset as published in 2022 by Grisotto et al. 

2.1.3. Article 3. Association of plant-based diet and early onset of natural 
menopause 

For health promotion and disease prevention related to early natural menopause, it is 
important to understand whether PDI (Supplementary material 2) can affect timing of the 
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menopausal transition. Therefore, I 1) prospectively investigated the association between 
plant-based diet and incidence of early natural menopause among women enrolled in the 
NHS and NHSII and 2) investigated the association between healthy plant-based diet 
index (hPDI) (Supplementary material 2) and unhealthy plant-based diet index 
(uPDI) (Supplementary material 2) and early natural menopause as published in 2022 by 
Grisotto et al.  

2.1.4. Article 4. Association of dietary iron intake and early onset of natural 
menopause: a prospective study  

Iron storage increases by two- to threefold from before to after menopause. 
Epidemiological studies have reported an association between high iron stores and 
increased adverse outcomes such as CVD, metabolic syndrome, and osteoporosis, yet no 
studies have investigated whether dietary iron intake is associated with incidence of early 
natural menopause. Therefore, I 1) prospectively investigated the associations of iron 
heme, iron non-heme, and supplemental iron with the incidence of early natural 
menopause among women in the NHS and NHSII. This paper has not been published yet. 
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3. RESULTS

3.1. Article 1. Menopausal transition is not associated with dietary change in Swiss 
women 

Menopausal transition is not associated with dietary change in Swiss women 

Giorgia Grisotto 
Peter Francis Raguindin 

Marija Glisic 
Lia Bally 

Arjola Bano 
Oscar H Franco 

Pedro Marques-Vidal 
Taulant Muka 

Original article. Published in The Journal of Nutrition, 2021 
Contribution: I participated in the conceptualization of study. I consulted the Swiss Food 
Pyramid. I performed the analysis, made the figure and tables, and wrote the first draft of 
the manuscript. After that, I incorporated co-authors’ and reviewers’ comments. 
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Supplementary Table 1. Demographic and clinical characteristics of women at the first 
follow-up of the CoLaus study1 

Premenopausal Postmenopausal 

Sample size n = 677 n = 1,762 

Age (years) 46.4 ± 3.8 62.7 ± 8.5 

BMI (kg/m²) 24.8 ± 4.8 25.8 ± 4.9 

BMI category2, n (%) 

  Normal 423 (62.8) 861 (49.3) 

  Overweight 168 (24.9) 585 (33.5) 

  Obese 83 (12.3) 300 (17.2) 

Waist circumference (cm) 84 ± 11.9 88.7 ± 12.9 

Smoking status, n (%) 

  Former 219 (32.4) 607 (34.5) 

  Never 309 (45.7) 817 (46.5) 

  Current 148 (21.9) 334 (19) 

Educational level (%) 

  University education 181 (26.7) 262 (14.9) 

  High school 198 (29.2) 461 (26.2) 

  Apprenticeship 199 (29.4) 682 (38.7) 

  Mandatory education 99 (14.6) 356 (20.2) 

Marital status (%) 

  Single 156 (23) 257 (14.6) 

  Married/cohabitating 360 (53.2) 847 (48.1) 

  Divorced 157 (23.2) 436 (24.7) 

  Widowed 4 (0.6) 222 (12.6) 

History of CVD (%) 

  Yes 6 (0.9) 70 (3.4) 

  No 671 (99.1) 1692 (96) 

History of diabetes (%) 

  Yes 9 (1.3) 128 (7.3) 

  No 666 (98.7) 1629 (92.7) 

Serum lipids, mmol/L 

  HDL cholesterol 1.8 ± 0.4 1.8 ± 0.4 

  LDL cholesterol 3.2 ± 0.8 3.6 ± 0.9 
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  Triglycerides 1 ± 0.6 1.2 ± 0.6 

Treatments (%) 

  Antihypertensive 59 (8.7) 525 (29.8) 

  Hypolipidemic  16 (2.4) 355 (20.2) 

  Antidiabetic  4 (0.6) 65 (3.7) 

1Values are mean ± SD unless otherwise indicated. 

2BMI categories: normal 18.5 to < 25 kg/m2, overweight 25 to < 30 kg/m2, obese ≥ 30 kg/m2. 
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Supplementary Table 2. Dietary intake characteristics in postmenopausal and non-
menopausal women at the first follow-up of the CoLaus study1 

Premenopausal Postmenopausal P value 

Sample size n = 677 n = 1,762 

Total energy (kcal/d) 1686 ± 638 1633 ± 649 0.07 

Daily intake, animal products (g/day) 

Meat a 62.5 [41.2 - 95.2] 57.2 [35 - 86.2] 0.001 

Fish a 31.2 [16.6 - 50.9] 29.5 [16.2 - 48.2] 0.24 

Milk a 30 [0 - 90] 29.6 [0 - 75] 0.04 

Dairy products a 109 [64.5 - 182] 126 [65 - 214] 0.001 

Daily intake, other foods (g/day) 

Bread and cereals a 67.7 [41.2 - 104] 75 [41.4 - 123] 0.24 

Pastries a 16.9 [8.6 - 30.4] 16.3 [7.8 - 29.5] 0.46 

Pasta a 85 [57.8 - 128] 61.8 [37.5 - 89.2] 0.001 

Added sugar a 0.7 [0 - 8] 0.1 [0 - 4] 0.001 

Vegetable oils a 7 [3.5 - 10.5] 7 [3.5 - 10.5] 0.28 

Fruits a 174 [83.2 - 319] 217 [115 - 390] 0.001 

Vegetables a 172 [118 - 239] 169 [115 - 244] 0.44 

Dietary intake (% of TEI) 

Total proteins 15.6 ± 3.5 15.5 ± 3.6 0.35 

Vegetable proteins 4.8 ± 1.2 4.7 ± 1.2 0.80 

Animal proteins 10.9 ± 3.8 10.7 ± 4.0 0.45 

Total carbohydrate 46.8 ± 8.5 47.1 ± 9.3 0.43 

Monosaccharides 23.7 ± 8.2 25.1 ± 8.9 0.001 

Polysaccharides 22.9 ± 7.7 21.9 ± 7.8 0.003 

Total fat 35.1 ± 6.8 34.4 ± 7.1 0.04 

SFAs 12.5 ± 3.2 12.4 ± 3.4 0.74 

MUFAs 14.5 ± 3.8 13.9 ± 3.8 0.001 

PUFAs 5.0 ± 1.5 4.9 ± 1.6 0.50 

Alcohol (g/day) a 20.2 [3.4 - 49.6] 19.8 [0 - 55.2] 0.37 

Fibre (g) a 13.3 [9.5 - 19.6] 14.3 [9.9 - 20.5] 0.02 

Cholesterol (mg) 283 ± 139 265 ± 144 0.005 

Ca (mg) 942 ± 474 980 ± 518 0.10 

Fe (mg) 9.8 ± 4.0 9.7 ± 4.2 0.33 

Retinol (µg) a 281 [180 - 463] 326 [204 - 585] 0.001 
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Carotene (mg) a 3.5 [2.4 - 5.5] 3.3 [2.3 - 5] 0.03 

Vitamin D (µg) a 2.1 [1.2 - 3.3] 2.1 [1.2 - 3.0] 0.18 

Adherence to dietary guidelines (%)    

Fruits 253 (10.4) 809 (33.2) 0.001 

Vegetables 57 (2.3) 167 (6.8) 0.42 

Meat b 249 (10.2) 773 (31.7) 0.001 

Fish c 506 (20.8) 1,304 (53.5) 0.71 

Dairy products 88 (3.6) 260 (10.7) 0.26 

Guidelines adherence score    

At least 3 recommendations 137 (5.6) 470 (19.3) 0.001 

1Values are mean ± SD and statistical analysis conducted for each food item by student’s 
t-test. a Values are expressed as median [IQR] and statistical analysis conducted for each 
item by Wilcoxon rank-sum test. Compliance with dietary guidelines [18] and compliance 
score are number of subjects (percentage) and statistical analysis conducted for each 
item by chi-square test. b Included poultry; c Included fresh and fried/baked fish. TEI, total 
energy intake; SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acids; PUFAs, 
polyunsaturated fatty acids. 
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Supplementary Table 3. Dietary intake characteristics between premenopausal, menopausal transition and postmenopausal women at 
the first and second follow-up (after 5 years) of the CoLaus study1  

 Premenopausal                                                   
 

        Premenopausal - Postmenopausal      
 

 Postmenopausal                                                   

 n = 224  n = 229  n = 1,168  

 First follow-up Second follow-up P value First follow-up Second follow-up 
P 

value 
First follow-up Second follow-up 

P 
value 

Total energy 
(kcal/d) 

1677 ± 601 1598 ± 559       0.04 1675 ± 578         1584 ± 574 0.02 1677 ± 648 1646 ± 649 0.10 

Daily intake, animal 

products (g/day) 
        

Meat a 67.1 [43.9 - 97.4] 67.2 [41.4 - 98.4] 0.65 61.1 [40.6 - 95.2] 56.5 [36.3 - 91.2] 0.01 59.1 [36.3 - 87] 57.1 [35.3 - 87.7] 0.31 

Fish a 31.2 [17.7 - 50.9] 34 [17.7 - 53.7] 0.45 30.8 [17.1 - 49.6] 33.5 [18 - 52.3] 0.43 30.9 [17.8 - 47.4] 32.1 [17.8 - 52.7] 0.002 

Milk a 30 [0 - 105] 15 [0 - 75] 0.01 20.1 [0 - 80.4] 13.4 [0 - 75] 0.001 30 [0 - 75] 15 [0 - 75] 0.001 

Dairy products a 112 [64.8 - 183] 94 [54.4 - 168] 0.06 111 [73.2 - 181] 104 [60 - 180] 0.20 127 [70 - 21] 128 [71.9 - 213] 0.18 

Daily intake, other 
foods (g/day) 

         
Bread and cereals a 66.1 [39.9 - 102] 58.8 [35.8 - 94.6] 0.12 71.4 [45.5 - 105] 67.1 [34.2 - 102] 0.02 75 [43.4 - 125] 66.6 [38.1 - 107] 0.001 

Pastries a 19.6 [10.7 - 31.8] 16.1 [7.8 - 28.8] 0.001 15.4 [7 - 31.8] 15.4 [7.8 - 7] 0.18 18.2 [9.5 - 30.8] 17.4 [8.9 - 29.3] 0.03 

Pasta a 89.7 [60.3 - 142] 83.5 [51.2 - 125] 0.002 85.4 [58 - 127] 70.7 [45.5 - 97.8] 0.002 65.1 [41.6 - 90.5] 60.7 [35.7 - 87.9] 0.001 

Added sugar a 0.7 [0 - 8] 0.4 [0 - 4] 0.001 0.4 [0 - 4] 0.3 [0 - 4] 0.96 0.3 [0 - 4] 0.3 [0 - 4] 0.85 

Vegetable oils a 7 [3.6 - 10] 7 [3.5 - 10.2] 0.55 7 [3.5 - 10.4] 7 [3.5 - 10] 0.63 7 [3.5 - 10.5] 7 [3.5 - 10.5] 0.17 

Fruits a 175 [90.1 - 318] 166 [93.9 - 305] 0.73 179 [94.5 - 339] 191 [99.3 - 335] 0.47 224 [123 - 393] 219 [121 - 376] 0.18 

Vegetables a 172 [122 - 240] 171 [119 - 250] 0.71 169 [119 - 234] 169 [119 - 244] 0.66 172 [119 - 244] 170 [117 - 246] 0.77 
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Dietary intake (% 
of TEI) 

         
Total proteins 15.8 ± 3.7 16 ± 3.6 0.40 15.6 ± 3 15.6 ± 3.5 0.85 15.4 ± 3.4 15.6 ± 3.4 0.18 

Vegetable proteins 4.7 ± 1.2 4.7 ± 1.2 0.48 4.9 ± 1.1 4.7 ± 1.2 0.14 4.8 ± 1.2 4.6 ± 1.2 0.001 

Animal proteins 11.1 ± 4.1 11.4 ± 4.1 0.35 10.7 ± 3.4 10.9 ± 3.9 0.52 10.6 ± 3.8 10.9 ± 3.8 0.03 

Total carbohydrate 46.9 ± 8.3 44.4 ± 9.2 0.001 46.9 ± 8.4 45.2 ± 8.8 0.02 47.2 ± 8.9 45.6 ± 9 0.001 

Monosaccharides 24.2 ± 8 22.5 ± 8.3 0.001 23.2 ± 8.1 23.1 ± 8.3 0.86 25.1 ± 8.2 24.3 ± 8.3 0.002 

Polysaccharides 22.6 ± 7.9 21.8 ± 7.9 0.15 23.5 ± 7.3 22 ± 7.8 0.02 22 ± 7.6 21.2 ± 7.4 0.001 

Total fat 34.8 ± 6.5 36.9 ± 7.4 0.001 35.1 ± 7.2 36.5 ± 7 0.02 34.5 ± 6.8 35.9 ± 6.9 0.001 

SFAs 12.6 ± 3.2 12.8 ± 3.2 0.46 12.5 ± 3.4 12.7 ± 3.2 0.57 12.5 ± 3.3 12.9 ± 3.3 0.001 

MUFAs 14.3 ± 3.4 15.8 ± 4.4 0.001 14.5 ± 4 15.6 ± 4.1 0.001 14 ± 3.8 14.8 ± 4 0.001 

PUFAs 4.8 ± 1.3 5 ± 1.5 0.05 4.9 ± 1.5 5 ± 1.4 0.72 4.8 ± 1.5 5 ± 1.5 0.04 

Alcohol (g/day) a 19.9 [3.8 - 50.8] 21.1 [6.4 - 46.2] 0.41 24.4 [8.2 - 50] 24.3 [8.3 - 59] 0.07 19.8 [3.3 - 54.6] 19.8 [3.3-57.5) 0.30 

Fibre (g) a 13 [9.9 - 19.6] 12.2 [9.1 - 18.4] 0.32 13.7 [9.9 - 19.9] 13.3 [9.3 - 19] 0.05 14.5 [10.2 - 21.1] 14 [9.6 - 20.3] 0.001 

Cholesterol (mg) 282 ± 133 285 ± 131 0.75 279 ± 122 276 ± 128 0.75 267 ± 140 284 ± 147 0.001 

Ca (mg) 964 ± 433 893 ± 444 0.01 921 ± 435 894 ± 470 0.45 999 ± 520 976 ± 479 0.15 

Fe (mg) 9.7 ± 3.8 9.4 ± 3.3 0.22 9.9 ± 3.6 9.3 ± 3.6 0.01 9.9 ± 4 9.6 ± 3.8 0.01 

Retinol (µg) a   282 [174 - 462] 264 [165 - 375]   0.08 288 [189 - 449] 263 [179 - 411] 0.05 331 [211 - 591] 332 [211 - 584] 0.91 

Carotene (mg) a 3.4 [2.4 - 5.4] 3.5 [2.4 - 5.9] 0.57 3.5 [2.5 - 5.5] 3.6 [2.2 - 5.5] 0.84 3.4 [2.4 - 5] 3.4 [2.3 - 5.4] 0.98 

Vitamin D (µg) a  2.2 [1.3 - 3.4] 2.4 [1.5 - 3.6] 0.12 2.1 [1.3 - 3.3] 2.2 [1.2 - 3.3] 0.82 2.1 [1.3 - 3.1] 2.3 [1.4 - 3.5]               
    

0.001    

Adherence to 
dietary guidelines 
(%) 
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Fruits 86 (35.2) 92 (37.7) 0.001 93 (40.6) 85 (37.1) 0.001 533 (45.6) 556 (47.6) 0.001 

Vegetables 19 (7.8) 21 (8.6) 0.001 21 (9.2) 17 (7.4) 0.002 99 (8.5) 95 (8.1) 0.001 

Meat b 84 (34.4) 82 (33.6) 0.001 98 (42.8) 85 (37.1) 0.001 511 (43.8) 491 (42) 0.001 

Fish c 185 (75.8) 185 (75.8) 0.001 179 (78.2) 172 (75.1) 0.001 890 (76.2) 895 (76.3) 0.001 

Dairy products 29 (11.9) 30 (12.3) 0.001 26 (11.3) 23 (10) 0.001 174 (14.9) 166 (14.2) 0.001 

Guidelines 
adherence score          

At least 3 
recommendations 

42 (17.2) 49 (20.1) 0.001 51 (22.3) 37 (16.2) 0.001 312 (26.7) 311 (26.6) 0.001 

1Values are mean ± SD and statistical analysis conducted for each item by paired t-test. a Values are expressed as median [IQR] and 
statistical analysis conducted for each item by Wilcoxon matched-pairs signed-ranks test. Compliance with dietary guidelines [18] and 
compliance score are number of subjects (percentage) and statistical analysis conducted for each item by chi-square test. b Included 
poultry; c Included fresh and fried/baked fish. TEI, total energy intake; SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acids; 
PUFAs, polyunsaturated fatty acid.
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Supplementary Table 4. Demographic and clinical characteristics of included and 
excluded women at the first follow-up of the CoLaus study1 

Included Excluded P value 

Sample size n = 2,439 n = 268 

Age (years)  58.2 ± 10.5  58.8 ± 10.9 0.39 

BMI (kg/m²)  25.5 ± 4.9  25.8± 5.3 0.35 

BMI category2, n (%) 

Normal 1284 (53.1) 131 (51.8) 0.81 

Overweight 753 (31.1) 78 (30.8) 

Obese 383 (15.8) 44 (17.4) 

Waist circumference (cm)  87.4 ± 12.8  89.2 ± 12.2 0.03 

Smoking status, n (%) 

Former 826 (33.9) 62 (26.5) 0.003 

Never 1126 (46.3) 105 (44.9) 

Current 482 (19.8) 67 (28.6) 

Educational level (%) 

University education 443 (18.2) 30 (11.2) 0.001 

High school 659 (27.0) 73 (27.2) 

Apprenticeship 881 (36.1) 72 (26.9) 

Mandatory education 455 (18.7) 93 (34.7) 

Marital status (%) 

Single 413 (16.9) 34 (12.7) 0.001  

Married/cohabitating 1207 (49.5) 105 (39.2) 

Divorced 593 (24.3) 72 (26.9) 

Widowed 226 (9.3) 28 (10.4) 

Menopause status (%) 

Pre menopause 677 (27.8) 49 (22.1) 0.07 

Post menopause 1762 (72.2) 173 (77.9) 

History of CVD (%) 76 (3.1) 11 (4.1) 0.38 

History of diabetes (%) 137 (5.6) 31 (11.7) 0.001 

Serum lipids, mmol/L 

HDL cholesterol  1.8 ± 0.4  1.8 ± 0.5 0.02 

LDL cholesterol  3.4 ± 0.9   3.3 ± 0.9 0.05 

Triglycerides  1.2 ± 0.6  1.2 ± 0.8 0.07 

Treatments (%) 
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Antihypertensive 584 (23.9) 77 (28.7) 0.08 

Hypolipidemic  371 (15.2) 40 (14.9) 0.90 

Antidiabetic  69 (2.8) 18 (6.7) 0.001 

1Values are mean ± SD unless otherwise indicated. Statistical comparisons between 
postmenopausal and non-menopausal women performed using chi-square or Student’s t-
test. 

2BMI categories: normal 18.5 to < 25 kg/m2, overweight 25 to < 30 kg/m2, obese ≥ 30 kg/m2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



41 

Supplementary Table 5. Multivariable cross-sectional association between menopausal 
status (postmenopausal versus premenopausal women) and dietary intake at the first 
follow-up of the CoLaus study stratified by BMI1  

BMI2 < 25 kg/m2 BMI2 ≥ 25 kg/m2 

β (95% CI) P value β (95% CI) P value 

Total energy (kcal/d) -86.3 (-182 ; 9) 0.08 25 (-110 ; 160) 0.72 

Daily intake, animal products (g/day) 

Meat 4.3 (-4.2 ; 12.8) 0.32 15.7 (-1 ; 32.4) 0.07 

Fish -0.7 (-5.9 ; 4.5) 0.78 -0.2 (-8.8 ; 8.4) 0.96 

Milk -17.7 (-34.9 ; -0.5) 0.04 -0.1 (-18.5 ; 18.2) 0.99 

Dairy products -7.3 (-30.5 ; 15.8) 0.54 7.5 (-24.4 ; 39.4) 0.64 

Daily intake, other foods (g/day) 

Bread and cereals -4.1 (-15 ; 6.7) 0.45 -4.2 (-16.4 ; 8) 0.50 

Pastries 0.3 (-3.5 ; 4.1) 0.88 0.4 (-4 ; 4.7) 0.86 

Pasta -10.8 (-19.8 ; -1.8) 0.02 -7.8 (-19.3 ; 3.6) 0.18 

Added sugar -0.06 (-1.3 ; 1.2) 0.93 -0.7 (-2 ; 0.5) 0.26 

Vegetable oils 0.4 (-0.8 ; 1.5) 0.54 0.1 (-1.4 ; 1.5) 0.92 

Fruits -21.4 (-62.5 ; 19.7) 0.32 50.4 (-2 ; 103) 0.06 

Vegetables 9.7 (-10.4 ; 29.7) 0.34 -17 (-47.9 ; 13.8) 0.28 

Dietary intake (% of TEI) 

Total proteins 0.3 (-0.2 ; 0.9) 0.23 0.5 (-0.2 ; 1.2) 0.16 

Vegetable proteins -0.05 (-0.2 ; 0.2) 0.66 -0.2 (-0.4 ; 0.01) 0.06 

Animal proteins 0.4 (-0.2 ; 1) 0.22 0.7 (-0.1 ; 1.5) 0.07 

Total carbohydrate -0.8 (-2.3 ; 0.7) 0.28 -1.1 (-2.8 ; 0.6) 0.22 

Monosaccharides -0.04 (-1.5 ; 1.4) 0.96 0.9 (-0.7 ; 2.6) 0.28 

Polysaccharides -0.7 (-2 ; 0.6) 0.27 -2 (-3.5 ; -0.5) 0.01 

Total fat -0.2 (-1.4 ; 1) 0.74 0.4 (-1 ; 1.7) 0.58 

SFAs -0.3 (-0.9 ; 0.2) 0.22 0.2 (-0.5 ; 0.8) 0.62 

MUFAs 0.1 (-0.5 ; 0.7) 0.75 0.1 (-0.6 ; 0.8) 0.82 

PUFAs 0.03 (-0.2 ; 0.3) 0.85 0.1 (-0.2 ; 0.4) 0.60 

    Alcohol (g/day) 8.8 (-4.2 ; 21.7) 0.18 3.6 (-10.4 ; 17.6) 0.61 

Fibre (g) -0.8 (-2.2 ; 0.7) 0.29 0.6 (-1.2 ; 2.4) 0.52 

Cholesterol (mg) -13.9 (-35.7 ; 7.9) 0.21 19.4 (-9.8 ; 48.6) 0.19 

Ca (mg) -44 (-124 ; 36) 0.28 19.8 (-81.7 ; 121) 0.70 

Fe (mg) -0.2 (-0.8 ; 0.4) 0.45 0.3 (-0.6 ; 1.2) 0.50 



42 

Retinol (µg)  -56.6 (-160 ; 46.6) 0.28 75.4 (-78.2 ; 229) 0.34 

Carotene (mg)  -0.2 (-0.8 ; 0.3) 0.38 0.2 (-0.4 ; 0.9) 0.47 

Vitamin D (µg)  -0.05 (-0.4 ; 0.3) 0.78 0.4 (-0.1 ; 0.9) 0.11 

1Values are coefficients β (95% CI) for each item comparing postmenopausal to non-
menopausal women. TEI, total energy intake; SFAs, saturated fatty acids; MUFAs, 
monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids.  

2Stratified by level of body mass index (normal <25 kg/m² vs. overweight/obese ≥25 kg/ 
m²). 

3Obtained from linear model adjusted for age, education level, civil status, 
cardiovascular/diabetes diseases and antihypertensive and hypolipidemic treatments 
have been applied.
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Supplementary Table 6. Multivariable longitudinal association between menopausal categories (premenopausal as reference group, 
menopausal transition and postmenopausal) and dietary intake in the first and second follow-up (after 5 years) of the CoLaus study 
stratified by BMI1 

 
Pre - post menopause  Post - post menopause  

 
BMI2 < 25 kg/m² BMI 2≥ 25 kg/m² BMI2 < 25 kg/m² BMI2≥ 25 kg/m² 

 
β (95% CI) P value β (95% CI) P value β (95% CI) P value β (95% CI) P value 

 

 

Total energy (kcal/d)  -106 (-221 ; 8.8) 0.07 54.1 (-132 ; 240) 0.57  -52.7 (-160 ; 54.9) 0.34  -12.8 (-207 ; 181) 0.90 

Daily intake, animal 

products (g/day) 
        

Meat  -1.2 (-10.5 ; 8.2) 0.81 14.2 (-2.5 ; 30.8) 0.10  -5.2 (-13.9 ; 3.6) 0.25 4.7 (-12.7 ; 22.1) 0.60 

Fish 0.9 (-5.3 ; 7.1) 0.78 0.5 (-7.2 ; 8.2) 0.90 0.6 (-5.2 ; 6.5) 0.83  -3.7 (-11.8 ; 4.3) 0.37 

Milk  -16.9 (-37.1 ; 3.3) 0.10 0.01 (-24.1 ; 24.1) 0.99  -9.2 (-28.1 ; 9.8) 0.34  -4.2 (-29.4 ; 21) 0.75 

Dairy products  -12.9 (-38.2 ; 12.3) 0.32 30.7 (-10.2 ; 71.7) 0.14  -16.3 (-39.9 ; 7.3) 0.18 24.2 (-18.6 ; 67) 0.27 

Daily intake, other 
foods (g/day) 

        
Bread and cereals  -5.7 (-19.2 ; 7.8) 0.41 3.6 (-12.6 ; 19.9) 0.66  -0.6 (-13.3 ; 12.1) 0.93 10.3 (-6.7 ; 27.2) 0.24 

Pastries 1.8 (-2.7 ; 6.4) 0.43  -3.1 (-9.2 ; 3.1) 0.33 0.8 (-3.5 ; 5.1) 0.71  -7.4 (-13.8 ; -0.9) 0.02 

Pasta  -11.4 (-22.7 ; -0.1) 0.05  -15.3 (-30.8 ; 0.3) 0.06  -2.7 (-13.3 ; 7.8) 0.61  -7.2 (-23.5 ; 9) 0.38 

Added sugar  -0.3 (-1.8 ; 1.2) 0.68  -1.2 (-2.7 ; 0.4) 0.15  -0.8 (-2.2 ; 0.7) 0.30  -1 (-2.7 ; 0.6) 0.22 

Vegetable oils 0.2 (-1.2 ; 1.6) 0.78 0.9 (-1 ; 2.9) 0.35 0.5 (-0.8 ; 1.8) 0.47 0.2 (-1.8 ; 2.2) 0.86 

Fruits  -18.3 (-69.1 ; 32.5) 0.48 69.8 (5.9 ; 134) 0.03  -6.4 (-53.9 ; 41.2) 0.79 24 (-42.7 ; 90.7) 0.48 
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Vegetables 3.9 (-20.7 ; 28.4) 0.76  -4.9 (-39 ; 29.2) 0.78  -6.4 (-29.4 ; 16.6) 0.59 2.4 (-33.2 ; 38) 0.90 

Dietary intake (% of 
TEI) 

        
Total proteins 0.2 (-0.5 ; 0.9) 0.54 0.6 (-0.2 ; 1.4) 0.14  -0.5 (-1.2 ; 0.1) 0.10 0.6 (-0.3 ; 1.5) 0.17 

Vegetable proteins  -0.02 (-0.3 ; 0.2) 0.89  -0.1 (-0.4 ; 0.1) 0.33 0.1 (-0.2 ; 0.3) 0.48 0.1 (-0.2 ; 0.4) 0.50 

Animal proteins 0.2 (-0.5 ; 1) 0.56 0.8 (-0.2 ; 1.7) 0.11  -0.6 (-1.3 ; 0.1) 0.09 0.5 (-0.5 ; 1.5) 0.31 

Total carbohydrate  -0.7 (-2.6 ; 1.1) 0.44  -0.9 (-3.1 ; 1.3) 0.41  -0.1 (-1.8 ; 1.6) 0.93 0.3 (-2 ; 2.6) 0.81 

Monosaccharides  -0.7 (-2.4 ; 1) 0.44 1.2 (-0.9 ; 3.2) 0.27  -1 (-2.6 ; 0.6) 0.24 0.4 (-1.8 ; 2.5) 0.73 

Polysaccharides  -0.1 (-1.7 ; 1.5) 0.92  -2.1 (-3.9 ; -0.2) 0.03 0.8 (-0.6 ; 2.3) 0.27  -0.1 (-2 ; 1.8) 0.93 

Total fat  -0.2 (-1.5 ; 1.2) 0.83 0.4 (-1.3 ; 2.1) 0.65 0.4 (-0.9 ; 1.7) 0.54  -0.5 (-2.2 ; 1.3) 0.59 

SFAs  -0.3 (-1 ;  0.4) 0.37  -0.2 (-1.1 ; 0.6) 0.56  -0.1 (-0.7 ; 0.6) 0.81  -0.5 (-1.3 ; 0.4) 0.26 

MUFAs 0.1 (-0.7 ; 0.9) 0.76 0.4 (-0.5 ; 1.3) 0.37 0.3 (-0.4 ; 1.1) 0.36 0.2 (-0.8 ; 1.1) 0.75 

PUFAs 0.1 (-0.2 ; 0.4) 0.61 0.2 (-0.1 ; 0.6) 0.24 0.1 (-0.1 ; 0.4) 0.32  -0.06 (-0.4 ; 0.3) 0.78 

Alcohol (g/day) 5.7 (-9.7 ; 21.2) 0.47  -1.2 (-20.2 ; 17.7) 0.90 0.1 (-14.3 ; 14.5) 0.99  -4.2 (-24 ; 15.6) 0.68 

Fibre (g)  -1 (-2.8 ; 0.8) 0.29 1.8 (-0.6 ; 4.1) 0.14  -0.2 (-1.8 ; 1.5) 0.85 1.2 (-1.2 ; 3.6) 0.33 

Cholesterol (mg)  -12.4 (-38 ; 13.2) 0.34 2.2 (-36.3 ; 40.7) 0.91  -6.9 (-30.8 ; 17.1) 0.57  -8.5 (-48.7 ; 31.8) 0.68 

Ca (mg)  -60.7 (-153 ; 31.6) 0.20 56.8 (-72.1 ; 186) 0.39  -92.6 (-179 ; -6.1) 0.04 39 (-95.6 ; 174) 0.57 

Fe (mg)  -0.5 (-1.2 ; 0.2) 0.13 0.4 (-0.6 ; 1.5) 0.44  -0.3 (-1 ; 0.3) 0.36 0.2 (-1 ; 1.3) 0.77 

Retinol (µg)  -63 (-170 ; 43.5) 0.25 51.3 (-102 ; 204) 0.51  -55.7 (-155 ; 44) 0.27  -0.5 (-160 ; 159) 0.99 

Carotene (mg)  -0.4 (-1.1 ; 0.2) 0.22 0.2 (-0.7 ; 1.1) 0.70  -0.3 (-0.9 ; 0.4) 0.42  -0.2 (-1.1 ; 0.8) 0.71 

Vitamin D (µg)  -0.1 (-0.5 ; 0.3) 0.59 0.3 (-0.1 ; 0.8) 0.16  -0.2 (-0.5 ; 0.2) 0.33  -0.1 (-0.6 ; 0.4) 0.77 

1Values are coefficients β (95% CI) for each item comparing postmenopausal to non-menopausal women and women still in post 
menopause after 5 years. TEI, total energy intake; SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acids; PUFAs, 
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polyunsaturated fatty acids. 2Stratified by level of body mass index (normal <25 kg/m² vs. overweight/obese ≥25 kg/ m²). 3Obtained from 
linear mixed effect models adjusting for age, body mass index continuous, civil status, cardiovascular/diabetes diseases and hypertensive 
and hypolipidemic treatments have been applied.
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Supplementary Table 7. Multivariable longitudinal association between menopausal 
categories (premenopausal as reference group, menopausal transition and 
postmenopausal) and dietary intake in the first and second follow-up (after 5 years) of 
the CoLaus study using generalized linear mixed models1 

 

Pre - post menopause Post - post menopause 

β (95% CI) P value β (95% CI) P value 

Sample size n = 229  n = 1,168  

Total energy (kcal/d)  -36.6 (-118 ; 44.7) 0.38  -34.8 (-118 ; 48) 0.41 

Daily intake, animal 

products (g/day) 
    

Meat  -1.4 (-8.9 ; 6) 0.71 5.1 (-2.4 ; 12.7) 0.18 

Fish  -0.8 (-4.8 ; 3.3) 0.72 1 (-3.1 ; 5.1) 0.64 

Milk  -6.8 (-19.3 ; 5.7) 0.28  -9.6 (-22.2 ; 3.2) 0.14 

Dairy products  -1.8 (-20.5 ; 16.8) 0.85 4.9 (-14.1 ; 23.9) 0.61 

Daily intake, other foods 
(g/day) 

    
Bread and cereals 3.2 (-5.3 ; 11.7) 0.46  -1.4 (-10 ; 7.2) 0.76 

Pastries  -1.8 (-4.8 ; 1.3) 0.26 0.1 (-3 ; 3.2) 0.94 

Pasta  -3.8 (-11.3 ; 3.7) 0.32  -11.6 (-19.3 ; -4) 0.003 

Added sugar  -0.9 (-1.7 ; -0.005) 0.05  -0.7 (-1.6 ; 0.2) 0.11 

Vegetable oils 0.4 (-0.5 ; 1.4) 0.36 0.6 (-0.4 ; 1.5) 0.25 

Fruits 4.8 (-28 ; 53.6) 0.78 20.3 (-13.1 ; 53.6) 0.23 

Vegetables  -2.9 (-19.7 ; 13.8) 0.73 2.5 (-14.6 ; 19.6) 0.77 

Dietary intake (% of TEI) 
    

Total proteins  -0.1 (-0.6 ; 0.3) 0.59 0.4 (-0.1 ; 0.8) 0.10 

Vegetable proteins 0.1 (-0.1 ; 0.2) 0.25  -0.04 (-0.2 ; 0.1) 0.57 

Animal proteins  -0.2 (-0.7 ; 0.3) 0.40 0.4 (-0.1 ; 0.9) 0.10 

Total carbohydrate 0.02 (-1.1 ; 1.2) 0.97  -0.8 (-1.9 ; 0.4) 0.21 

Monosaccharides  -0.5 (-1.6 ; 0.5) 0.34 0.03 (-1 ; 1.1) 0.95 

Polysaccharides 0.5 (-0.5 ; 1.5) 0.30  -0.8 (-1.8 ; 0.2) 0.13 

Total fat 0.1 (-0.8 ; 1) 0.79 0.06 (-0.9 ; 1) 0.91 

SFAs  -0.2 (-0.6 ; 0.2) 0.33  -0.3 (-0.7 ; 0.1) 0.18 

MUFAs 0.3 (-0.2 ; 0.8) 0.29 0.2 (-0.3 ; 0.8) 0.37 

PUFAs 0.1 (-0.1 ; 0.3) 0.44 0.1 (-0.05 ; 0.3) 0.15 

Alcohol (g/day)  -1.5 (-10.4 ; 7.4) 0.73 2.1 (-7 ; 11.2) 0.65 
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Fibre (g) 0.3 (-0.8 ; 1.5) 0.56 0.3 (-0.9 ; 1.5) 0.62 

Cholesterol (mg) -7.6 (-25.6 ; 10.5) 0.41 -7.7 (-26.1 ; 10.7) 0.41 

Ca (mg) -48 (-111 ; 15) 0.62 -16.2 (-80.3 ; 47.9) 0.62 

Fe (mg) -0.1 (-0.6 ; 0.4) 0.62 -0.1 (-0.6 ; 0.4) 0.74 

Retinol (µg) -41 (-119 ; 37.2) 0.30 -9.2 (-88.8 ; 70.4) 0.82 

Carotene (mg) -0.3 (-0.7 ; 0.2) 0.26 -0.2 (-0.7 ; 0.3) 0.39 

Vitamin D (µg) -0.2 (-0.4 ; 0.1) 0.23 0.1 (-0.2 ; 0.3) 0.57 

1Values are coefficients β (95% CI) for each item comparing postmenopausal to non-
menopausal women and women still in post menopause after 5 years. TEI, total energy 
intake; SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acids; PUFAs, 
polyunsaturated fatty acids.  

2Obtained from generalized linear mixed model adjusting for age, body mass index 
continuous, civil status, cardiovascular/diabetes diseases and hypertensive and 
hypolipidemic treatments have been applied. 
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Supplementary Table 8. Multivariable cross-sectional association between menopausal 
status (postmenopausal versus premenopausal women) and dietary intake at the first 
follow-up of the CoLaus study excluding age as covariate1 

         β (95% CI)  P-value 

Sample size  n = 2,439  

Total energy (Kcal/d) -19.5 (-79.6 ; 40.6)                   0.52                               

Daily intake, animal products 
(g/day) 

 

 

Meat -3.7 (-10.7 ; 3.2)  0.29 

Fish -2.6 (-6.3 ; 1.2)  0.18 

Milk -7.7 (-17.4 ; 2)  0.12 

Dairy products 16.8 (2.1 ; 31.6)  0.02 

Daily intake, other foods (g/day) 
 

 

Bread and cereals 6.2 (0.03 ; 12.4)  0.05 

Pastries 0.3 (-1.9 ; 2.5)  0.77 

Pasta -25.9 (-31.4 ; -20.5)  0.001 

Added sugar -1.4 (-2.1 ; -0.6)  0.001 

Vegetable oils 0.2 (-0.5 ; 0.8) 0.65 

Fruits 38.3 (14.4 ; 62.1) 0.002 

Vegetables -8.2 (-21.8 ; 5.3)  0.23 

Dietary intake (% of TEI) 
 

 

Total proteins -0.2 (-0.5 ; 0.2) 0.35 

Vegetable proteins -0.005 (-0.1 ; 0.1)  0.93 

Animal proteins -0.2 (-0.5 ; 0.2)  0.42 

Total carbohydrate -0.01 (-0.9 ; 0.8)  0.98 

Monosaccharides -0.3 (-0.6 ; 0.1)  0.13 

Polysaccharides -0.1 (-0.2 ; 0.1)  0.37 

Total fat -0.3 (-0.9 ; 0.4)  0.43 

SFAs 0.1 (-0.2 ; 0.4)  0.71 

MUFAs 0.03 (-0.5 ; 0.5)  0.90 

PUFAs -0.1 (-0.2 ; 0.1)  0.37 

Alcohol (g/day) 7.1 (-0.1 ; 14.2)  0.05 

Fibre (g) 1 (0.2 ; 1.9)  0.02 

Cholesterol (mg) -10.2 (-23.9 ; 3.6)  0.15 

Ca (mg) 51.5 (2.9 ; 100)  0.04 
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Fe (mg) 0.01 (-0.4 ; 0.4)  0.97 

Retinol (µg) 39.3 (-29.1 ; 108)  0.26 

Carotene (mg) -0.2 (-0.5 ; 0.1)  0.27 

Vitamin D (µg) -0.02 (-0.2 ; 0.2)  0.88 

Adherence to dietary guidelines  OR  P value 

Fruits   1.4 (1.1 ; 1.7)  0.001 

Vegetables   1 (0.7 ; 1.4)  0.91 

Meat a   1.3 (1.1 ; 1.6)  0.01 

Fish b  1.1 (0.9 ; 1.4)  0.30 

Dairy products 1.9 (0.8 ; 4.6) 0.13 

Guidelines adherence score   

At least 3 recommendation 1.3 (1 ; 1.7)  0.03 

1Values are coefficients β (95% CI) for each item and as OR (95% CI) for dietary 
guidelines [18] comparing postmenopausal to non-menopausal women. a Included 
poultry; b Included fresh and fried/baked fish. TEI, total energy intake; SFAs, saturated 
fatty acids; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids.  

2Obtained from linear or logistic regression models adjusted for body mass index 
continuous, education level, civil status, cardiovascular/diabetes diseases and 
antihypertensive and hypolipidemic treatments have been applied.  
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Supplementary Table 9. Multivariable longitudinal association between menopausal 
categories (premenopausal as reference group, menopausal transition and 
postmenopausal) and dietary intake in the first and second follow-up (after 5 years) of 
the CoLaus study excluding age as covariate1 

  

Pre - post  menopause Post - post menopause 

β (95% CI) P value β (95% CI)       P value 

Sample size n = 229  n = 1168  

Total energy (Kcal/d) -19.6 (-118 ; 78.5) 0.70 31.7 (-45.9 ; 109)  0.42 

Daily intake, animal 
products (g/day)     

Meat -4.3 (-12.8 ; 4.2) 0.32 -6.1 (-12.8 ; 0.6)  0.08 

Fish -1.2 (-5.9 ; 3.5) 0.61 -1 (-4.7 ; 2.7)  0.60 

Milk -6.2 (-21 ; 8.6) 0.41 -7.1 (-18.8 ; 4.6)  0.24 

Dairy products 4.8 (-16.9 ; 26.4) 0.67 30.5 (13.4 ; 47.7) 0.001 

Daily intake, other 
foods (g/day)     

Bread and cereals 6.1 (-3.9 ; 16) 0.23 9.8 (1.9 ; 17.7)  0.02 

Pastries -1.8 (-5.4 ; 1.8) 0.32 -0.04 (-2.9 ; 2.8)  0.98 

Pasta -8.1 (-17 ; 0.8) 0.08 -28.4 (-35.5 ; -21.3) 0.001 

Added sugar -1 (-2 ; 0.1) 0.08 -1.1 (-1.9 ; -0.2)  0.01 

Vegetable oils 0.4 (-0.7 ; 1.6) 0.44 0.6 (-0.3 ; 1.4)  0.22 

Fruits 12.6 (-25.6 ; 50.9) 0.52 50.9 (20.7 ; 81.2)  0.001 

Vegetables -3.8 (-23.1 ; 15.5) 0.70 -0.8 (-16 ; 14.5)  0.92 

Dietary intake (% of TEI)     

Total proteins -0.3 (-0.8 ; 0.2) 0.20 -0.4 (-0.8 ; -0.04)  0.03 

Vegetable proteins 0.1 (-0.1 ; 0.3) 0.27 -0.005 (-0.1 ; 0.1)  0.94 

Animal proteins -0.4 (-0.1 ; 0.1) 0.13 -0.4 (-0.9 ; 0.01)  0.06 

Total carbohydrate 0.3 (-1.1 ; 1.6) 0.68 0.3 (-0.8 ; 1.4)  0.58 

Monosaccharides -0.3 (-1.5 ; 1) 0.68 1 (0.04 ; 2)  0.04 

Polysaccharides 0.5 (-0.6 ; 1.7) 0.36 -0.7 (-1.6 ; 0.2)  0.11 

Total fat 0.04 (-1 ; 1.1) 0.94 -0.3 (-1.1 ; 0.5)  0.49 

SFAs -0.1 (-0.6 ; 0.4) 0.64 0.06 (-0.3 ; 0.4)  0.78 

MUFAs 0.2 (-0.4 ; 0.7) 0.59 -0.3 (-0.7 ; 0.2)  0.25 

PUFAs 0.03 (-0.2 ; 0.2) 0.76 -0.03 (-0.2 ; 0.1)  0.71 

Alcohol (g/day) -0.2 (-11.7 ; 11.2) 0.97 7.2 (-1.8 ; 16.2)  0.12 

Fibre (g) 0.7 (-0.6 ; 2.1) 0.31 1.8 (0.7 ; 2.8) 0.002 
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Cholesterol (mg) -7.1 (-28.2 ; 13.9) 0.51 -7.5 (-24.2 ; 9.1)  0.38 

Ca (mg) -26.6 (-100 ; 46.5) 0.48 67.2 (9.3 ; 125)  0.02 

Fe (mg) -0.04 (-0.6 ; 0.5) 0.88 0.2 (-0.2 ; 0.7)  0.34 

Retinol (µg) -26 (-112 ; 60.5) 0.56 49.3 (-19.1 ; 118)  0.16 

Carotene (mg) -0.3 (-0.8 ; 0.2) 0.31 -0.3 (-0.7 ; 0.1)  0.21 

Vitamin D (µg) -0.2 (-0.5 ; 0.1) 0.22 -0.03 (-0.2 ; 0.2)  0.82 

Adherence to dietary 
guidelines  

OR P value OR P value 

Fruits 0.1 (-0.4 ; 0.6) 0.64 0.6 (0.2 ; 1) 0.001 

Vegetables  0.1 (-0.6 ; 0.7) 0.81 -0.1 (-0.6 ; 0.5) 0.81 

Meat a   0.5 (0.01 ; 1) 0.05 0.7 (0.3 ; 1.1) 0.001 

Fish b   0.06 (-0.5 ; 0.6) 0.84 0.1 (-0.3 ; 0.5) 0.66 

Dairy products -0.3 (-1 ; 1.4) 0.70 -0.3 (-1.9 ; 1.3) 0.68 

Guidelines adherence 
score     

At least 3 
recommendation 

0.002 (-0.5 ; 0.5) 0.99 0.6 (0.2 ; 1.1) 0.002 

1Values are coefficients β (95% CI) for each item and as OR (95% CI) for dietary 
guidelines [18] comparing postmenopausal to non-menopausal women and women still in 
post menopause after 5 years. a Included poultry; b Included fresh and fried/baked fish. 
TEI, total energy intake; SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acids; 
PUFAs, polyunsaturated fatty acids.  

2Obtained from linear or logistic mixed effect models adjusting for body mass index 
continuous, civil status, cardiovascular/diabetes diseases and hypertensive and 
hypolipidemic treatments have been applied.
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Supplementary Table 10. Multivariable longitudinal association between menopausal 
categories (premenopausal as reference group, menopausal transition and 
postmenopausal) and dietary intake in the first and second follow-up (after 5 years) of 
the CoLaus study with adjustment for BMI at two time points, and additionally for baseline 
physical activity1 

  

Pre - post  menopause Post - post menopause 

        β (95% CI) P-value β (95% CI)       P-value 

Sample size n = 229  n = 1168  

Total energy (Kcal/d) 
   -48.6 (-152 ; 

55.6) 
0.36 -44.9 (-152 ; 61.9)  0.41 

Daily intake, animal 
products (g/day) 

    
Meat -0.6 (-9.6 ; 8.5) 0.90 5.8 (-3.4 ; 15.1)  0.22 

Fish -1.2 (-6 ; 3.5) 0.61 -0.6 (-5.5 ; 4.2)  0.80 

Milk -13.4 (-29 ; 2.3) 0.10 -9.2 (-25.2 ; 6.9)  0.26 

Dairy products -4.8 (-28 ; 18.3) 0.68 0.8 (-22.9 ; 24.6)  0.95 

Daily intake, other foods 
(g/day) 

    
Bread and cereals 4.1 (-6.6 ; 14.8) 0.45 -1.5 (-12.4 ; 9.4)  0.78 

Pastries -0.6 (-4.4 ; 3.2) 0.76 0.5 (-3.4 ; 4.4)  0.81 

Pasta -5.6 (-14.9 ; 3.7) 0.24 -11 (-20.5 ; -1.4)  0.02 

Sugar -1.1 (-2.2 ; 0.05) 0.06 -0.8 (-2 ; 0.3)  0.16 

Vegetable oils 0.2 (-0.9 ; 1.4) 0.67 0.6 (-0.6 ; 1.8)  0.34 

Fruits 2.2 (-38 ; 42.6) 0.91 17.3 (-23.9 ; 58.6)  0.41 

Vegetables -0.8 (-21.5 ; 19.8) 0.94 3.7 (-17.5 ; 24.9)  0.73 

Dietary intake (% of TEI) 
    

Total proteins -0.1 (-0.6 ; 0.5) 0.80 0.4 (-0.2 ; 0.9)  0.20 

Vegetable proteins 0.2 (-0.03 ; 0.3) 0.10 0.02 (-0.2 ; 0.2)  0.88 

Animal proteins -0.2 (-0.8 ; 0.4) 0.45 0.3 (-0.3 ; 0.9)  0.27 

Total carbohydrate 0.3 (-1.1 ; 1.7) 0.68 -0.4 (-1.9 ; 1)  0.57 

Monosaccharides -0.6 (-1.9 ; 0.7) 0.38 0.2 (-1 ; 1.6)  0.73 

Polysaccharides 0.9 (-0.3 ; 2.1) 0.16 -0.6 (-1.9 ; 0.6)  0.30 

Total fat -0.1 (-1.1 ; 1) 0.90 -0.2 (-1.3 ; 0.9)  0.77 

SFAs -0.2 (-0.7 ; 0.3) 0.42 -0.3 (-0.8 ; 0.2)  0.26 

MUFAs 0.2 (-0.4 ; 0.8) 0.55 0.1 (-0.5 ; 0.7)  0.75 

PUFAs 0.1 (-0.2 ; 0.3) 0.53 0.1 (-0.1 ; 0.4)  0.26 
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Alcohol (g/day) -3.8 (-15.7 ; 8.2) 0.54 0.5 (-11.8 ; 12.7)  0.94 

Fibre (g) 0.4 (-1 ; 1.9) 0.54 0.4 (-1.1 ; 1.9)  0.57 

Cholesterol (mg) -9.3 (-31.3 ; 12.8) 0.41 -9.9 (-32.5 ; 12.7)  0.39 

Ca (mg) -61.5 (-139 ; 16.3) 0.12 -29.1 (-109 ; 50.6)  0.47 

Fe (mg) -0.1 (-0.7 ; 0.5) 0.79 -0.2 (-0.7 ; 0.6)  0.94 

Retinol (µg) -41 (-129 ; 46.7) 0.36 -9.2 (-98.5 ; 80.1)  0.84 

Carotene (mg) -0.3 (-0.9 ; 0.3) 0.29 -0.2 (-0.8 ; 0.4)  0.51 

Vitamin D (µg) -0.2 (-0.5 ; 0.1) 0.18 -0.1 (-0.4 ; 0.2)  0.70 

Adherence to dietary 
guidelines  

OR  P value OR P value 

Fruits -0.1 (-0.6 ; 0.4) 0.66 -0.2 (-0.7 ; 0.3) 0.45 

Vegetables  0.1 (-0.6 ; 0.8) 0.70 0.2 (-0.5 ; 0.9) 0.56 

Meat a   0.3 (-0.2 ; 0.8) 0.24 0.1 (-0.4 ; 0.6) 0.66 

Fish b   0.2 (-0.4 ; 0.7) 0.60 0.2 (-0.4 ; 0.8) 0.59 

Dairy products -0.3 (-1 ; 1.4) 0.70 -0.3 (-1.9 ; 1.3) 0.68 

Guidelines adherence score 
    

At least 3 recommendation -0.2 (-0.7 ; 0.4) 0.59 0.1 (-0.5 ; 0.6) 0.82 

1Values are coefficients β (95% CI) for each item and as OR (95% CI) for dietary 
guidelines [18] comparing postmenopausal to non-menopausal women and women still in 
post menopause after 5 years. a Included poultry; b Included fresh and fried/baked fish. 
TEI, total energy intake; SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acids; 
PUFAs, polyunsaturated fatty acids.  

2Obtained from linear or logistic mixed effect models adjusting for age, body mass index 
at two time points, physical activity, civil status, cardiovascular/diabetes diseases and 
hypertensive and hypolipidemic treatments have been applied. 
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3.2. Article 2. Dietary factors and onset of natural menopause: a systematic 
review and meta-analysis 

Dietary factors and onset of natural menopause: a systematic review and 
meta-analysis  

Giorgia Grisotto 
Julian S. Farago 
Petek E. Taneri 

Faina Wehrli 
Zayne M. Roa-Díaz 

Beatrice Minder 
Marija Glisic 

Valentina Gonzalez-Jaramillo 
Trudy Voortman 

Pedro Marques-Vidal 
Oscar H. Franco 

Taulant Muka 

Systematic review and meta-analysis. Published in Maturitas, 2022 
Contribution: I participated in the conceptualization of study, did abstract and full‐text 
screening of hits, and extracted the data. I performed the analysis, made the figures, and 
wrote the first draft of the manuscript. After that, I incorporated co-authors’ and 
reviewers’ comments. 
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Supplementary Table 1. The NOS to evaluate the quality of included prospective cohort studies to assess the effect of diet on age at 
natural menopause. 

Author, year 
Selection  Comparability Outcome/ Exposure Total Score 

1 2 3 4 1 1 2 3 max: 9 
Gold et al., 2013 * * * * ** * * * 9 

Dorjgochoo et al., 2008 * * * * ** * * * 9 
Kinney et al., 2006  * * * ** * * * 8 
Nagata et al., 2000 * *  * ** * * * 8 
Nagel et al., 2005 * *  * ** * * * 8 
Morris et al., 2012 * *  * ** * * * 8 
Boutot et al., 2017  *  * ** * * * 7 

Purdue-Smith et al., 2017  *  * ** * * * 7 
Purdue-Smith et al., 2018  *  * ** * * * 7 

Pearce et al., 2016 * * * * **  *  7 
Nagata et al., 2012 * *  * ** * *  7 

Lujan-Barroso et al., 2018 * * * * **   * 7 
Carwile et al., 2013  *  * ** * * * 7 

Dunneram et al., 2018 * *  * ** *   6 
Dunneram et al., 2021 * *  * ** *   6 
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Supplementary Table 2. Detailed search strategies used in this review. 

 

Embase (Ovid) 

exp food/ or exp diet/ or exp dietary intake/ or exp diet therapy/ or exp beverage/ or (diet or 
dieting* or diets or dietary or nutri* or macro-nutrient* or macronutrient* or micro-nutrient* or 
micronutrient* or food or dairy or milk or ((sugar or caloric or energy) and intake) or alcohol* or 
coffee or caffeine or coffea or tea or beer or wine or juic* or eggs or fruit* or meat or nuts or 
seeds or vegetable* or drinking behavior* or drinking behaviour*).ti,ab,kw.  

AND 

early menopause/ or exp premature ovarian failure/ or (((menopaus* or climacter*) adj3 (earl* or 
late* or age or prematur* or onset or timing)) or "cessation of ovulation" or primary ovarian 
insufficienc* or premature ovarian failur* or premature ovarian insufficienc* or climacterium 
praecox or climacterium precox).ti,ab,kw. 

NOT (exp animal/ not human/) NOT (letter or note or editorial or conference).pt. 

 

Medline (Ovid)  

exp Food/ or exp Diet/ or exp Plant Proteins, Dietary/ or exp Diet Therapy/ or Dietary 
Carbohydrates/ or Dietary Fiber/ or Dietary Sugars/ or exp Beverages/ or (diet or dieting* or 
diets or dietary or nutri* or macro-nutrient* or macronutrient* or micro-nutrient* or 
micronutrient* or food or dairy or milk or ((sugar or caloric or energy) and intake) or alcohol* or 
coffee or caffeine or coffea or tea or beer or wine or juic* or eggs or fruit* or meat or nuts or 
seeds or vegetable* or drinking behavior* or drinking behaviour*).ti,ab,kw. 

AND 

Menopause, Premature/ or Primary Ovarian Insufficiency/ or (((menopaus* or climacter*) adj3 
(earl* or late* or age or prematur* or onset or timing)) or "cessation of ovulation" or primary 
ovarian insufficienc* or premature ovarian failur* or premature ovarian insufficienc* or 
climacterium praecox or climacterium precox).ti,ab,kw. 

NOT (exp animals/ not humans/) NOT (letter or news or comment or editorial or congress).pt. 

 

PubMed  

("Food"[Mesh] OR "Diet"[Mesh] OR "Plant Proteins, Dietary"[Mesh] OR "Diet Therapy"[Mesh] OR 
"Dietary Carbohydrates"[Mesh:NoExp] OR "Dietary Fiber"[Mesh:NoExp] OR "Dietary 
Sugars"[Mesh:NoExp] OR "Beverages"[Mesh] OR diet[tiab] OR dieting*[tiab] OR diets[tiab] OR 
dietary[tiab] OR nutri*[tiab] or macro-nutrient*[tiab] or macronutrient*[tiab] or micro-
nutrient*[tiab] or micronutrient*[tiab] or food[tiab] or dairy[tiab] or milk[tiab] or ((sugar[tiab] or 
caloric[tiab] or energy[tiab]) AND (intake[tiab])) or alcohol*[tiab] or coffee[tiab] or caffeine[tiab] 
or coffea[tiab] or tea[tiab] or beer[tiab] or wine[tiab] or juic*[tiab] or eggs[tiab] or fruit*[tiab] or 
meat[tiab] or nuts[tiab] or seeds[tiab] or vegetable*[tiab] or drinking behavior*[tiab] or drinking 
behaviour*[tiab]) 



76  

AND 

("Menopause, Premature"[Mesh] OR "Primary Ovarian Insufficiency"[Mesh] OR ((menopaus*[tiab] 
OR climacter*[tiab]) AND (earl*[tiab] OR late[tiab] OR age[tiab] OR prematur*[tiab] OR 
onset[tiab] OR timing[tiab])) OR "cessation of ovulation"[tiab] OR primary ovarian 
insufficienc*[tiab] OR premature ovarian failur*[tiab] OR premature ovarian insufficienc*[tiab] OR 
climacterium praecox[tiab] OR climacterium precox[tiab]) 

NOT ("animals"[mesh] NOT "humans"[mesh]) NOT (letter[pt] OR news[pt] OR comment[pt] OR 
editorial[pt] OR congress[pt]) 

 

Cochrane CENTRAL  

(diet or dieting* or diets or dietary or nutri* or macro-nutrient* or macronutrient* or micro-
nutrient* or micronutrient* or food or dairy or milk or ((sugar or caloric or energy) AND intake) or 
alcohol* or coffee or caffeine or coffea or tea or beer or wine or juic* or eggs or fruit* or meat or 
nuts or seeds or vegetable* or (drinking NEXT behavior*) or (drinking NEXT behaviour*)):ti,ab,kw 

AND 

(((menopaus* OR climacter*) NEAR/3 (earl* OR late* OR age OR prematur* OR onset OR timing)) 
OR "cessation of ovulation" OR "primary ovarian insufficiency" OR "premature ovarian failure" OR 
"premature ovarian insufficiency" OR "climacterium praecox" OR "climacterium precox"):ti,ab,kw 

 

Web of Science Core Collection 

TS=(diet or dieting* or diets or dietary or nutri* or macro-nutrient* or macronutrient* or micro-
nutrient* or micronutrient* or food or dairy or milk or ((sugar or caloric or energy) AND intake) or 
alcohol* or coffee or caffeine or coffea or tea or beer or wine or juic* or eggs or fruit* or meat or 
nuts or seeds or vegetable* or (drinking NEAR/2 behavior*) or (drinking NEAR/2 behaviour*))  
 
AND 

TS=(((menopaus* OR climacter*) NEAR/3 (earl* OR late* OR age OR prematur* OR onset OR 
timing)) OR "cessation of ovulation" OR "primary ovarian insufficiency" OR "premature ovarian 
failure" OR "premature ovarian insufficiency" OR "climacterium praecox" OR "climacterium 
precox")  
 
NOT  TS=((animal* OR plant* OR rats OR mice OR pigs) NOT (human* OR patient*)) 

AND DT=(article) 

 

Google scholar  

"early|late|premature menopause|menopausal|climacteric"|"timing|onset * 
menopause|menopausal|climacterium" 
diet|dietary|food|nutrient|coffee|caffeine|coffea|alcohol|wine|beer|dairy|milk|tea|eggs|fruits|meat|
vegetables|nuts 
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3.3. Article 3. Association of plant-based diet and early onset of natural 
menopause 
 

Association of plant-based diet and early onset of natural menopause  
 
 
 

Giorgia Grisotto 
Christine R. Langton 

Yanping Li 
Elizabeth R. Bertone-Johnson 

Megu Y. Baden 
Oscar H. Franco 

Frank B. Hu 
Taulant Muka 

  A. Heather Eliassen 
 
 
 
 
Original article. Published in Menopause, 2022  
Contribution: I participated by designing the study and co‐supervising the study procedure. I 
did the analyses, made the figures, and wrote the first draft of the manuscript. After that, I 
incorporated co-authors’ and reviewers’ comment. 
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ABSTRACT 

Objective: To evaluate the association of plant-based diet index (PDI) with early onset of natural 

menopause in the Nurses’ Health Study (NHS) and Nurses’ Health Study II (NHSII). Methods: We 

conducted a prospective study with a mean follow-up time of 20 years among premenopausal 

women living across the US. Participants of the NHS (n = 121,701) and NHSII (n = 116,429) were 

included from 1984 [age mean (standard deviation, SD); 44.9 (4.3)] and 1991 [age mean (SD); 36.4 

(4.6)], respectively. Early menopause was self-reported and defined as natural menopause before 

age 45 years. PDI was derived from semi-quantitative food frequency questionnaires (FFQ) 

administered every four years. Cox proportional hazards models were used to assess the 

association between PDI in quintiles and early menopause in NHS and NHSII separately, and fixed-

effect models to pool the results from both cohorts. 

Results: During follow-up, 715 and 2,185 women experienced early natural menopause in NHS and 

NHSII, respectively. After adjustment for potential confounders, no association was observed between 

PDI and incidence of early natural menopause in either cohort, or when pooling the results from both 

cohorts, with an exception for unhealthy plant-based diet (uPDI) index which was associated with 

higher risk of early menopause with increasing levels of consumption [P trend = 0.04]. 

Conclusion: Adherence to PDI was not associated with timing of menopause while uPDI might be 

associated with higher risk of experiencing early menopause. 

Keywords: Early natural menopause, menopause onset, prospective study, plant-based diet, healthy 

plant-based diet, unhealthy plant-based diet. 
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Introduction 

Menopause, the cessation of ovarian function, occurs generally between ages of 45-55 years, and 

represents the end of a woman's reproductive life. Around 5-10% of women in Western countries 

experience menopause before age of 45, defined as early menopause.1 Early menopause is associated 

with long-term health consequences, including osteoporosis, type 2 diabetes (T2D), cardiovascular 

disease (CVD), neurological outcomes and overall mortality.2 Emerging evidence suggests that early 

menopause may be associated with genetic factors,3 but other studies suggest that modifiable lifestyle 

factors such as diet also may play an important role in ovarian aging.4-6 

Several studies have investigated the association between dietary intake and menopause onset, 

providing controversial results.7 High consumption of refined pasta and rice has been previously 

associated with an earlier age at menopause while high intakes of oily fish, fresh legumes, plant 

proteins as well as vitamin B6 and zinc have been reported to lower the risk of early menopause.8 Yet, 

a modest inverse association of early menopause with dairy foods, calcium, and vitamin D from 

dietary sources was found,9 while low or moderate alcohol intake might be associated with later onset 

of menopause.6 

In the light of these findings, we hypothesised that overall plant-based diet index (PDI), a dietary 

pattern characterized by low intake of animal foods and higher intakes of plant foods including fruits, 

vegetables, whole grains, legumes, nuts and seeds and micronutrients such as vitamin B12, folic acid, 

and iron, would be associated with menopause onset. PDI includes both healthy plant-based diet 

index (hPDI) and unhealthy plant-based diet index (uPDI); hPDI emphasizes intake of healthy plant 

foods such as whole grains, fruits, and vegetables and uPDI emphasizes consumption of less healthy 

plant foods known to be associated with a higher risk of adverse outcomes.10 

PDI has been associated with lower risk of several health conditions such as T2D, CVD and overall 

mortality,11 and has been linked to levels of estrogen in both pre- and postmenopausal women, 

implicating PDI in reproductive health.12 Also, PDI may be anti-atherogenic, and a better atherogenic 
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profile has been suggested to increase blood flow to the ovaries, and therefore to slow depletion of 

the follicle pool.13 To date, no epidemiological studies have investigated the association between PDI 

and incidence of early menopause. For health promotion and disease prevention related to early 

menopause, it is important to understand whether PDI can affect timing of the menopausal transition. 

We prospectively investigated the association between PDI and incidence of early menopause among 

women enrolled in the Nurses’ Health Study (NHS) and Nurses’ Health Study II (NHSII). 

Methods 

Study population 

The study was carried out within the NHS and NHSII prospective cohort studies, with participants 

recruited from across the US. The NHS began in 1976 when 121,701 women, aged 30 - 55 years, 

responded to a baseline questionnaire on medical, lifestyle and other health information. The NHSII 

began in 1989 when 116,429 women, aged 25 - 42 years, completed a mailed questionnaire and 

provided information on past and current health conditions, prescription medication use, and lifestyle 

factors. In both cohorts, participants have completed a new questionnaire biennially to update 

information, with a cumulative response rate of > 90%. The protocols were approved by the 

Institutional Review Boards at Brigham and Women’s Hospital and Harvard T.H. Chan School of Public 

Health in Boston, Massachusetts. 

Nurses’ Health Study 

Baseline in NHS was 1984 and follow-up ended in 1992 when all women were older than 45 years and 

no longer at risk for early menopause (< 45 years). From the 121,701 women at the time of enrolment 

we excluded women reporting menopause before 1984 (n = 56,492), and those who did not report age 

at menopause (n = 20,290). We excluded women who did not respond to the 1984 FFQ or had 

implausible caloric intake (n = 11,778), who died before 1984 (n = 1,918) or women with cancer 

diagnosis (n = 3,372). A total of 27,851 eligible participants were followed until 1992. 
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Nurses’ Health Study II 

Follow-up for the NHSII analysis started in 1991 and ended in 2011 when all women were 45 years or 

older and no longer at risk for early menopause (< 45 years). From 116,429 cohort members, we 

excluded women reporting menopause before 1991 (n = 3,942), and those who did not report an age 

at menopause (n = 5,341). We excluded women who did not respond to the 1991 FFQ or had 

implausible caloric intake (n = 18,518), who died before 1991 (none) or women with cancer diagnosis (n 

= 724). A total of 87,904 eligible participants were followed until 2011. Early menopause 

Menopausal status has been assessed every 2 years in the NHS and NHSII starting in 1980 and 1989, 

respectively. Nurses were asked if their periods had ceased permanently, and if so, at what age their 

period ceased (open response), for what reason the period ceased (response options were surgery, 

radiation or chemotherapy, and natural), their current and past use of menopausal hormone therapy, 

and if they had had a hysterectomy or oophorectomy (bilateral or unilateral). In this study, we defined 

cases of early natural menopause as women who reported natural menopause before age 45 years for 

each period from 1984 in NHS and 1991 in NHSII until 1992 and 2011, respectively.14 

Self-assessment of menopause has been validated and the reproducibility is very high; over 98% of 

women in post menopause in 1979 accurately confirmed their menopause status within 1 year and, 

82% who experiencing menopause reported the same age of menopause within a year from the 

previous questionnaire.15 

Dietary Assessment 

We calculated the cumulative average of PDI, including hPDI and uPDI, using a semi- quantitative FFQ 

collected every 4 years from the baseline; indices were cumulatively averaged over follow-up to better 

capture long-term diet. Beginning in 1984 forNHS and in 1991 for NHSII, participants reported how 

often they consumed defined portions of 126 food items. Responses ranged in 9 categories, from 

“never or less than once/month” to “≥ 6times/day”. The reliability and validity of FFQ have been 

described elsewhere.16,17 
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Plant-Based Diet 

An overall PDI, a hPDI, and an uPDI were created.10 The hPDI represents a high-quality plant- based 

diet rich in whole grains, fruits, vegetables, and nuts and low in fruit juices, refined grains, and sweets, 

while uPDI includes less-quality diet rich in fruit juices, refined grains, potatoes, sugar sweetened 

beverages, sweets, and desserts and low in high-quality plant-based diet. Initially, three large 

categories were created; healthy plant foods (whole grains, fruits, vegetables, nuts, legumes, vegetable 

oils, tea/coffee), less healthy plant foods (fruit juice, refined grains, potatoes, sugar-sweetened 

beverages, sweet/desserts) and animal foods (animal fat, dairy eggs, fish/seafood, meat, 

miscellaneous animal-based foods). Within these large groups, another 18 food groups were created, 

and ranked into quintiles of consumption with positive or reverse scores. PDI was created given a 

positive score for foods in plant food group, and reverse score was given for foods included in animal 

food group. For creating hPDI, foods in healthy plant food group were given positive scores, and foods 

in less healthy plant food group and animal food group were given reverse scores. For uPDI, foods in 

less healthy plant food group were given positive scores, while foods in healthy plant food group and 

animal food group were given reverse scores. The 18 food groups scores were summed to obtain the 

indices, with a theoretical range of 18 (lowest possible score) to 90 (highest possible score). Ranges in 

the study population were 24 - 85 for PDI, 28 - 86 for hPDI and 27 - 90 for uPDI. 

Covariates 

In this study, age was calculated by subtracting the participant’s date of birth from the questionnaire 

return date, and height that was collected at baseline in 1976 (NHS) and 1989 (NHSII). Updated 

information on weight was used to calculate body mass index (BMI), defined as weight (kg)/height (m)2 

(Kg/m²; < 21, 21-22.9, 23-24.9, 25-29.9, > 30), age at first birth and parity defined as pregnancies lasting 

> 6 months, (nulliparous, age < 25 and parity 1 or 2, age < 25 and parity > 2, age ≥ 25 and parity 1 or 2, 

age ≥ 25 and parity > 2), duration of oral contraceptive use (continuous), breastfeeding (last time 2003 

- categorical), smoking status and quantity (former, current 1-14, current 15-24, current 25+) and packs 

per year was collected biennially throughout follow-up. Physical activity was assessed every four years 



84 

and was based on metabolic equivalent of task hours per week (MET-h/wk). Dietary factors, including 

total caloric intake (Kcal/day), vitamin D with/without supplement, were assessed via FFQ, as 

described earlier. 

Statistical analysis 

Statistical analyses were conducted with SAS version 9.3 software (SAS Institute Inc, Cary, NC). We 

evaluated the association between baseline PDI with incidence of early menopause using Cox 

proportional hazards models to calculate hazard ratio (HR) and 95% CI in both NHS and NHSII cohorts. 

The proportional hazard assumption of the Cox model was checked by visual inspection of log minus 

log plots and by performing a test for heterogeneity of exposure over time. There was no evidence for 

violation of the proportionality assumption in any of the models (P for time-dependent interaction 

terms > 0.05). The results are reported in Quintile (Quintile 1, Quintile 2, Quintile 3, Quintile 4 and 

Quintile 5), using Quintile 1 as the reference group. 

The included participants contributed follow-up time from the date of return of the questionnaire at 

baseline until the onset of early menopause (< 45 years), death, loss to follow-up, experienced no 

natural menopause (e.g., surgery, radiation or chemotherapy), cancer diagnosis, or the end of follow-

up, whichever came first. Our initial model (Model 1) was adjusted only for age. The covariate 

selection for multivariable models (Model 2) was based on factors identified a priori (age and caloric 

intake in quintiles) based on literature. Additionally, we adjusted for smoking status (never, former, 

current 1-14, current 15-24, current 25+), pack years, age at first birth and parity (nulliparous, age < 25 

and parity 1 or 2, age < 25 and parity > 2, age ≥ 25 and parity 1 or 2, age ≥ 25 and parity > 2), duration 

of oral contraceptive use (continuous), BMI (< 21, 21-22.9, 23-24.9, 25-29.9, > 30 Kg/m²), breast 

feeding, history of hypertension, history of high blood cholesterol and physical activity (MET-h/wk) 

(Model 3). 

Finally, we evaluated the association between PDI, hPDI and uPDI with incidence of early menopause 

using fixed-effects meta-analysis to combine the summary results from both cohorts, NHS and NHSII. 

Relative risk (RR), 95% CI, and P for trend are reported for each quantile. 
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Sensitivity analysis 

As a sensitivity analysis, we used the Cox proportional hazards model to explore whether PDI was 

associated with natural early menopause after censoring women who used hormone therapy before 

menopause occured. Results are reported as HR and 95% CI. 

To investigate possible effect modification, we stratified the main analysis (association between PDI 

and early menopause) by BMI categories (< 25, 25-29.9, ≥ 30 kg/m2), smoking status (never, former, 

current 1-14, current 15-24, current 25+) and oral contraceptive use categories (never use, current 

use, former use < 5 years, former ≥ 5 years) in both NHS and NHSII cohorts. 

To explore the interaction of PDI with BMI, smoking status and oral contraceptive use on early 

menopause, we used Cox proportional hazard models to calculate HR and 95% CI, adjusted for all 

covariates. 

Results 

Characteristics of participants by quintile of PDI are shown in Table 1 for NHS. Women who had the 

highest intake of PDI were older [mean (SD), Q5 45.1 (4.2) vs. Q1 44.8 (4.3) years], reported less 

use of oral contraceptives [Q5 28.4 (40.3) vs. Q1 34.1 (45.8), months], smoked less packs per year [Q5 

7.4 (11.9) vs. Q1 11 (14.4)], less likely to be overweight and obese, more physically active [Q5 15.6 

(24.8) vs. Q1 13.2 (19.6) MET-h/wk], and reported higher total caloric intake [Q5 2108 (516) vs. Q1 

1486 (453)] than women with lower intake of PDI. 

For NHSII cohort, characteristics of participants by quintile of PDI are shown in Table 2. Women who 

had the highest intake of PDI, were older [mean (SD), Q5 36.9 (4.5) vs. Q1 36 (4.7) years], reported less 

use of oral contraceptives [Q5 44.2 (43.7) vs. Q1 51.8 (49.4), months], smoked less packs per year [Q5 

3.5 (6.7) vs. Q1 4.7 (8.3)], less likely to be overweight and obese, more physically active [Q5 25 (31.1) vs. 

Q1 17.7 (24) MET-h/wk], reported higher total caloric intake [Q5 2137 (527) vs. Q1 1478 (463)] than 

women with lower intake of PDI. 
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Results from the association between PDI and early menopause in NHS and NHSII are presented in Table 

3. In the age-adjusted model (Model 1), PDI was not associated with early menopause in either the

NHS [HR (95%CI), Q5 vs. Q1 0.85 (0.66 to 1.08)] or NHSII [Q5 vs. Q1 0.89 (0.78 to 1.01)]. Also, results 

adjusted for age and caloric intake (Model 2) [NHS, Q5 vs. Q1 0.9 (0.68 to 1.17); NHSII, Q5 vs. Q1 0.95 

(0.82 to 1.1)] and for all other potential factors (Model 3) [NHS, Q5vs. Q1 0.94 (0.73 to 1.2); NHSII, Q5 vs. 

Q1 0.95 (0.83 to 1.08)] showed no association of plant foodsintake with early menopause in both 

cohorts. 

In Table 4, we conducted a meta-analysis (of the above described cohorts) to evaluate the possible 

association between PDI, hPDI and uPDI with early menopause and an association was found between 

uPDI and early menopause [HR (95%CI), Q4 vs. Q1 1.16 (1.03 to 1.31), P trend =0.04]. 

Sensitivity analyses conducted in both cohorts showed a null association between PDI with natural 

early menopause after censoring women who took hormone therapy before menopause occurred (see 

Table, Supplemental Digital Content 1, which illustrates the associations between PDI and early 

menopause after censoring for hormone therapy use before menopause). 

Further, results from analyses stratified by BMI categories (< 25, 25-29.9, > 30 kg/m2) (see Table, 

Supplemental Digital Content 2, which illustrates the associations between PDI and early menopause 

stratified by BMI) and smoking status (never, former, current 1-14, current 15-24, current 25+) (see 

Table, Supplemental Digital Content 3, which illustrates the associations between PDI and early 

menopause stratified by smoking status) showed no significant interaction with PDI on the association 

with early menopause. Yet, in the fully-adjusted model stratified by oral contraceptive use categories 

(never use, current use, former use < 5 years, former ≥ 5 years) (see Table, Supplemental Digital 

Content 4, which illustrates the associations between PDI and early menopause stratified by oral 

contraceptive use), a null association between PDI and early menopause was observed. 

Same sensitivity analyses applied to PDI were also undertaken for hPDI and uPDI, which showed similar 

results as the main analysis (data not shown). 
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Discussion 

In this prospective study, no significant association between PDI and early menopause was observed. 

The results remained consistent across strata of BMI, smoking status and oral contraceptive use. 

Similar results were found for hPDI and uPDI as they were not associated with early menopause, 

although the fixed-effect model showed uPDI to be associated with a modest higher risk of early 

menopause. 

Several studies investigated how diet is associated with timing of menopause but, to our knowledge, 

no other studies have reported the association between PDI, hPDI and uPDI. In line with our findings, 

two previous studies have shown no positive impact of vegetarian diet in delaying menopause onset, 

contrary, both studies suggested that vegetarian women were more likely to develop early menopause 

than non-vegetarian.8,18 Also, studies exploring the impact of fruits intake, a component of PDI, have 

shown controversy results; two studies have showed high fruit intake to be associated with delayed 

menopause,19,20 while four other studies have found no association.8,21-23 Similarly, studies on vegetable 

intake and menopause onset have in general shown null association.8,19,21,24 A prospective study 

conducted in Japan with 1,130 women reported that higher green and yellow vegetable intake was 

significantly associated with later age at natural menopause due to carotenoids. Such dietary 

antioxidant components could preventthe age-related reduction in the ovulation rate,24 preserving the 

number and the quality of ovarian follicles.25 

A longitudinal study in Germany with participants followed for an average of 5.8 years observed that 

high intake of carbohydrate, fiber, and cereal products were related to an earlier menopause, whereas 

women with higher intake of fat, protein and meat experienced a delayed onset of natural menopause.22 

In contrast, a diet intervention study to prevent breast cancer in over 2,600 women, showed how high 

carbohydrate did not influence the timing of menopause, except a significantly earlier menopause was 

observed in those women with low BMI.26 
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Further, Shanghai Women’s Health Study observed that higher intake of calories and proteins were 

significantly associated with later age at natural menopause, whereas soy and fiber were not related 

to age at menopause.19 Other studies reported that increased meat or alcohol consumption is 

significantly associated with later age at menopause 27,28 and such findings confirm the hypothesis that 

meat may modify the interaction of hormones along hypothalamic- pituitary-ovarian axis. 

Although studies have been done to identify the role of single food intake on onset of menopause, the 

role of dietary pattern needs further studies to substantiate it. In light of the findings reported above, 

our review calls for future prospective studies to investigate whether uPDI, including less- quality diet 

and low in high-quality plant-based diet, can influence onset of natural menopause. Understanding 

whether specific dietary factors might be associated with menopause onset could also lead to a new 

approach in reducing unhealthy dietary habits and adverse outcomes related to early or late natural 

menopause. 

Our study has several limitations. Cumulative PDI, hPDI and uPDI were self-reported by FFQ. This 

technique is well validated but some misclassification of intake is possible due to under- or over-reporting. 

However, calculation of cumulative averages can reduce measurement errors.29 We relied on self-

reported menopausal status to determine timing of menopause. Misclassification of the outcome was 

minimized by using only the first reported age at menopause and by collecting data every two years. Yet, 

a high proportion of NHS participants had already experienced menopause by baseline with potential 

consequences on results. Finally, NHS and NHSII participants are not a random sample of the general U.S. 

population although our results should not differ from other women in U.S. or elsewhere. 

In conclusion, we observed a null association between PDI and early menopause, but additional 

prospective studies are needed. A better understanding of how a specific food item or dietary patterns 

are associated with ovarian aging may be the corner stone to modify the risk of early onset of 

menopause and associated adverse health conditions. 
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Conclusion 

In conclusion, adherence to a PDI is not associated with onset of early menopause even after 

stratification by BMI, smoking status and oral contraceptive use, although higher adherence to uPDI 

might be associated with risk of early menopause. 
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Table 1. Baseline characteristics of women in NHS. 

PDI 

Characteristics a Quintile 1 
(n=5575) 

Quintile 2 
(n=5970) 

Quintile 3 
(n=5079) 

Quintile 4 
(n=5899) 

Quintile 5 
(n=5188) 

Age, years 44.8 (4.3) 44.8 (4.2) 44.9 (4.3) 45 (4.3) 45.1 (4.2) 

Height, cm 164.1 (6.2) 164.1 (6.1) 164.2 (6.2) 164 (6.2) 164.3 (6.1) 

Oral contraceptive use b 34.1 (45.8) 32.8 (43.8) 31 (42.6) 30.8 (42) 28.4 (40.3) 
History of high blood cholesterol, 
% 91 91 92 91 91 

History of hypertension, % 92 93 93 93 94 

Parity, % 

1 or 2 kids 41 40 39 39 40 

3 or 4 kids 43 44 45 45 46 

> 5 kids 8 10 10 10 9 

Breast feeding c 0.4 (0.5) 0.4 (0.5) 0.4 (0.5) 0.4 (0.5) 0.5 (0.5) 

Smoking status, % 

Former 33 31 32 31 32 

Current, 1-14 7 8 7 7 6 

Current 15-24 10 9 9 9 8 

Current 25+ 10 7 7 5 4 

Pack years b 11 (14.4) 9.5 (13.6) 9.4 (13.3) 8.2 (12.4) 7.4 (11.9) 

BMI, kg/m², % 

<21 17 18 19 19 22 

21-22.9 22 23 22 24 25 

23-24.9 19 19 20 20 20 

25-29.9 24 23 23 22 21 

30+ 14 13 12 11 9 

Physical activity, MET-h/wk 13.2 (19.6) 13.4 (20.4) 14.1 (22.9) 14.5 (22.5) 15.6 (24.8) 

Total caloric intake, kcal/day 1486 (453) 1648 (486) 1770 (485) 1905 (512) 2108 (516) 

Vitamin D no supplement, IU 200.6 
(107.6) 

187 (96.8) 178.3 (91) 168.3 (80) 155.5 
(71.2) 

Vitamin D with supplement, IU 324.4 
(269.8) 

297.1 
(233.2) 

287.6 
(222.8) 

274.5 
(209.6) 

263 (192.4) 

PDI 45 (2.9) 50.6 (1.1) 54 (0.8) 57.4 (1.1) 62.9 (2.8) 

uPDI 55.7 (7.5) 56.2 (8.1) 56.1 (8.2) 55.7 (8) 55 (7.3) 

hPDI 51.3 (6.9) 52.4 (7.3) 52.8 (7.4) 53.6 (7.1) 55.4 (6.6) 

Abbreviations: MET, metabolic equivalent task; IU, International Unit. 

Values are means (SD) for continuous variables; percentages or ns or both for categorical variables 
are standardized to the age distribution of the study population. 
a Age-adjusted and time period. 
b Includes among users only. 
c Includes parous women only. 
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Table 2. Baseline characteristics of women in the NHSII. 

PDI 

Characteristics a Quintile 
1 
(n=1929
9) 

Quintile 
2 
(n=1345
7) 

Quintile 
3 
(n=2064
4) 

Quintile 
4 
(n=1781
9) 

Quintile 
5 
(n=1687
6) 

Age, years 36 (4.7) 36.2 (4.7) 36.4 (4.6) 36.6 (4.6) 36.9 (4.5) 

Height, cm 164.7 (6.7) 164.8 (6.6) 164.9 (6.6) 164.8 (6.6) 164.9 (6.6) 

Oral contraceptive use b 51.8 (49.4) 49.6 (47.8) 48.4 (47.2) 46.5 (45.6) 44.2 (43.7) 
History of high blood 
cholesterol, % 15 14 14 14 14 

History of hypertension, % 7 7 6 5 5 

Parity, % 

1 or 2 kids 51 54 54 54 55 

3 or 4 kids 17 18 20 21 21 

> 5 kids 1 1 1 1 1 

Breast feeding c 11.4 (12.5) 12.3 (12.8) 13.3 (13.4) 14.3 (13.7) 15.8 (14.2) 

Smoking status, % 

Former 22 22 22 22 23 

Current 1-14 6 5 5 5 5 

Current 15-24 6 5 5 4 3 

Current 25+ 3 2 2 1 1 

Pack years b 4.7 (8.3) 4.2 (7.7) 3.9 (7.4) 3.6 (7) 3.5 (6.7) 

BMI, kg/m², % 

<21 21 23 24 26 29 

21-22.9 21 22 23 23 24 

23-24.9 18 17 17 17 17 

25-29.9 21 21 20 20 18 

30+ 16 15 13 11 10 

Physical activity, MET-h/wk 17.7 (24) 19.2 (25.1) 20.7 (27) 21.8 (27.3) 25 (31.1) 

Total caloric intake, kcal/day 1478 (463) 1642 (486) 1773 (501) 1937 (513) 2137 (527) 

Vitamin D no supplement, IU 285.1 
(144.6) 

264.2 
(128.1) 

253.4 
(118.9) 

239.6 
(109.5) 

219.2 (102) 

Vitamin D with supplement, IU 423 (302.3) 404.9 
(273.1) 

388.5 
(256.9) 

372.4 
(241.9) 

349.9 (217.8) 

PDI 45.8 (2.9) 51 (0.8) 54.5 (1.1) 58.4 (1.1) 64.1 (3) 

uPDI 56 (7.5) 55.6 (8.1) 54.9 (8.1) 54 (7.8) 53.4 (7) 

hPDI 52.3 (7) 53.7 (7.3) 54.6 (7.4) 55.6 (7.2) 57.9 (7) 

Abbreviations: MET, metabolic equivalent of task; IU, International Unit. 

Values are means (SD) for continuous variables; percentages or ns or both for categorical variables are 
standardized to the age distribution of the study population. 
a Age-adjusted and time period. 
b Includes among users only. 
c Includes parous women only. 



96 

Table 3. HRs and 95% CIs for associations between PDI and risk of early menopausea among women in the NHS, 1984-1992b and NHSII, 1991-2011c. 

Model 1 d  Model 2 e  Model 3 f 

PDI Event/person-
y 

HR 95% CI HR 95% CI HR 95% CI 

NHS 

Quantile 1 159/33251 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 

Quantile 2 144/32485 0.91 0.72 to 1.15 0.92 0.73 to 1.17 0.94 0.75 to 1.2 

Quantile 3 137/31463 0.93 0.74 to 1.18 0.95 0.75 to 1.21 0.98 0.77 to 1.24 

Quantile 4 157/31818 1.1 0.85 to 1.34 1.1 0.87 to 1.4 1.15 0.91 to 1.44 

Quantile 5 118/28471 0.85 0.66 to 1.08 0.9 0.68 to 1.17 0.94 0.73 to 1.2 

P trend 0.50 0.87 0.84 

NHSII 

Quantile 1 477/225594 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 

Quantile 2 384/212761 0.90 0.78 to 1.03 0.92 0.8 to 1.05 0.92 0.8 to 1.06 

Quantile 3 489/258222 0.90 0.79 to 1.02 0.94 0.82 to 1.07 0.93 0.82 to 1.06 

Quantile 4 421/232647 0.86 0.75 to 0.98 0.91 0.79 to 1.04 0.91 0.79 to 1.04 

Quantile 5 414/219820 0.89 0.78 to 1.01 0.95 0.82 to 1.1 0.95 0.83 to 1.08 

P trend 0.06 0.48 0.39 

a Early menopause defined as women who experience menopause status < 45 years. 
b Diet was assessed in 1984, 1986, 1988, 1990 and 1992. 
c Diet was assessed in 1991, 1993, 1995, 1997, 1999, 2001, 2003, 2005, 2007, 2009 and 2011. 
d Adjusted for age. 
e Adjusted for age and caloric intake (quintiles). 
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f Adjusted for age, smoking status (never, former, current 1-14, current 15-24, current 25+), pack years, age at first birth and parity (nulliparous, age < 25 and parity 1 or 2, 
age < 25 and parity > 2, age ≥ 25 and parity 1 or 2, age ≥ 25 and parity > 2), duration of oral contraceptive use, BMI (< 21, 21-22.9, 23-24.9, 25-29.9, >30 Kg/m²), breast 
feeding, history of hypertension, history of high blood cholesterol, physical activity (MET-h/wk). 
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Table 4. Meta-analysis in longitudinal studies NHS and NHSII between PDI, hPDI, uPDI and women who experienced early natural menopause. 

Q1 Q2 vs Q1 Q3 vs Q1 Q4 vs Q1 Q5 vs Q1 P for trend (read of P in 

 

 

 

Quantiles and P for trend (significant < 0.05), read by meta-analysis, are reported. RRs and 95% CIs for PDI, hPDI and uPDI in NHS and NHSII. 
a Adjusted for smoking status (never, former, current 1-14, current 15-24, current 25+), pack years, age at first birth and parity (nulliparous, age < 25 and parity 1 or 2, age 
<25 and parity > 2, age ≥ 25 and parity 1 or 2, age ≥ 25 and parity > 2), duration of oral contraceptive use, BMI (< 21, 21-22.9, 23-24.9, 25-29.9, >30 Kg/m²), breast feeding, 
history of hypertension, history of high blood cholesterol, physical activity (MET-h/wk). 

meta 
output) 

PDI  a

NHS 1.0 (ref) 0.94 (0.75 to 1.2) 0.98 (0.77 to 
1.24) 

1.15 (0.91 to 1.44) 0.94 (0.73 to 1.2) 0.84 

NHSII 1.0 (ref) 0.92 (0.8 to 1.06) 0.93 (0.82 to 
1.06) 

0.91 (0.79 to 1.04) 0.95 (0.83 to 1.08) 0.39 

Meta-analysis 1.0 (ref) 0.93 (0.82 to 1.04) 0.94 (0.84 to 
1.05) 

0.96 (0.86 to 1.08) 0.95 (0.84 to 1.06) 0.52 

hPDI  a
NHS 1.0 (ref) 1.19 (0.97 to 1.46) 1.02 (0.81 to 

1.28) 
0.96 (0.74 to 1.24) 1.15 (0.88 to 1.5) 0.70 

NHSII 1.0 (ref) 0.99 (0.87 to 1.14) 0.98 (0.86 to 
1.12) 

0.95 (0.83 to 1.09) 1.07 (0.93 to 1.23) 0.51 

Meta-analysis 1.0 (ref) 1.05 (0.94 to 1.17) 0.99 (0.88 to 
1.11) 

0.95 (0.85 to 1.07) 1.09 (0.96 to 1.23) 0.45 

uPDI  a
NHS 1.0 (ref) 0.92 (0.69 to 1.22) 0.97 (0.75 to 

1.27) 
0.98 (0.76 to 1.28) 1.12 (0.88 to 1.44) 0.19 

NHSII 1.0 (ref) 1.03 (0.9 to 1.18) 1.1 (0.95 to 1.26) 1.21 (1.06 to 1.39) 1.05 (0.91 to 1.21) 0.11 

Meta-analysis 1.0 (ref) 1.01 (0.89 to 1.14) 1.07 (0.95 to 
1.21) 

1.16 (1.03 to 1.31) 1.07 (0.95 to 1.21) 0.04 
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Supplemental Digital Content 1. HRs and 95% CIs for associations between PDI and risk of early menopausea among women in the NHS, 1984-1992b and NHSII, 1991-2011c 
after censoring for hormone therapy use before menopause occurred. 

Model 1  a Model 2  b Model 3  c

PDI Event/person-
y 

HR 95% CI HR 95% CI HR 95% CI 

NHS 

Quantile 1 781/33156 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 

Quantile 2 753/32385 0.96 0.8 to 1.15 0.97 0.81 to 1.16 0.97 0.8 to 1.16 

Quantile 3 672/31394 0.88 0.73 to 1.06 0.90 0.74 to 1.08 0.89 0.72 to 1.08 

Quantile 4 760/31712 1 0.83 to 1.19 1.03 0.85 to 1.24 1.05 0.87 to 1.26 

Quantile 5 637/28396 0.82 0.67 to 0.99 0.86 0.70 to 1.06 0.85 0.7 to 1.05 

P trend 0.096 0.338 0.317 

NHSII 

Quantile 1 257/222681 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 

Quantile 2 247/210223 0.94 0.83 to 1.06 0.96 0.85 to 1.08 0.94 0.81 to 1.09 

Quantile 3 233/255255 0.88 0.79 to 0.99 0.92 0.82 to 1.04 0.9 0.78 to 1.04 

Quantile 4 230/229978 0.86 0.77 to 0.97 0.92 0.81 to 1.04 0.9 0.78 to 1.04 

Quantile 5 238/217459 0.89 0.79 to 1 0.95 0.84 to 1.09 0.93 0.8 to 1.08 

P trend 0.021 0.336 0.262 

a Early menopause defined as women who experience menopause status < 45 years. 
b Diet was assessed in 1984, 1986, 1988, 1990 and 1992. 
c Diet was assessed in 1991, 1993, 1995, 1997, 1999, 2001, 2003, 2005, 2007, 2009 and 2011. 
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d Adjusted for age. 
e Adjusted for age and caloric intake (quintiles). 
f Adjusted for age, smoking status (never, former, current 1-14, current 15-24, current 25+), pack years, age at first birth and parity (nulliparous, age < 25 and parity 1 or 2, age 

< 25 and parity > 2, age ≥ 25 and parity 1 or 2, age ≥ 25 and parity > 2), duration of oral contraceptive use, BMI (< 21, 21-22.9, 23-24.9, 25-29.9, >30 Kg/m²), breast feeding, 
history of hypertension, history of high blood cholesterol, physical activity (MET-h/wk). 
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Supplemental Digital Content 2. HRs and 95% CIs for associations between PDI with risk of early menopausea 
among women in the NHS, 1984-1992b and NHSII, 1991-2011c stratified by BMI categories (<25, 25-29.9, >30 
kg/m2). 

PDI Quintile 1 Quintile2 Quintile 3 Quintile 4 Quintile 5 P trend 

NHS  a

BMI < 25 

Event/person-y 799/17012 838/17662 754/17506 773/18638 653/17620 
HR (95% CI) 1.00 (ref) 1.11 (0.87 to 1.43) 1.04 (0.8 to 1.34) 1.12 (0.87 to 1.43) 0.94 (0.72 to 1.22) 0.696 

BMI 25-29.9 

Event/person-y 834/8150 674/7718 517/7345 730/7127 565/6016 
HR (95% CI) 1.00 (ref) 0.78 (0.52 to 1.16) 0.65 (0.43 to 0.98) 0.86 (0.58 to 1.26) 0.69 (0.44 to 1.08) 0.143 

BMI > 30 

Event/person-y 775/5033 707/4669 637/4081 867/3575 797/2634 

HR (95% CI) 1.00 (ref) 0.91 (0.54 to 1.52) 0.88 (0.51 to 1.49) 1.18 (0.7 to 1.99) 0.92 (0.5 to 1.66) 0.912 

NHS II a  

BMI < 25 

Event/person-y 258/161024 253/158249 233/199994 235/183488 237/180183 
HR (95% CI) 1.00 (ref) 0.97 (0.82 to 1.14) 0.92 (0.79 to 1.08) 0.93 (0.79 to 1.1) 0.95 (0.81 to 1.12) 0.489 

BMI 25-29.9 

Event/person-y 247/42894 224/36601 212/38739 186/32184 217/25321 
HR (95% CI) 1.00 (ref) 0.82 (0.57 to 1.18) 0.76 (0.53 to 1.09) 0.65 (0.43 to 0.98) 0.78 (0.52 to 1.18) 0.089 
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BMI > 30 

Event/person-y 262/10698 243/7809 293/7499 358/5859 244/4092 
HR (95% CI) 1.00 (ref) 0.95 (0.38 to 2.38) 1.26 (0.49 to 3.23) 1.8 (0.72 to 4.51) 1.37 (0.43 to 4.36) 0.244 

a Early menopause defined as women who experience menopause status < 45 years. 
b Diet was assessed in 1984, 1986, 1988, 1990 and 1992. 
c Diet was assessed in 1991, 1993, 1995, 1997, 1999, 2001, 2003, 2005, 2007, 2009 and 2011. 
d Adjusted for age, smoking status (never, former, current 1-14, current 15-24, current 25+), pack years, age at 
first birth and parity (nulliparous, age < 25 and parity 1 or 2, age < 25 and parity > 2, age ≥ 25 and parity 1 or 2, 
age ≥ 25 and parity > 2), duration of oral contraceptive use, breast feeding, history of hypertension, history of 
high blood cholesterol, physical activity (MET-h/wk). 
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Supplemental Digital Content 3. HRs and 95% CIs for associations between PDI with risk of early menopausea among women in the NHS, 1984-1992b and 
NHSII, 1991-2011c stratified by smoking status (never, former, current 1-14, current 15-24, current 25+). 

 

 

 

PDI Quintile 1 Quintile2 Quintile 3 Quintile 4 Quintile 5 P trend 

 
 NHSᵃ  

      

Never       

Event/person-y 655/13733 691/14327 593/14327 765/15417 590/14417 
 

HR (95% CI) 1.00 (ref) 1.09 (0.81 to 
1.47) 

0.88 (0.65 to 1.2) 1.17 (0.88 to 
1.56) 

0.84 (0.61 to 1.15) 0.445 

Former       

Event/person-y 688/11488 680/11022 682/10844 568/10391 648/9411  

HR (95% CI) 1.00 (ref) 1.01 (0.72 to 
1.41) 

0.98 (0.7 to 1.37) 0.82 (0.57 to 
1.17) 

0.99 (0.7 to 1.41) 0.616 

Current, 1-14 number 
of cigarettes per day 

      

Event/person-y 972/2161 917/2182 845/1894 1481/1891 594/1516  

HR (95% CI) 1.00 (ref) 0.93 (0.44 to 
1.99) 

1.1 (0.49 to 2.46) 1.74 (0.85 to 
3.57) 

0.62 (0.24 to 1.62) 0.929 

Current, 15-24 
number of cigarettes 
per day 

      

Event/person-y 655/13733 691/14327 593/14327 765/15417 590/14417  

HR (95% CI) 1.00 (ref) 1.09 (0.81 to 
1.47) 

0.88 (0.65 to 1.2) 1.17 (0.88 to 
1.56) 

0.84 (0.61 to 1.15) 0.445 

Current, 25+ number 
of cigarettes per day 

      

Event/person-y 1754/2451 1202/1913 1086/1657 948/1372 842/950  

HR (95% CI) 1.00 (ref) 0.79 (0.42 to 
1.49) 

0.68 (0.34 to 
1.36) 

0.66 (0.31 to 
1.39) 

0.85 (0.36 to 2.03) 0.365 

 NHS II  a  
      

Never       
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Event/person-y 221/146121 221/142204 199/174042 216/159498 222/150354 

HR (95% CI) 1.00 (ref) 0.97 (0.81 to 
1.18) 

0.91 (0.76 to 
1.09) 

0.96 (0.8 to 1.15) 1.01 (0.84 to 1.22) 0.930 

Former 

Event/person-y 232/50760 242/48310 269/58791 211/53125 244/52082 

HR (95% CI) 1.00 (ref) 1.06 (0.78 to 
1.44) 

1.12 (0.84 to 
1.48) 

0.93 (0.68 to 
1.26) 

1.06 (0.78 to 1.44) 0.998 

Current, 1-14 number 
of cigarettes per day 

 

Event/person-y 418/11952 380/9480 233/11142 315/9216 303/8263 

HR (95% CI) 1.00 (ref) 0.79 (0.42 to 
1.47) 

0.37 (0.18 to 
0.77) 

0.68 (0.36 to 
1.26) 

0.58 (0.3 to 1.13) 0.091 

Current, 15-24 
number of cigarettes 
per day 

Event/person-y 797/5020 656/4573 737/4479 771/3244 826/2783 

HR (95% CI) 1.00 (ref) 0.56 (0.3 to 1.06) 0.7 (0.4 to 1.2) 0.68 (0.37 to 
1.24) 

0.69 (0.36 to 1.34) 0.275 

Current, 25+ number 
of cigarettes per day 

Event/person-y 583/4117 472/2541 740/2701 716/1955 817/1470 

HR (95% CI) 1.00 (ref) 0.83 (0.28 to 
2.42) 

1.38 (0.52 to 
3.68) 

0.81 (0.25 to 2.6) 4.42 (1.21 to 16.13) 0.132 

a Early menopause defined as women who experience menopause status < 45 years. 
b Diet was assessed in 1984, 1986, 1988, 1990 and 1992. 
c Diet was assessed in 1991, 1993, 1995, 1997, 1999, 2001, 2003, 2005, 2007, 2009 and 2011. 
d Adjusted for age, pack years, age at first birth and parity (nulliparous, age < 25 and parity 1 or 2, age < 25 and parity > 2, age ≥ 25 and parity 1 or 2, age ≥ 25 
and parity > 2), duration of oral contraceptive use, BMI (< 21, 21-22.9, 23-24.9, 25-29.9, >30 Kg/m²), breast feeding, history of hypertension, history of high 
blood cholesterol, physical activity (MET-h/wk). 
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Supplemental Digital Content 4. HRs and 95% CIs for associations between PDI with rate of early menopausea among women in the NHS, 1984-1992b and 
NHSII, 1991-2011c stratified by oral contraceptive use categories (never use, current use, former use <5 years, former ≥5 years). 

PDI Quintile 1 Quintile2 Quintile 3 Quintile 4 Quintile 5 P trend 

NHSᵃ 

Never use 

Event/person-y 625/9760 672/9975 416/9605 423/10162 426/9618 

HR (95% CI) 1.00 (ref) 1 (0.68 to 
1.48) 

0.65 (0.42 to 1) 0.7 (0.46 to 
1.07) 

0.7 (0.45 to 1.08) 0.030 

Current use 

Event/person-y - - - - - 

HR (95% CI) - - - - - 

Former use, <5 years 

Event/person-y 919/19810 825/19511 845/19054 967/18921 770/16622 

HR (95% CI) 1.00 (ref) 
0.96 (0.77 to 

1.19) 0.98 (0.78 to 
1.22) 

1.17 (0.94 to 
1.45) 0.9 (0.71 to 1.14) 0.987 

Former use, ≥5 years 

Event/person-y 340/2356 582/1890 176/1707 478/1672 399/1253 

HR (95% CI) 1.00 (ref) 
1.78 (0.57 to 

5.57) 0.56 (0.12 to 
2.58) 

1.21 (0.34 to 
4.38) 1.43 (0.37 to 5.5) 0.889 

NHS II  a

Never use 

Event/person-y 232/30173 187/30001 213/37568 224/35241 214/35107 

HR (95% CI) 1.00 (ref) 
1.17 (0.71 to 

1.91) 1.13 (0.71 to 1.8) 1.12 (0.7 to 1.8) 1.22 (0.76 to 
1.94) 

0.519 

Current use 
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Event/person-y 182/26416 180/23310 147/27197 210/23296 182/19764 

HR (95% CI) 1.00 (ref) 
0.88 (0.52 to 

1.49) 0.63 (0.36 to 1.1) 
1.02 (0.62 to 

1.66) 0.7 (0.39 to 1.24) 0.411 

Former use, <5 years 

Event/person-y 266/138080 262/132184 246/163276 228/148051 243/142665 

HR (95% CI) 1.00 (ref) 
0.93 (0.78 to 

1.10) 0.93 (0.79 to 
1.10) 

0.86 (0.72 to 
1.02) 0.96 (0.8 to 1.13) 0.41 

Former use, ≥5 years 

Event/person-y 320/24074 313/21105 261/22957 295/19335 329/15806 

HR (95% CI) 1.00 (ref) 
0.96 (0.6 to 
1.54) 0.92 (0.57 to 

1.47) 

1.06 (0.65 to 
1.73) 1.18 (0.72 to 

1.95) 
0.482 

a Early menopause defined as women who experience menopause status < 45 years. 
b Diet was assessed in 1984, 1986, 1988, 1990 and 1992. 
c Diet was assessed in 1991, 1993, 1995, 1997, 1999, 2001, 2003, 2005, 2007, 2009 and 2011. 
d Adjusted for age, smoking status (never, former, current 1-14, current 15-24, current 25+), pack years, age at first birth and parity (nulliparous, age < 25 and 
parity 1 or 2, age < 25 and parity > 2, age ≥ 25 and parity 1 or 2, age ≥ 25 and parity > 2), BMI (< 21, 21-22.9, 23-24.9, 25-29.9, >30 Kg/m²), breast feeding, 
history of hypertension, history of high blood cholesterol, physical activity (MET-h/wk). 
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Supplementary Table 1. Associations between PDI and risk of early menopausea among women in the NHS, 1984-1992b and NHSII, 1991-
2011c after censoring for hormone therapy use before menopause occurred 

PDI 

Model 1ᵃ Model 2ᵇ Model 3ᶜ 

Event/person-y HR 95% CI HR 95% CI HR 95% CI 

NHS 

Quantile 1 781/33156 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 

Quantile 2 753/32385 0.96 0.8 - 1.15 0.97 0.81 - 1.16 0.97 0.8 - 1.16 

Quantile 3 672/31394 0.88 0.73 - 1.06 0.90 0.74 - 1.08 0.89 0.72 - 1.08 

Quantile 4 760/31712 1 0.83 - 1.19 1.03 0.85 - 1.24 1.05 0.87 - 1.26 

Quantile 5 637/28396 0.82 0.67 - 0.99 0.86 0.70 - 1.06 0.85 0.7 - 1.05 

P trend  0.096 0.338 0.317 

NHSII 

Quantile 1 257/222681 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 

Quantile 2 247/210223 0.94 0.83 - 1.06 0.96 0.85 - 1.08 0.94 0.81 - 1.09 

Quantile 3 233/255255 0.88 0.79 - 0.99 0.92 0.82 - 1.04 0.9 0.78 - 1.04 

Quantile 4 230/229978 0.86 0.77 - 0.97 0.92 0.81 - 1.04 0.9 0.78 - 1.04 

Quantile 5 238/217459 0.89 0.79 - 1 0.95 0.84 - 1.09 0.93 0.8 - 1.08 

P trend  0.021 0.336 0.262 

a Early menopause defined as women who experience menopause status < 45 years. 
b Diet was assessed in 1984, 1986, 1988, 1990 and 1992. 
c Diet was assessed in 1991, 1993, 1995, 1997, 1999, 2001, 2003, 2005, 2007, 2009 and 2011. 
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d Adjusted for age. 
e Adjusted for age and caloric intake (quintiles). 
f Adjusted for age, smoking status (never, former, current 1-14, current 15-24, current 25+), pack years, age at first birth and parity (nulliparous, 
age < 25 and parity 1 or 2, age < 25 and parity > 2, age ≥ 25 and parity 1 or 2, age ≥ 25 and parity > 2), duration of oral contraceptive use, BMI (< 
21, 21-22.9, 23-24.9, 25-29.9, >30 Kg/m²), breast feeding, history of hypertension, history of high blood cholesterol,  physical activity (MET-h/wk).
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Supplementary Table 2. Associations between PDI with risk of early menopausea among 
women in the NHS, 1984-1992b and NHSII, 1991-2011c stratified by BMI categories (<25, 
25-29.9, >30 kg/m2)

PDI Quintile 1 Quintile2 Quintile 3 Quintile 4 Quintile 5 P trend 

NHS ᵃ 

BMI < 25 

Event/person-y 799/17012 838/17662 754/17506 773/18638 653/17620 

HR (95% CI) 1.00 (ref) 1.11 (0.87-1.43) 1.04 (0.8-1.34) 1.12 (0.87-1.43) 0.94 (0.72-1.22) 0.696 

BMI 25-29.9 

Event/person-y 834/8150 674/7718 517/7345 730/7127 565/6016 

HR (95% CI) 1.00 (ref) 0.78 (0.52-1.16) 0.65 (0.43-0.98) 0.86 (0.58-1.26) 0.69 (0.44-1.08) 0.143 

BMI > 30 

Event/person-y 775/5033 707/4669 637/4081 867/3575 797/2634 

HR (95% CI) 1.00 (ref) 0.91 (0.54-1.52) 0.88 (0.51-1.49) 1.18 (0.7-1.99) 0.92 (0.5-1.66) 0.912 

NHS II ᵃ 

BMI < 25 

Event/person-y 258/161024 253/158249 233/199994 235/183488 237/180183 

HR (95% CI) 1.00 (ref) 0.97 (0.82-1.14) 0.92 (0.79-1.08) 0.93 (0.79-1.1) 0.95 (0.81-1.12) 0.489 

BMI 25-29.9 

Event/person-y 247/42894 224/36601 212/38739 186/32184 217/25321 

HR (95% CI) 1.00 (ref) 0.82 (0.57-1.18) 0.76 (0.53-1.09) 0.65 (0.43-0.98) 0.78 (0.52-1.18) 0.089 

BMI > 30 

Event/person-y 262/10698 243/7809 293/7499 358/5859 244/4092 

HR (95% CI) 1.00 (ref) 0.95 (0.38-2.38) 1.26 (0.49-3.23) 1.8 (0.72-4.51) 1.37 (0.43-4.36) 0.244 

a Early menopause defined as women who experience menopause status < 45 years. 
b Diet was assessed in 1984, 1986, 1988, 1990 and 1992. 
c Diet was assessed in 1991, 1993, 1995, 1997, 1999, 2001, 2003, 2005, 2007, 2009 and 
2011. 
d Adjusted for age, smoking status (never, former, current 1-14, current 15-24, current 
25+), pack years, age at first birth and parity (nulliparous, age < 25 and parity 1 or 2, age < 
25 and parity > 2, age ≥ 25 and parity 1 or 2, age ≥ 25 and parity > 2), duration of oral 
contraceptive use, breast feeding, history of hypertension, history of high blood 
cholesterol,  physical activity (MET-h/wk).
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Supplementary Table 3. Associations between PDI with risk of early menopausea among 
women in the NHS, 1984-1992b and NHSII, 1991-2011c stratified by smoking status (never, 
former, current 1-14, current 15-24, current 25+)

PDI Quintile 1 Quintile2 Quintile 3 Quintile 4 Quintile 5 P trend 

NHSᵃ

Never 

Event/person-y 655/13733 691/14327 593/14327 765/15417 590/14417 

HR (95% CI) 1.00 (ref) 1.09 (0.81-1.47) 0.88 (0.65-1.2) 1.17 (0.88-1.56) 0.84 (0.61-1.15) 0.445 

Former 

Event/person-y 688/11488 680/11022 682/10844 568/10391 648/9411 

HR (95% CI) 1.00 (ref) 1.01 (0.72-1.41) 0.98 (0.7-1.37) 0.82 (0.57-1.17) 0.99 (0.7-1.41) 0.616 

Current, 1-14 
number of 

cigarettes per day 

Event/person-y 972/2161 917/2182 845/1894 1481/1891 594/1516 

HR (95% CI) 1.00 (ref) 0.93 (0.44-1.99) 1.1 (0.49-2.46) 1.74 (0.85-3.57) 0.62 (0.24-1.62) 0.929 

Current, 15-24 
number of 

cigarettes per day 

Event/person-y 655/13733 691/14327 593/14327 765/15417 590/14417 

HR (95% CI) 1.00 (ref) 1.09 (0.81-1.47) 0.88 (0.65-1.2) 1.17 (0.88-1.56) 0.84 (0.61-1.15) 0.445 

Current, 25+ number 
of cigarettes per day 

Event/person-y 1754/2451 1202/1913 1086/1657 948/1372 842/950 

HR (95% CI) 1.00 (ref) 0.79 (0.42-1.49) 0.68 (0.34-1.36) 0.66 (0.31-1.39) 0.85 (0.36-2.03) 0.365 

NHS IIᵃ 

Never 

Event/person-y 221/146121 221/142204 199/174042 216/159498 222/150354 

HR (95% CI) 1.00 (ref) 0.97 (0.81-1.18) 0.91 (0.76-1.09) 0.96 (0.8-1.15) 1.01 (0.84-1.22) 0.930 

Former 

Event/person-y 232/50760 242/48310 269/58791 211/53125 244/52082 

HR (95% CI) 1.00 (ref) 1.06 (0.78-1.44) 1.12 (0.84-1.48) 0.93 (0.68-1.26) 1.06 (0.78-1.44) 0.998 

Current, 1-14 
number of 

cigarettes per day 

Event/person-y 418/11952 380/9480 233/11142 315/9216 303/8263 
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HR (95% CI) 1.00 (ref) 0.79 (0.42-1.47) 0.37 (.18-0.77) 0.68 (0.36-1.26) 0.58 (0.3-1.13) 0.091 

Current, 15-24 
number of 

cigarettes per day 

Event/person-y 797/5020 656/4573 737/4479 771/3244 826/2783 

HR (95% CI) 1.00 (ref) 0.56 (0.3-1.06) 0.7 (0.4-1.2) 0.68 (0.37-1.24) 0.69 (0.36-1.34) 0.275 

Current, 25+ number 
of cigarettes per day 

Event/person-y 583/4117 472/2541 740/2701 716/1955 817/1470 

HR (95% CI) 1.00 (ref) 0.83 (0.28-2.42) 1.38 (0.52-3.68) 0.81 (0.25-2.6) 4.42 (1.21-16.13) 0.132 

a Early menopause defined as women who experience menopause status < 45 years. 
b Diet was assessed in 1984, 1986, 1988, 1990 and 1992. 
c Diet was assessed in 1991, 1993, 1995, 1997, 1999, 2001, 2003, 2005, 2007, 2009 and 
2011. 
d Adjusted for age, pack years, age at first birth and parity (nulliparous, age < 25 and 
parity 1 or 2, age < 25 and parity > 2, age ≥ 25 and parity 1 or 2, age ≥ 25 and parity > 2), 
duration of oral contraceptive use, BMI (< 21, 21-22.9, 23-24.9, 25-29.9, >30 Kg/m²), 
breast feeding, history of hypertension, history of high blood cholesterol,  physical 
activity (MET-h/wk).
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Supplementary Table 4. Associations between PDI with rate of early menopausea among 
women in the NHS, 1984-1992b and NHSII, 1991-2011c stratified by oral contraceptive use 
categories (never use, current use, former use <5 years, former ≥5 years) 

PDI Quintile 1 Quintile2 Quintile 3 Quintile 4 Quintile 5 P trend 

NHSᵃ

Never use 

Event/person-y 625/9760 672/9975 416/9605 423/10162 426/9618 

HR (95% CI) 1.00 (ref) 1 (0.68-1.48) 0.65 (0.42-1) 0.7 (0.46-1.07) 0.7 (0.45-1.08) 0.030 

Current use 

Event/person-y - - - - - 

HR (95% CI) - - - - - 

Former use, <5 
years 

Event/person-y 919/19810 825/19511 845/19054 967/18921 770/16622 

HR (95% CI) 1.00 (ref) 
0.96 (0.77-

1.19) 0.98 (0.78-1.22) 1.17 (0.94-1.45) 0.9 (0.71-1.14) 0.987 

Former use, ≥5 
years 

Event/person-y 340/2356 582/1890 176/1707 478/1672 399/1253 

HR (95% CI) 1.00 (ref) 

1.78 (0.57-
5.57) 0.56 (0.12-2.58) 1.21 (0.34-4.38) 1.43 (0.37-5.5) 0.889 

NHS IIᵃ 

Never use 

Event/person-y 232/30173 187/30001 213/37568 224/35241 214/35107 

HR (95% CI) 1.00 (ref) 1.17 (0.71-1.91) 1.13 (0.71-1.8) 1.12 (0.7-1.8) 1.22 (0.76-1.94) 0.519 

Current use 

Event/person-y 182/26416 180/23310 147/27197 210/23296 182/19764 

HR (95% CI) 1.00 (ref) 
0.88 (0.52-

1.49) 0.63 (0.36-1.1) 1.02 (0.62-1.66) 0.7 (0.39-1.24) 0.411 

Former use, <5 
years 

Event/person-y 266/138080 262/132184 246/163276 228/148051 243/142665 

HR (95% CI) 1.00 (ref) 
0.93 (0.78-

1.10) 0.93 (0.79-1.10) 0.86 (0.72-1.02) 0.96 (0.8-1.13) 0.41 

Former use, ≥5 
years 
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Event/person-y 320/24074 313/21105 261/22957 295/19335 329/15806 

HR (95% CI) 1.00 (ref) 0.96 (0.6-1.54) 0.92 (0.57-1.47) 1.06 (0.65-1.73) 1.18 (0.72-1.95) 0.482 

a Early menopause defined as women who experience menopause status < 45 years.
b Diet was assessed in 1984, 1986, 1988, 1990 and 1992. 
c Diet was assessed in 1991, 1993, 1995, 1997, 1999, 2001, 2003, 2005, 2007, 2009 and 
2011. 
d Adjusted for age, smoking status (never, former, current 1-14, current 15-24, current 
25+), pack years, age at first birth and parity (nulliparous, age < 25 and parity 1 or 2, age < 
25 and parity > 2, age ≥ 25 and parity 1 or 2, age ≥ 25 and parity > 2), BMI (< 21, 21-22.9, 23-
24.9, 25-29.9, >30 Kg/m²), breast feeding, history of hypertension, history of high blood 
cholesterol,  physical activity (MET-h/wk). 
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ABSTRACT 

Background: Early natural menopause, defined as the permanent natural cessation of 

menstruation before the age of 45, is associated with an increased risk of adverse health outcomes. 

Few studies have investigated whether dietary iron intake could potentially impact menopause 

timing.     

Objective: To evaluate the association of dietary iron heme, iron non-heme and iron supplement 

intake with early natural menopause in the Nurses’ Health Study (NHS) and Nurses’ Health Study 

II (NHSII).  

Design: We conducted a prospective study with a mean follow-up time of 20 years among 

premenopausal women living across the US. Participants of the NHS (n = 121,701) and NHSII (n 

= 116,429) were included from 1984 [age mean (standard deviation, SD); 44.9 (4.2)] and 1991 

[age mean (SD); 36.4 (4.6)], respectively. Early menopause was self-reported and defined as 

natural menopause before age 45 years. Iron heme, non-heme and supplement were derived from 

semi-quantitative food frequency questionnaires (FFQ) administered every four years. Cox 

proportional hazards models were used to assess the association between iron heme, iron non-

heme and iron supplement in quintiles and early natural menopause in NHS and NHSII separately, 

and fixed-effect models to pool the results from both cohorts.  

Results: During follow-up, 715 and 2,185 women experienced early natural menopause in NHS 

and NHSII, respectively. After adjustment for age (M1), age and caloric intake (M2), and all 

potential confounders (M3), an association was observed between iron heme and incidence of 

early natural menopause in NHSII cohort. Yet, an association was found between iron non-heme 

and risk of early natural menopause in NHS, only in fully adjusted model (M3) [Q5; HR (95%CI), 

1.3 (1.03;1.64), P value 0.02]. When pooling the results, the results have been confirmed for iron 

heme [Q5 vs. Q1; 1.24 (1.09;1.41), P value 0.001].  
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Conclusion: Intake of iron heme is strongly associated with incidence of early natural menopause 

although highest intake of iron non-heme may be also associated with risk of early natural 

menopause. The association between iron heme and early natural menopause seems to be stronger 

in women with BMI < 25, former or current (+25 cigarettes) smokers.  

Keywords: Early natural menopause, menopause onset, Nurses’ Health Study, prospective 

study, iron heme, iron non-heme, iron supplement.
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Introduction 1 

Early natural menopause is defined as the permanent cessation of ovarian function before the 2 

age of 45 years and affects approximately 10% of Western women1. It is associated with 3 

increased risk of type 2 diabetes, cardiovascular diseases, bone fractures, mood disorders and 4 

decline in cognitive functions2. 5 

The etiology of early menopause is not fully understood, but dietary factors may be involved1,3. 6 

Emerging studies suggest high consumption of refined pasta and rice to be associated with early 7 

menopause while oily fish, fresh legumes, plant proteins as well as vitamin B6 and zinc have 8 

been reported to lower the risk of early menopause4. Yet, a modest inverse association of early 9 

menopause with dairy foods, calcium, and vitamin D from dietary sources was found associated 10 

with later onset of menopause5. 11 

             In light of these findings, we hypothesised that dietary iron intake would be associated 12 

with menopause onset. Iron is essential for oxygen transport, electron transfer reactions, gene 13 

regulation, and regulation of cell growth and differentiation6. Iron from food comes in two 14 

forms: heme and non-heme. Heme is found only in animal flesh like meat, poultry, and seafood 15 

and is highly bioavailable (25-30% is absorbed). Non-heme iron is found in plant foods like 16 

whole grains, nuts, seeds, legumes, and leafy greens and the absorption is more variable (1-17 

10%). Non-heme iron is also found in animal flesh and fortified foods7,8. Iron storage increases 18 

by two to threefold from before menopause to after menopause9. Epidemiological studies have 19 

reported an association between high iron stores and increased risk of cardiovascular disease, 20 

metabolic syndrome, gestational diabetes, and type 2 diabetes10, accelerated bone loss11, 21 

menopausal symptoms, and oxidative stress in skin when exposed to UV9. Women had the 22 

greatest changes in iron over menopause but, to date, no epidemiological studies have 23 

investigated whether dietary iron intake is associated with the incidence of early natural 24 
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menopause. We prospectively investigated the association between dietary iron intake and 25 

incidence of early natural menopause among women enrolled in the Nurses’ Health Study 26 

(NHS) and Nurses’ Health Study II (NHSII).  27 

Methods 28 

Study population  29 

The study was carried out within the NHS and NHSII prospective cohort studies, with participants 30 

recruited from across the US. The NHS began in 1976 when 121,701 women, aged 30 - 55 years, 31 

responded to a baseline questionnaire on medical, lifestyle and other health information. The 32 

NHSII began in 1989 when 116,429 women, aged 25 - 42 years, completed a mailed questionnaire 33 

and provided information on past and current health conditions, prescription medication use, and 34 

lifestyle factors. In both cohorts, participants have completed a new questionnaire biennially to 35 

update information, with a cumulative response rate of > 90%. The protocols were approved by 36 

the Institutional Review Boards at Brigham and Women’s Hospital and Harvard T.H. Chan School 37 

of Public Health in Boston, Massachusetts.  38 

Nurses’ Health Study  39 

Baseline in NHS was 1984 and follow-up ended in 1992 when all women were older than 45 years 40 

and no longer at risk for early menopause (< 45 years). From the 121,701 women at the time of 41 

enrolment we excluded women reporting menopause before 1984 (n = 56,492), and those who did 42 

not report age at menopause (n = 20,290). We excluded women who did not respond to the 1984 43 

FFQ or had implausible caloric intake (n = 11,778), who died before 1984 (n = 1,918) or women 44 

with cancer diagnosis (n = 3,372). A total of 27,851 eligible participants were followed until 1992. 45 

Nurses’ Health Study II 46 
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Follow-up for the NHSII analysis started in 1991 and ended in 2011 when all women were 45 47 

years or older and no longer at risk for early menopause (< 45 years). From 116,429 cohort 48 

members, we excluded women reporting menopause before 1991 (n = 3,942), and those who did 49 

not report an age at menopause (n = 5,341). We excluded women who did not respond to the 1991 50 

FFQ or had implausible caloric intake (n = 18,518), who died before 1991 (none) or women with 51 

cancer diagnosis (n = 724). A total of 87,904 eligible participants were followed until 2011. 52 

Early menopause 53 

Menopausal status has been assessed every 2 years in the NHS and NHSII starting in 1980 and 54 

1989, respectively. Nurses were asked if their periods had ceased permanently, and if so, at what 55 

age their period ceased (open response), for what reason the period ceased (response options were 56 

surgery, radiation or chemotherapy, and natural), their current and past use of menopausal 57 

hormone therapy, and if they had had a hysterectomy or oophorectomy (bilateral or unilateral). In 58 

this study, we defined cases of early natural menopause as women who reported natural 59 

menopause before age 45 years for each period from 1984 in NHS and 1991 in NHSII until 1992 60 

and 2011, respectively12. 61 

Self-assessment of menopause has been validated and the reproducibility is very high; over 98% 62 

of women in post menopause in 1979 accurately confirmed their menopause status within 1 year 63 

and, 82% who experiencing menopause reported the same age of menopause within a year from 64 

the previous questionnaire13. 65 

Iron intake 66 

In Nurses’ Health Study we calculated the cumulative average of iron heme, iron non-heme, and 67 

iron supplement using a semi-quantitative FFQ collected every 4 years from the baseline; indices 68 

were cumulatively averaged over follow-up to better capture long-term diet. Beginning in 1984 69 

for NHS and in 1991 for NHSII, participants reported how often they consumed defined portions 70 



 

123  

of 126 food items. Responses ranged in 9 categories, from “never or less than once/month” to “≥ 71 

6 times/day”. The reliability and validity of FFQ have been described elsewhere14,15. An overall 72 

iron heme, an iron non-heme, and an iron supplement were created. The iron heme is found only 73 

in animal flesh like meat, poultry, and seafood and is highly bioavailable, while iron non-heme is 74 

found mainly in plant foods like whole grains, nuts, seeds, legumes, and leafy greens. 75 

Covariates  76 

In Nurses’ Health Study, age was calculated by subtracting the participant’s date of birth from the 77 

questionnaire return date, and height that was collected at baseline in 1976 (NHS) and 1989 78 

(NHSII). Updated information on weight was used to calculate body mass index (BMI), defined 79 

as weight (kg)/height (m)2 (Kg/m²; <21, 21-22.9, 23-24.9, 25-29.9, >30), age at first birth and 80 

parity defined as pregnancies lasting > 6 months, (nulliparous, age < 25 and parity 1 or 2, age < 81 

25 and parity > 2, age ≥ 25 and parity 1 or 2, age ≥ 25 and parity > 2), duration of oral contraceptive 82 

use (continuous), breastfeeding (last time 2003 - categorical), smoking status and quantity (former, 83 

current 1-14, current 15-24, current 25+) and packs per year was collected biennially throughout 84 

follow-up. Physical activity was assessed every four years and was based on metabolic equivalent 85 

of task hours per week (MET-h/wk). Dietary factors, including total caloric intake (Kcal/day), 86 

vitamin D with/without supplement, were assessed via FFQ, as described earlier. 87 

Statistical analysis 88 

Statistical analyses were conducted with SAS version 9.3 software (SAS Institute Inc, Cary, 89 

NC). 90 

We evaluated the association between baseline iron heme, iron non-heme and iron supplement 91 

with incidence of early natural menopause using Cox proportional hazards models to calculate 92 

hazard ratio (HR) and 95% CI in both NHS and NHSII cohorts. The proportional hazard 93 

assumption of the Cox model was checked by visual inspection of log minus log plots and by 94 
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performing a test for heterogeneity of exposure over time. There was no evidence for violation of 95 

the proportionality assumption in any of the models (P for time-dependent interaction terms 96 

>0.05). The results are reported in Quintile (Quintile 1, Quintile 2, Quintile 3, Quintile 4 and 97 

Quintile 5), using Quintile 1 as the reference group. 98 

The included participants contributed follow-up time from the date of return of the questionnaire 99 

at baseline until the onset of early menopause (< 45 years), death, loss to follow-up, experienced 100 

no natural menopause (e.g., surgery, radiation or chemotherapy), cancer diagnosis, or the end of 101 

follow-up, whichever came first. Our initial model (Model 1) was adjusted only for age. The 102 

covariate selection for multivariable models (Model 2) was based on factors identified a priori 103 

(age and caloric intake in quintiles) based on literature. Additionally, we adjusted for smoking 104 

status (never, former, current 1-14, current 15-24, current 25+), pack years, age at first birth and 105 

parity (nulliparous, age < 25 and parity 1 or 2, age < 25 and parity > 2, age ≥ 25 and parity 1 or 2, 106 

age ≥ 25 and parity > 2), duration of oral contraceptive use (continuous), BMI (< 21, 21-22.9, 23-107 

24.9, 25-29.9, > 30 Kg/m²), breast feeding, history of hypertension, history of high blood 108 

cholesterol and  physical activity (MET-h/wk) (Model 3). 109 

Finally, we evaluated the association between iron heme, iron non-heme and iron supplement 110 

with incidence of early natural menopause using fixed-effects meta-analysis to combine the 111 

summary results from both cohorts, NHS and NHSII. Relative risk (RR), 95% CI, and P for 112 

trend are reported for each quantile.  113 

Sensitivity analysis 114 

We run sensitivity analyses only in Nurses’ Health Study. As a sensitivity analysis, we used the 115 

Cox proportional hazards model to explore whether iron heme, iron non-heme and iron 116 

supplement were associated with natural early menopause after censoring women who used 117 

hormone therapy before menopause occurred. Results are reported as HR and 95% CI.   118 
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To investigate possible effect modification, we stratified the main analysis (association between 119 

PDI and early menopause) by BMI categories (< 25, 25-29.9, ≥ 30 kg/m2), smoking status (never, 120 

former, current 1-14, current 15-24, current 25+) and oral contraceptive use categories (never use, 121 

current use, former use < 5 years, former ≥ 5 years) in both NHS and NHSII cohorts. 122 

To explore the interaction of iron heme, iron non-heme and iron supplement with BMI, smoking 123 

status and oral contraceptive use on early menopause, we used Cox proportional hazard models to 124 

calculate HR and 95% CI, adjusted for all covariates. 125 

Results 126 

Characteristics of participants by quintile of iron heme are shown in Table 1 for NHS. 127 

Women who  had the highest intake of iron heme reported more use of oral contraceptives [Q5 128 

34.2 (44.9) vs. Q1 28.3 (40.7), months], smoked more  packs per year [Q5 10.1 (13.9) vs. Q1 8.2 129 

(12.6)], more likely to be overweight and obese, less physically active [Q5 13 (19.1) vs. Q1 15.9 130 

(28.1) MET-h/wk], and reported lower total caloric  intake [Q5 1698 (495) vs. Q1 1784 (533)] 131 

than women with lower intake of iron heme.  132 

For NHSII cohort, characteristics of participants by quintile of iron heme are shown in Table 2. 133 

Women who had the highest intake of iron heme, reported more use of oral contraceptives [Q5 134 

50.8 (48.2) vs. Q1 44.5 (46), months], smoked more packs per year [Q5 4.4 (8) vs. Q1 3.7 (7.1)], 135 

more likely to be overweight and obese, less physically active [Q5 19.3 (25.4) vs. Q1 24.6 (32) 136 

MET-h/wk], reported less total caloric  intake [Q5 1737 (544) vs. Q1 1787 (570)] than women 137 

with lower intake of iron heme. 138 

Results from the association between iron heme, iron non-heme and iron supplement and early 139 

natural menopause in NHS and NHSII are presented in Table 3. Iron heme was strongly 140 

associated with early natural menopause in NHSII in all 3 models [Model 1: HR (95%CI), Q5 141 

vs. Q1 1.28 (1.11;1.47); Model 2: Q5 vs. Q1 1.27 (1.1;1.46); Model 3: Q5 vs. Q1 1.26 142 
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(1.09;1.46)]. In NHS, only in the fully adjusted model (Model 3), iron non-heme was associated 143 

with early natural menopause [     Q5 vs. Q1 1.3 (1.03;1.64)]. Also, iron supplement was found to be 144 

not associated with early natural menopause. In Table 4, we conducted a meta-analysis (of the 145 

above-described cohorts) to evaluate the possible association between iron heme, iron non-heme 146 

and iron supplement with early natural menopause and only iron heme was confirmed to be 147 

associated with early natural menopause [RR (95%CI), Q5 vs. Q1 1.24 (1.09;1.41), P trend = 148 

0.001]. Sensitivity analyses conducted for iron heme, iron non-heme and iron supplement, 149 

showed a strong association between iron heme with natural early menopause in NHSII, after 150 

censoring women who took hormone therapy before menopause occurred, in all three models 151 

(Supplementary Table 1). Further, results from analyses stratified by BMI categories (< 25, 25-152 

29.9, > 30 kg/m2) showed an association between iron heme and risk of early natural menopause 153 

among women with BMI < 25 Kg/m2, in NHSII (Supplementary Table 4). Analyses stratified 154 

by smoking status (never, former, current 1-14, current 15-24, current 25+) showed a significant 155 

interaction with iron heme on the association with early natural menopause among former and 156 

current smokers (+25 number of cigarettes per day), in NHS; in NHSII cohort, never smokers 157 

reported an association between iron heme intake and early natural menopause (Supplementary 158 

Table 7). Yet, iron non-heme was found to be slightly associated with risk of early natural 159 

menopause among former smokers, only in NHS (Supplementary Table 8). In the fully adjusted 160 

model stratified by oral contraceptive use categories (never use, current use, former use < 5 years, 161 

former ≥ 5 years) (Supplementary Table 10), an association between iron heme and early 162 

natural menopause was observed in NHSII; women who never used oral contraceptive nor former 163 

users (< 5 years) had higher risk to experience early natural menopause. In NHS cohort, the 164 

association between iron non-heme intake and risk of early natural menopause was also reported 165 

among never oral contraceptive users (Supplementary Table 11). 166 

Discussion  167 
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To our knowledge, this is the first large study to comprehensively investigate the associations 168 

between iron intake and onset of natural menopause. In the Nurses’ Health Study, we 169 

investigated the association between iron heme, iron non-heme, and iron supplement with onset 170 

of early natural menopause; a strong association between dietary iron heme intake and early 171 

natural menopause was observed in NHSII cohort, also confirmed by fixed-effects meta-172 

analysis. The results remained constant after censoring women who used hormone therapy 173 

before menopause occurred. After stratification by BMI, we found an association between iron 174 

heme and early natural menopause only in women with BMI < 25 in NHSII cohort. The 175 

stratification for smoking status showed an association between iron heme and risk to experience 176 

early natural menopause for former and current (+25 cigarettes/day) smokers in NHS cohort and 177 

with never smokers in NHSII cohort. Yet, iron heme was found to be associated with higher 178 

incidence of early natural menopause among never and former use (<5 years) after stratification 179 

by oral contraceptive use only in NHSII cohort. 180 

In NHS cohort, iron non-heme was found to be associated with a modest higher risk of early 181 

natural menopause (only the highest quintile) after full adjustment, although the fixed-effect 182 

model showed iron non-heme to be not associated with early natural menopause. In NHS cohort, 183 

after stratification by smoking status and oral contraceptive use, iron non-heme was found to be 184 

associated with former smokers and never users, respectively. Null association was found 185 

between iron supplements and incidence or early natural menopause. 186 

Several studies investigated how single food item are associated with timing of menopause but, 187 

to our knowledge, no other studies have reported the association between iron heme, iron non-188 

heme and iron supplements. 189 

Animal products are rich of iron heme. In line with our findings, a prospective study conducted 190 

in U.S. with 2,041 women reported that higher red meat intake is associated with early natural 191 
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menopause, although, the same study, reported as processed meat, chicken/turkey, seafoods are 192 

not associated with early menopause16. In contrast, two longitudinal studies conducted in 2,041 193 

and 1,009 women reported as meat intake and oily fish are associated with late menopause1, 17. 194 

These results are in contrast with our findings. 195 

Vegetable products are rich in iron non-heme. Two studies suggested that vegetarian women 196 

were more likely to develop early menopause than non-vegetarian16, 17, although other studies 197 

have shown null association1, 16, 17, 18. Also, a longitudinal study in Germany with participants 198 

followed for an average of 5.8 years observed that high intake of carbohydrate, fibre, and cereal 199 

products were related to an earlier menopause19. Our findings do not confirm such association as 200 

a null association between iron non-heme and early natural menopause was found. 201 

Iron heme and iron non-heme, in both cohorts, were found to be associated with higher risk of 202 

early natural menopause among never or former (<5 years) oral contraceptive users; this strong 203 

association may denote a possible protective role of oral contraceptive on onset of early 204 

menopause, but further studies are needed. 205 

In the last year, the role of iron on health status has come under the spotlight and, in particular, 206 

the association of iron with adverse outcomes in women undergoing menopause. Understanding 207 

whether dietary iron intake might be associated with menopause onset could lead to a new 208 

approach in reducing medical complications mostly in post-menopause but, also, in pre-209 

menopause women.  210 

Study limitations 211 

Our study has several limitations. In Nurses’ Health Study, cumulative iron was self-reported by 212 

FFQ. This technique is well validated, but some misclassification of intake is possible due to 213 

under- or over-reporting. However, calculation of cumulative averages can reduce measurement 214 

errors20. We relied on self-reported menopausal status to determine timing of menopause. 215 
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Misclassification of the outcome was minimized by using only the first reported age at menopause 216 

and by collecting data every two years. Yet, a high proportion of NHS participants had already 217 

experienced menopause by baseline with potential consequences on results. Finally, NHS and 218 

NHSII participants are not a random sample of the general U.S. population although our results 219 

should not differ from other women in U.S. or elsewhere. 220 

Although studies have been done to identify the role of food intake on onset of menopause, the 221 

role of dietary patterns needs further studies. Our review calls for future prospective studies to 222 

investigate whether dietary iron intake can influence onset of natural menopause and long-term 223 

health consequences on women’s life. Understanding the possible association between dietary 224 

factors and onset of menopause is important in reducing unhealthy dietary habits and adverse 225 

outcomes related to early or late natural menopause. 226 

Conclusion 227 

In conclusion, iron heme is associated with incidence of early natural menopause and this 228 

association seems to be stronger in women with BMI < 25, former or current (+25 cigarettes) 229 

smokers. Also, highest intake of iron non-heme may be also associated with risk of early natural 230 

menopause. 231 
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 Table 1. Baseline characteristics of women in NHS. 

PDI

Characteristics¹ Quintile 1  
(n=5530) 

Quintile 2  
(n=5926) 

Quintile 3  
(n=5029) 

Quintile 4  
(n=5858) 

Quintile 5  
(n=5141) 

Age, years 44.8 (4.3) 44.8 (4.2) 44.9 (4.2) 44.9 (4.3) 45 (4.2) 

Height, cm 164.1 (6.2) 164.1 (6.1) 164.2 (6.2) 164 (6.2) 164.3 (6.1) 

Oral contraceptive use 34.1 (45.8) 32.7 (43.8) 31.1 (42.6) 30.9 (42) 28.5 (40.3) 

History of high blood cholesterol 91 91 92 91 92 

History of hypertension 92 93 93 93 94 

Cholesterol medication 0 0 0 0 0 

Hypertension medication 0 0 0 0 0 

Derived parity 

1 or 2 kids 41 40 39 39 40 

3 or 4 kids 44 43 45 45 46 

> 5 kids 8 10 10 10 9 

Breast feeding 0.4 (0.5) 0.4 (0.5) 0.4 (0.5) 0.4 (0.5) 0.4 (0.5) 

Smoking status 

Former  33 31 32 31 32 

Current, 1-14 7 8 7 7 6 

Current 15-24 10 9 9 9 8 

Current 25+ 10 7 7 5 4 

Pack years  10.9 (14.4) 9.5 (13.6) 9.4 (13.3) 8.2 (12.4) 7.4 (12) 

BMI, kg/m² 

21-22.9 23 24 23 25 26 

23-24.9 20 20 21 21 20 

25-29.9 25 23 24 23 21 

30+  15 14 12 11 9 

Physical activity, MET-h/wk 13.3 (19.6) 13.3 (20.3) 14.1 (23) 14.5 (22.5) 15.6 (24.6) 

Total caloric intake, kcal/day 1487 (454) 1649 (487) 1770 (485) 1906 (512) 2109 (516) 

Vitamin D no supplement, IU 200.5 (107.6) 187.1 (96.9) 178.1 (89.7) 168.2 (79.9) 155.5 (71.2) 

Vitamin D with supplement, IU 324 (269) 297.2 (233.2) 287 (221.8) 274.4 (209.6) 262.9 (192.6) 

PDI 45 (2.9) 50.6 (1.1) 54 (0.8) 57.4 (1.1) 62.9 (2.8) 

uPDI 55.7 (7.5) 56.2 (8.1) 56.1 (8.2) 55.7 (8) 55 (7.3) 

hPDI 51.2 (6.9) 52.4 (7.3) 52.8 (7.4) 53.6 (7.1) 55.4 (6.6) 
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Abbreviations: MET, metabolic equivalent task; IU, International Unit. 

Values are means (SD) for continuous variables; percentages or ns or both for categorical variables, and are 
standardized to the age distribution of the study population. 

a Age-adjusted and time period. 

b Includes among users only. 

c Includes parous women only. 

d Unit of measure: mg. 
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Table 2. Baseline characteristics of women in the NHSII. 

PDI 

Characteristics¹ Quintile 1  
(n=18854) 

Quntile 2    
(n=13186) 

Quintile 3  
(n=20222) 

Quintile 4  
(n=17458) 

Quintile 5  
(n=16523) 

Age, years 36 (4.7) 36.1 (4.7) 36.3 (4.6) 36.6 (4.6) 36.8 (4.5) 

Height, cm 164.7 (6.7) 164.8 (6.6) 164.9 (6.6) 164.8 (6.6) 164.9 (6.6) 

Oral contraceptive use 51.6 (49.3) 49.3 (47.7) 48.3 (47.2) 46.4 (45.6) 44.1 (43.6) 

History of high blood 
cholesterol 15 14 14 14 14 

History of hypertension 7 7 6 5 5 

Cholesterol medication 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

Hypertension medication 0.0002 (0.013) 0 0.0001 (0.007) 0.0001 (0.008) 0.0003 (0.017) 

Derived parity  

1 or 2 kids 51 53 53 53 54 

3 or 4 kids 17 19 20 21 21 

> 5 kids 1 1 1 1 1 

Breast feeding 11.4 (12.5) 12.3 (12.8) 13.3 (13.4) 14.3 (13.7) 15.8 (14.2) 

Smoking status 

Former  21 22 22 22 23 

Current 1-14 6 5 5 5 5 

Current 15-24 6 5 5 4 3 

Current 25+ 3 2 2 1 1 

Pack years  4.6 (8.2) 4.1 (7.7) 3.9 (7.3) 3.6 (6.9) 3.5 (6.7) 

BMI, kg/m² 

21-22.9 20 19 19 19 18 

23-24.9 10 10 10 9 8 

25-29.9 14 13 11 10 9 

30+  3 2 2 2 1 

Physical activity, MET-h/wk 17.7 (24) 19.2 (25.2) 20.7 (26.8) 21.9 (27.4) 25 (31.1) 

Total caloric intake, kcal/day 1478 (462) 1643 (486) 1775 (502) 1937 (513) 2139 (527) 

Vitamin D no supplement, IU 285.4 (144.8) 264.6 (128.2) 253.6 (118.9) 239.7 (109.6) 219.3 (101.1) 

Vitamin D with supplement, IU 423.4 (301.7) 405.2 (272.6) 388.7 (256.4) 373.2 (242.5) 349.9 (217) 

PDI 45.8 (2.9) 51 (0.8) 54.5 (1.1) 58.4 (1.1) 64.1 (3) 

uPDI 56 (7.5) 55.6 (8) 54.9 (8.1) 54 (7.8) 53.4 (7) 

hPDI 52.3 (7) 53.7 (7.3) 54.6 (7.4) 55.6 (7.2) 57.9 (7) 
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Abbreviations: MET, metabolic equivalent of task; IU, International Unit. 

Values are means (SD) for continuous variables; percentages or ns or both for categorical variables, and are 
standardized to the age distribution of the study population. 

a Age-adjusted and time period. 

b Includes among users only. 

c Includes parous women only. 

d Unit of measure: mg.
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Table 3. HRs and 95% CIs for associations between dietary iron heme, iron non-heme and iron supplement intake and risk of early menopausea among women in the NHS, 
1984-1992b and NHSII, 1991-2011c. 

PDI 

Model 1ᵃ Model 2ᵇ Model 3ᶜ 

Event/person-y HR 95% CI HR 95% CI HR 95% CI 

NHS 

Quantile 1 781/33156 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 

Quantile 2 753/32385 0.96  0.8 - 1.15 0.97 0.81 - 1.16 0.97 0.8 - 1.16 

Quantile 3 672/31394 0.88 0.73 - 1.06 0.90 0.74 - 1.08 0.89 0.72 - 1.08 

Quantile 4 760/31712 1 0.83 - 1.19 1.03 0.85 - 1.24 1.05 0.87 - 1.26 

Quantile 5 637/28396 0.82 0.67 - 0.99 0.86 0.70 - 1.06 0.85 0.7 - 1.05 

P trend  0.096 0.338 0.317 

NHSII 

Quantile 1 257/222681 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 

Quantile 2 247/210223 0.94 0.83 - 1.06 0.96 0.85 - 1.08 0.94 0.81 - 1.09 

Quantile 3 233/255255 0.88 0.79 - 0.99 0.92 0.82 - 1.04 0.9 0.78 - 1.04 

Quantile 4 230/229978 0.86 0.77 - 0.97 0.92 0.81 - 1.04 0.9 0.78 - 1.04 

Quantile 5 238/217459 0.89 0.79 - 1 0.95 0.84 - 1.09 0.93 0.8 - 1.08 

P trend  0.021 0.336 0.262 

a Early menopause defined as women who experience menopause status < 45 years. 

b Diet was assessed in 1984, 1986, 1988, 1990 and 1992. 
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c Diet was assessed in 1991, 1993, 1995, 1997, 1999, 2001, 2003, 2005, 2007, 2009 and 2011. 

d Adjusted for age. 

e Adjusted for age and caloric intake (quintiles). 

f Adjusted for age, smoking status (never, former, current 1-14, current 15-24, current 25+), pack years, age at first birth and parity (nulliparous, age < 25 and parity 1 or 2, age < 
25 and parity > 2, age ≥ 25 and parity 1 or 2, age ≥ 25 and parity > 2), duration of oral contraceptive use, BMI (< 21, 21-22.9, 23-24.9, 25-29.9, >30 Kg/m²), breast feeding, 
history of hypertension, history of high blood cholesterol,  physical activity (MET-h/wk). 
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Table 4. Meta-analysis in longitudinal studies NHS and NHSII between dietary iron heme, iron non-heme and iron supplement and women who experienced early natural 
menopause. 

Q1 Q2 vs Q1 Q3 vs Q1 Q4 vs Q1 Q5 vs Q1 P for trend (read of P in 
meta output) 

PDIᵃ 

NHS 1.0 (ref) 0.97 (0.8, 1.16) 0.89 (0.73, 1.08) 1.05 (0.87, 1.26) 0.85 (0.7, 1.05) 0.317 

NHSII 1.0 (ref) 0.94 (0.81, 1.09) 0.9 (0.78, 1.04) 0.9 (0.78, 1.04) 0.93 (0.8, 1.08) 0.262 

Meta-analysis 1.0 (ref) 0.95 (0.85, 1.07) 0.90 (0.80, 1.01) 0.95 (0.85, 1.07) 0.90 (0.80, 1.02) 0.134 

hPDIᵃ 

NHS 1.0 (ref) 1.07 (0.9, 1.26) 1.04 (0.87, 1.25) 0.93 (0.76, 1.15) 1.13 (0.92, 1.4) 0.588 

NHSII 1.0 (ref) 0.98 (0.85, 1.13) 0.97 (0.84, 1.12) 0.96 (0.83, 1.1) 1.11 (0.96, 1.29) 0.263 

Meta-analysis  1.0 (ref) 1.01 (0.92, 1.12) 0.98 (0.89, 1.08) 0.97 (0.88, 1.07) 1.07 (0.96, 1.19) 0.436 

uPDIᵃ 

NHS 1.0 (ref) 1.01 (0.8, 1.26) 1.02 (0.82, 1.27) 1.09 (0.88, 1.35) 1.14 (0.93, 1.4) 0.12 

NHSII 1.0 (ref) 0.99 (0.85, 1.15) 1.05 (0.9, 1.22) 1.09 (0.94, 1.27) 1 (0.86, 1.17) 0.592 

Meta-analysis  1.0 (ref) 1 (0.88, 1.13) 1.04 (0.92, 1.18) 1.09 (0.97, 1.23) 1.05 (0.93, 1.19) 0.178 

Quantiles and P for trend (significant < 0.05), read by meta-analysis, are reported. RRs and 95% CIs for PDI, hPDI and uPDI in NHS and NHSII. 

a  Adjusted for smoking status (never, former, current 1-14, current 15-24, current 25+), pack years, age at first birth and parity (nulliparous, age < 25 and parity 1 or 2, age < 25 
and parity > 2, age ≥ 25 and parity 1 or 2, age ≥ 25 and parity > 2), duration of oral contraceptive use, BMI (< 21, 21-22.9, 23-24.9, 25-29.9, >30 Kg/m²), breast feeding, history 
of hypertension, history of high blood cholesterol, physical activity (MET-h/wk).
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Supplementary Table 1. HRs and 95% CIs for associations between iron heme and risk of early menopausea among women in the NHS, 1984-1992b and NHSII, 1991-2011c 
after censoring for hormone therapy use before menopause occurred. 

PDI 

Model 1ᵃ Model 2ᵇ Model 3ᶜ 

Event/person-y HR 95% CI HR 95% CI HR 95% CI 

NHS 

Quantile 1 781/33156 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 

Quantile 2 753/32385 0.96  0.8 - 1.15 0.97 0.81 - 1.16 0.97 0.8 - 1.16 

Quantile 3 672/31394 0.88 0.73 - 1.06 0.90 0.74 - 1.08 0.89 0.72 - 1.08 

Quantile 4 760/31712 1 0.83 - 1.19 1.03 0.85 - 1.24 1.05 0.87 - 1.26 

Quantile 5 637/28396 0.82 0.67 - 0.99 0.86 0.70 - 1.06 0.85 0.7 - 1.05 

P trend  0.096 0.338 0.317 

NHSII 

Quantile 1 257/222681 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 

Quantile 2 247/210223 0.94 0.83 - 1.06 0.96 0.85 - 1.08 0.94 0.81 - 1.09 

Quantile 3 233/255255 0.88 0.79 - 0.99 0.92 0.82 - 1.04 0.9 0.78 - 1.04 

Quantile 4 230/229978 0.86 0.77 - 0.97 0.92 0.81 - 1.04 0.9 0.78 - 1.04 

Quantile 5 238/217459 0.89 0.79 - 1 0.95 0.84 - 1.09 0.93 0.8 - 1.08 

P trend  0.021 0.336 0.262 

a Early menopause defined as women who experience menopause status < 45 years. 

b Diet was assessed in 1984, 1986, 1988, 1990 and 1992. 

c Diet was assessed in 1991, 1993, 1995, 1997, 1999, 2001, 2003, 2005, 2007, 2009 and 2011. 
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d Adjusted for age. 

e Adjusted for age and caloric intake (quintiles). 

f Adjusted for age, smoking status (never, former, current 1-14, current 15-24, current 25+), pack years, age at first birth and parity (nulliparous, age < 25 and parity 1 or 2, age < 
25 and parity > 2, age ≥ 25 and parity 1 or 2, age ≥ 25 and parity > 2), duration of oral contraceptive use, BMI (< 21, 21-22.9, 23-24.9, 25-29.9, >30 Kg/m²), breast feeding, 
history of hypertension, history of high blood cholesterol,  physical activity (MET-h/wk) 
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Supplementary Table 2. HRs and 95% CIs for associations between iron non-heme and risk of early menopausea among women in the NHS, 1984-1992b and NHSII, 1991-
2011c after censoring for hormone therapy use before menopause occurred. 

 

 
  

  
  

  
  

  

PDI 

 
Model 1ᵃ 

 
Model 2ᵇ 

 
Model 3ᶜ 

Event/person-y HR 95% CI   HR 95% CI   HR 95% CI 

NHS          

Quantile 1 781/33156 1.00 (ref) 1.00 (ref)  1.00 (ref) 1.00 (ref)  1.00 (ref) 1.00 (ref) 

Quantile 2 753/32385 0.96  0.8 - 1.15  0.97 0.81 - 1.16  0.97 0.8 - 1.16 

Quantile 3 672/31394 0.88 0.73 - 1.06  0.90 0.74 - 1.08  0.89 0.72 - 1.08 

Quantile 4 760/31712 1 0.83 - 1.19  1.03 0.85 - 1.24  1.05 0.87 - 1.26 

Quantile 5 637/28396 0.82 0.67 - 0.99  0.86 0.70 - 1.06  0.85 0.7 - 1.05 

P trend   0.096  0.338  0.317 

NHSII          

Quantile 1 257/222681 1.00 (ref) 1.00 (ref)  1.00 (ref) 1.00 (ref)  1.00 (ref) 1.00 (ref) 

Quantile 2 247/210223 0.94 0.83 - 1.06  0.96 0.85 - 1.08  0.94 0.81 - 1.09 

Quantile 3 233/255255 0.88 0.79 - 0.99  0.92 0.82 - 1.04  0.9 0.78 - 1.04 

Quantile 4 230/229978 0.86 0.77 - 0.97  0.92 0.81 - 1.04  0.9 0.78 - 1.04 

Quantile 5 238/217459 0.89 0.79 - 1  0.95 0.84 - 1.09  0.93 0.8 - 1.08 

P trend    0.021   0.336   0.262 

          
a Early menopause defined as women who experience menopause status < 45 years. 

b Diet was assessed in 1984, 1986, 1988, 1990 and 1992. 

c Diet was assessed in 1991, 1993, 1995, 1997, 1999, 2001, 2003, 2005, 2007, 2009 and 2011. 
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d Adjusted for age. 

e Adjusted for age and caloric intake (quintiles). 

f Adjusted for age, smoking status (never, former, current 1-14, current 15-24, current 25+), pack years, age at first birth and parity (nulliparous, age < 25 and parity 1 or 2, age < 
25 and parity > 2, age ≥ 25 and parity 1 or 2, age ≥ 25 and parity > 2), duration of oral contraceptive use, BMI (< 21, 21-22.9, 23-24.9, 25-29.9, >30 Kg/m²), breast feeding, 
history of hypertension, history of high blood cholesterol,  physical activity (MET-h/wk)
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Supplementary Table 3. HRs and 95% CIs for associations between iron supplement and risk of early menopausea among women in the NHS, 1984-1992b and NHSII, 1991-
2011c after censoring for hormone therapy use before menopause occurred. 

 

 
  

  
  

  
  

  

PDI 

 
Model 1ᵃ 

 
Model 2ᵇ 

 
Model 3ᶜ 

Event/person-y HR 95% CI   HR 95% CI   HR 95% CI 

NHS          

Quantile 1 781/33156 1.00 (ref) 1.00 (ref)  1.00 (ref) 1.00 (ref)  1.00 (ref) 1.00 (ref) 

Quantile 2 753/32385 0.96  0.8 - 1.15  0.97 0.81 - 1.16  0.97 0.8 - 1.16 

Quantile 3 672/31394 0.88 0.73 - 1.06  0.90 0.74 - 1.08  0.89 0.72 - 1.08 

Quantile 4 760/31712 1 0.83 - 1.19  1.03 0.85 - 1.24  1.05 0.87 - 1.26 

Quantile 5 637/28396 0.82 0.67 - 0.99  0.86 0.70 - 1.06  0.85 0.7 - 1.05 

P trend   0.096  0.338  0.317 

NHSII 
         

Quantile 1 257/222681 1.00 (ref) 1.00 (ref)  1.00 (ref) 1.00 (ref)  1.00 (ref) 1.00 (ref) 

Quantile 2 247/210223 0.94 0.83 - 1.06  0.96 0.85 - 1.08  0.94 0.81 - 1.09 

Quantile 3 233/255255 0.88 0.79 - 0.99  0.92 0.82 - 1.04  0.9 0.78 - 1.04 

Quantile 4 230/229978 0.86 0.77 - 0.97  0.92 0.81 - 1.04  0.9 0.78 - 1.04 

Quantile 5 238/217459 0.89 0.79 - 1  0.95 0.84 - 1.09  0.93 0.8 - 1.08 

P trend    0.021   0.336   0.262 

          
a Early menopause defined as women who experience menopause status < 45 years. 

b Diet was assessed in 1984, 1986, 1988, 1990 and 1992. 

c Diet was assessed in 1991, 1993, 1995, 1997, 1999, 2001, 2003, 2005, 2007, 2009 and 2011. 
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d Adjusted for age. 

e Adjusted for age and caloric intake (quintiles). 

f Adjusted for age, smoking status (never, former, current 1-14, current 15-24, current 25+), pack years, age at first birth and parity (nulliparous, age < 25 and parity 1 or 2, age < 
25 and parity > 2, age ≥ 25 and parity 1 or 2, age ≥ 25 and parity > 2), duration of oral contraceptive use, BMI (< 21, 21-22.9, 23-24.9, 25-29.9, >30 Kg/m²), breast feeding, 
history of hypertension, history of high blood cholesterol,  physical activity (MET-h/wk
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Supplementary Table 4. HRs and 95% CIs for associations between iron heme with risk of early menopausea 
among women in the NHS, 1984-1992b and NHSII, 1991-2011c stratified by BMI categories (<25, 25-29.9, >30 
kg/m2). 

PDI Quintile 1 Quintile2 Quintile 3 Quintile 4 Quintile 5 P trend 

NHS ᵃ 

BMI < 25 

Event/person-y 799/17012 838/17662 754/17506 773/18638 653/17620 

HR (95% CI) 1.00 (ref) 1.11 (0.87-1.43) 1.04 (0.8-1.34) 1.12 (0.87-1.43) 0.94 (0.72-1.22) 0.696 

BMI 25-29.9 

Event/person-y 834/8150 674/7718 517/7345 730/7127 565/6016 

HR (95% CI) 1.00 (ref) 0.78 (0.52-1.16) 0.65 (0.43-0.98) 0.86 (0.58-1.26) 0.69 (0.44-1.08) 0.143 

BMI > 30 

Event/person-y 775/5033 707/4669 637/4081 867/3575 797/2634 

HR (95% CI) 1.00 (ref) 0.91 (0.54-1.52) 0.88 (0.51-1.49) 1.18 (0.7-1.99) 0.92 (0.5-1.66) 0.912 

NHS II ᵃ 

BMI < 25 

Event/person-y 258/161024 253/158249 233/199994 235/183488 237/180183 

HR (95% CI) 1.00 (ref) 0.97 (0.82-1.14) 0.92 (0.79-1.08) 0.93 (0.79-1.1) 0.95 (0.81-1.12) 0.489 

BMI 25-29.9 

Event/person-y 247/42894 224/36601 212/38739 186/32184 217/25321 

HR (95% CI) 1.00 (ref) 0.82 (0.57-1.18) 0.76 (0.53-1.09) 0.65 (0.43-0.98) 0.78 (0.52-1.18) 0.089 

BMI > 30 

Event/person-y 262/10698 243/7809 293/7499 358/5859 244/4092 

HR (95% CI) 1.00 (ref) 0.95 (0.38-2.38) 1.26 (0.49-3.23) 1.8 (0.72-4.51) 1.37 (0.43-4.36) 0.244 

a Early menopause defined as women who experience menopause status < 45 years. 

b Diet was assessed in 1984, 1986, 1988, 1990 and 1992. 

c Diet was assessed in 1991, 1993, 1995, 1997, 1999, 2001, 2003, 2005, 2007, 2009 and 2011. 

d Adjusted for age, smoking status (never, former, current 1-14, current 15-24, current 25+), pack years, age at first 
birth and parity (nulliparous, age < 25 and parity 1 or 2, age < 25 and parity > 2, age ≥ 25 and parity 1 or 2, age ≥ 25 
and parity > 2), duration of oral contraceptive use, breast feeding, history of hypertension, history of high blood 
cholesterol, physical activity (MET-h/wk). 
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Supplementary Table 5. HRs and 95% CIs for associations between iron non-heme with risk of early menopausea 
among women in the NHS, 1984-1992b and NHSII, 1991-2011c stratified by BMI categories (<25, 25-29.9, >30 
kg/m2). 

PDI Quintile 1 Quintile2 Quintile 3 Quintile 4 Quintile 5 P trend 

NHS ᵃ 

BMI < 25 

Event/person-y 799/17012 838/17662 754/17506 773/18638 653/17620 

HR (95% CI) 1.00 (ref) 1.11 (0.87-1.43) 1.04 (0.8-1.34) 1.12 (0.87-1.43) 0.94 (0.72-1.22) 0.696 

BMI 25-29.9 

Event/person-y 834/8150 674/7718 517/7345 730/7127 565/6016 

HR (95% CI) 1.00 (ref) 0.78 (0.52-1.16) 0.65 (0.43-0.98) 0.86 (0.58-1.26) 0.69 (0.44-1.08) 0.143 

BMI > 30 

Event/person-y 775/5033 707/4669 637/4081 867/3575 797/2634 

HR (95% CI) 1.00 (ref) 0.91 (0.54-1.52) 0.88 (0.51-1.49) 1.18 (0.7-1.99) 0.92 (0.5-1.66) 0.912 

NHS II ᵃ 

BMI < 25 

Event/person-y 258/161024 253/158249 233/199994 235/183488 237/180183 

HR (95% CI) 1.00 (ref) 0.97 (0.82-1.14) 0.92 (0.79-1.08) 0.93 (0.79-1.1) 0.95 (0.81-1.12) 0.489 

BMI 25-29.9 

Event/person-y 247/42894 224/36601 212/38739 186/32184 217/25321 

HR (95% CI) 1.00 (ref) 0.82 (0.57-1.18) 0.76 (0.53-1.09) 0.65 (0.43-0.98) 0.78 (0.52-1.18) 0.089 

BMI > 30 

Event/person-y 262/10698 243/7809 293/7499 358/5859 244/4092 

HR (95% CI) 1.00 (ref) 0.95 (0.38-2.38) 1.26 (0.49-3.23) 1.8 (0.72-4.51) 1.37 (0.43-4.36) 0.244 

a Early menopause defined as women who experience menopause status < 45 years. 

b Diet was assessed in 1984, 1986, 1988, 1990 and 1992. 

c Diet was assessed in 1991, 1993, 1995, 1997, 1999, 2001, 2003, 2005, 2007, 2009 and 2011. 

d Adjusted for age, smoking status (never, former, current 1-14, current 15-24, current 25+), pack years, age at first 
birth and parity (nulliparous, age < 25 and parity 1 or 2, age < 25 and parity > 2, age ≥ 25 and parity 1 or 2, age ≥ 25 
and parity > 2), duration of oral contraceptive use, breast feeding, history of hypertension, history of high blood 
cholesterol, physical activity (MET-h/wk).
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Supplementary Table 6. HRs and 95% CIs for associations between iron supplement with risk of early menopausea among women in the NHS, 1984-1992b and NHSII, 1991-
2011c stratified by BMI categories (<25, 25-29.9, >30 kg/m2). 

PDI Quintile 1 Quintile2 Quintile 3 Quintile 4 Quintile 5 P trend 

NHS ᵃ 

BMI < 25 

Event/person-y 799/17012 838/17662 754/17506 773/18638 653/17620 

HR (95% CI) 1.00 (ref) 1.11 (0.87-1.43) 1.04 (0.8-1.34) 1.12 (0.87-1.43) 0.94 (0.72-1.22) 0.696 

BMI 25-29.9 

Event/person-y 834/8150 674/7718 517/7345 730/7127 565/6016 

HR  95% CI) 1.00 (ref) 0.78 (0.52-1.16) 0.65 (0.43-0.98) 0.86 (0.58-1.26) 0.69 (0.44-1.08) 0.143 

BMI > 30 

Event/person-y 775/5033 707/4669 637/4081 867/3575 797/2634 

HR (95% CI) 1.00 (ref) 0.91 (0.54-1.52) 0.88 (0.51-1.49) 1.18 (0.7-1.99) 0.92 (0.5-1.66) 0.912 

NHS II ᵃ 

BMI < 25 

Event/person-y 258/161024 253/158249 233/199994 235/183488 237/180183 

HR (95% CI) 1.00 (ref) 0.97 (0.82-1.14) 0.92 (0.79-1.08) 0.93 (0.79-1.1) 0.95 (0.81-1.12) 0.489 

BMI 25-29.9 

Event/person-y 247/42894 224/36601 212/38739 186/32184 217/25321 

HR (95% CI) 1.00 (ref) 0.82 (0.57-1.18) 0.76 (0.53-1.09) 0.65 (0.43-0.98) 0.78 (0.52-1.18) 0.089 

BMI > 30 

Event/person-y 262/10698 243/7809 293/7499 358/5859 244/4092 
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HR (95% CI) 1.00 (ref) 0.95 (0.38-2.38) 1.26 (0.49-3.23) 1.8 (0.72-4.51) 1.37 (0.43-4.36) 0.244 

a Early menopause defined as women who experience menopause status < 45 years. 

b Diet was assessed in 1984, 1986, 1988, 1990 and 1992. 

c Diet was assessed in 1991, 1993, 1995, 1997, 1999, 2001, 2003, 2005, 2007, 2009 and 2011. 

d Adjusted for age, smoking status (never, former, current 1-14, current 15-24, current 25+), pack years, age at first birth and parity (nulliparous, age < 25 and parity 1 or 2, age < 
25 and parity > 2, age ≥ 25 and parity 1 or 2, age ≥ 25 and parity > 2), duration of oral contraceptive use, breast feeding, history of hypertension, history of high blood 
cholesterol, physical activity (MET-h/wk)
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Supplementary Table 7. HRs and 95% CIs for associations between iron heme with risk of early menopausea 
among women in the NHS, 1984-1992b and NHSII, 1991-2011c stratified by smoking status (never, former, current 
1-14, current 15-24, current 25+).

PDI Quintile 1 Quintile2 Quintile 3 Quintile 4 Quintile 5 P trend 

NHSᵃ 

Never 

Event/person-y 655/13733 691/14327 593/14327 765/15417 590/14417 

HR (95% CI) 1.00 (ref) 1.09 (0.81-1.47) 0.88 (0.65-1.2) 1.17 (0.88-1.56) 0.84 (0.61-1.15) 0.445 

Former 

Event/person-y 688/11488 680/11022 682/10844 568/10391 648/9411 

HR (95% CI) 1.00 (ref) 1.01 (0.72-1.41) 0.98 (0.7-1.37) 0.82 (0.57-1.17) 0.99 (0.7-1.41) 0.616 

Current, 1-14 number of 
cigarettes per day 

Event/person-y 972/2161 917/2182 845/1894 1481/1891 594/1516 

HR (95% CI) 1.00 (ref) 0.93 (0.44-1.99) 1.1 (0.49-2.46) 1.74 (0.85-3.57) 0.62 (0.24-1.62) 0.929 

Current, 15-24 number of 
cigarettes per day 

Event/person-y 655/13733 691/14327 593/14327 765/15417 590/14417 

HR (95% CI) 1.00 (ref) 1.09 (0.81-1.47) 0.88 (0.65-1.2) 1.17 (0.88-1.56) 0.84 (0.61-1.15) 0.445 

Current, 25+ number of 
cigarettes per day 

Event/person-y 1754/2451 1202/1913 1086/1657 948/1372 842/950 

HR (95% CI) 1.00 (ref) 0.79 (0.42-1.49) 0.68 (0.34-1.36) 0.66 (0.31-1.39) 0.85 (0.36-2.03) 0.365 

NHS IIᵃ 

Never 

Event/person-y 221/146121 221/142204 199/174042 216/159498 222/150354 

HR (95% CI) 1.00 (ref) 0.97 (0.81-1.18) 0.91 (0.76-1.09) 0.96 (0.8-1.15) 1.01 (0.84-1.22) 0.930 

Former 

Event/person-y 232/50760 242/48310 269/58791 211/53125 244/52082 

HR (95% CI) 1.00 (ref) 1.06 (0.78-1.44) 1.12 (0.84-1.48) 0.93 (0.68-1.26) 1.06 (0.78-1.44) 0.998 

Current, 1-14 number of 
cigarettes per day 

Event/person-y 418/11952 380/9480 233/11142 315/9216 303/8263 

HR (95% CI) 1.00 (ref) 0.79 (0.42-1.47) 0.37 (.18-0.77) 0.68 (0.36-1.26) 0.58 (0.3-1.13) 0.091 

Current, 15-24 number of 
cigarettes per day 

Event/person-y 797/5020 656/4573 737/4479 771/3244 826/2783 

HR (95% CI) 1.00 (ref) 0.56 (0.3-1.06) 0.7 (0.4-1.2) 0.68 (0.37-1.24) 0.69 (0.36-1.34) 0.275 
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Current, 25+ number of 
cigarettes per day 

Event/person-y 583/4117 472/2541 740/2701 716/1955 817/1470 

HR (95% CI) 1.00 (ref) 0.83 (0.28-2.42) 1.38 (0.52-3.68) 0.81 (0.25-2.6) 4.42 (1.21-16.13) 0.132 

a Early menopause defined as women who experience menopause status < 45 years. 

b Diet was assessed in 1984, 1986, 1988, 1990 and 1992. 

c Diet was assessed in 1991, 1993, 1995, 1997, 1999, 2001, 2003, 2005, 2007, 2009 and 2011. 

d Adjusted for age, pack years, age at first birth and parity (nulliparous, age < 25 and parity 1 or 2, age < 25 and 
parity > 2, age ≥ 25 and parity 1 or 2, age ≥ 25 and parity > 2), duration of oral contraceptive use, BMI (< 21, 21-
22.9, 23-24.9, 25-29.9, >30 Kg/m²), breast feeding, history of hypertension, history of high blood cholesterol, 
physical activity (MET-h/wk). 
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Supplementary Table 8. HRs and 95% CIs for associations between iron non-heme with risk of early menopausea 
among women in the NHS, 1984-1992b and NHSII, 1991-2011c stratified by smoking status (never, former, current 
1-14, current 15-24, current 25+).

PDI Quintile 1 Quintile2 Quintile 3 Quintile 4 Quintile 5 P trend 

NHSᵃ 

Never 

Event/person-y 655/13733 691/14327 593/14327 765/15417 590/14417 

HR (95% CI) 1.00 (ref) 1.09 (0.81-1.47) 0.88 (0.65-1.2) 1.17 (0.88-1.56) 0.84 (0.61-1.15) 0.445 

Former 

Event/person-y 688/11488 680/11022 682/10844 568/10391 648/9411 

HR (95% CI) 1.00 (ref) 1.01 (0.72-1.41) 0.98 (0.7-1.37) 0.82 (0.57-1.17) 0.99 (0.7-1.41) 0.616 

Current, 1-14 number of 
cigarettes per day 

Event/person-y 972/2161 917/2182 845/1894 1481/1891 594/1516 

HR (95% CI) 1.00 (ref) 0.93 (0.44-1.99) 1.1 (0.49-2.46) 1.74 (0.85-3.57) 0.62 (0.24-1.62) 0.929 

Current, 15-24 number of 
cigarettes per day 

Event/person-y 655/13733 691/14327 593/14327 765/15417 590/14417 

HR (95% CI) 1.00 (ref) 1.09 (0.81-1.47) 0.88 (0.65-1.2) 1.17 (0.88-1.56) 0.84 (0.61-1.15) 0.445 

Current, 25+ number of 
cigarettes per day 

Event/person-y 1754/2451 1202/1913 1086/1657 948/1372 842/950 

HR (95% CI) 1.00 (ref) 0.79 (0.42-1.49) 0.68 (0.34-1.36) 0.66 (0.31-1.39) 0.85 (0.36-2.03) 0.365 

NHS IIᵃ 

Never 

Event/person-y 221/146121 221/142204 199/174042 216/159498 222/150354 

HR (95% CI) 1.00 (ref) 0.97 (0.81-1.18) 0.91 (0.76-1.09) 0.96 (0.8-1.15) 1.01 (0.84-1.22) 0.930 

Former 

Event/person-y 232/50760 242/48310 269/58791 211/53125 244/52082 

HR (95% CI) 1.00 (ref) 1.06 (0.78-1.44) 1.12 (0.84-1.48) 0.93 (0.68-1.26) 1.06 (0.78-1.44) 0.998 

Current, 1-14 number of 
cigarettes per day 

Event/person-y 418/11952 380/9480 233/11142 315/9216 303/8263 

HR (95% CI) 1.00 (ref) 0.79 (0.42-1.47) 0.37 (.18-0.77) 0.68 (0.36-1.26) 0.58 (0.3-1.13) 0.091 

Current, 15-24 number of 
cigarettes per day 

Event/person-y 797/5020 656/4573 737/4479 771/3244 826/2783 

HR (95% CI) 1.00 (ref) 0.56 (0.3-1.06) 0.7 (0.4-1.2) 0.68 (0.37-1.24) 0.69 (0.36-1.34) 0.275 
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Current, 25+ number of 
cigarettes per day 

Event/person-y 583/4117 472/2541 740/2701 716/1955 817/1470 

HR (95% CI) 1.00 (ref) 0.83 (0.28-2.42) 1.38 (0.52-3.68) 0.81 (0.25-2.6) 4.42 (1.21-16.13) 0.132 

a Early menopause defined as women who experience menopause status < 45 years. 

b Diet was assessed in 1984, 1986, 1988, 1990 and 1992. 

c Diet was assessed in 1991, 1993, 1995, 1997, 1999, 2001, 2003, 2005, 2007, 2009 and 2011. 

d Adjusted for age, pack years, age at first birth and parity (nulliparous, age < 25 and parity 1 or 2, age < 25 and 
parity > 2, age ≥ 25 and parity 1 or 2, age ≥ 25 and parity > 2), duration of oral contraceptive use, BMI (< 21, 21-
22.9, 23-24.9, 25-29.9, >30 Kg/m²), breast feeding, history of hypertension, history of high blood cholesterol, 
physical activity (MET-h/wk). 
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Supplementary Table 9. HRs and 95% CIs for associations between iron supplement with risk of early menopausea among women in the NHS, 1984-1992b and NHSII, 1991-
2011c stratified by smoking status (never, former, current 1-14, current 15-24, current 25+). 

PDI Quintile 1 Quintile2 Quintile 3 Quintile 4 Quintile 5 P trend 

NHSᵃ 

Never 

Event/person-y 655/13733 691/14327 593/14327 765/15417 590/14417 

HR (95% CI) 1.00 (ref) 1.09 (0.81-1.47) 0.88 (0.65-1.2) 1.17 (0.88-1.56) 0.84 (0.61-1.15) 0.445 

Former 

Event/person-y 688/11488 680/11022 682/10844 568/10391 648/9411 

HR (95% CI) 1.00 (ref) 1.01 (0.72-1.41) 0.98 (0.7-1.37) 0.82 (0.57-1.17) 0.99 (0.7-1.41) 0.616 

Current, 1-14 number of cigarettes per day 

Event/person-y 972/2161 917/2182 845/1894 1481/1891 594/1516 

HR (95% CI) 1.00 (ref) 0.93 (0.44-1.99) 1.1 (0.49-2.46) 1.74 (0.85-3.57) 0.62 (0.24-1.62) 0.929 

Current, 15-24 number of cigarettes per day 

Event/person-y 655/13733 691/14327 593/14327 765/15417 590/14417 

HR (95% CI) 1.00 (ref) 1.09 (0.81-1.47) 0.88 (0.65-1.2) 1.17 (0.88-1.56) 0.84 (0.61-1.15) 0.445 

Current, 25+ number of cigarettes per day 

Event/person-y 1754/2451 1202/1913 1086/1657 948/1372 842/950 

HR (95% CI) 1.00 (ref) 0.79 (0.42-1.49) 0.68 (0.34-1.36) 0.66 (0.31-1.39) 0.85 (0.36-2.03) 0.365 

NHS IIᵃ 
Never 

Event/person-y 221/146121 221/142204 199/174042 216/159498 222/150354 

HR (95% CI) 1.00 (ref) 0.97 (0.81-1.18) 0.91 (0.76-1.09) 0.96 (0.8-1.15) 1.01 (0.84-1.22) 0.930 
Former 
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Event/person-y 232/50760 242/48310 269/58791 211/53125 244/52082  
HR (95% CI) 1.00 (ref) 1.06 (0.78-1.44) 1.12 (0.84-1.48) 0.93 (0.68-1.26) 1.06 (0.78-1.44) 0.998 

Current, 1-14 number of cigarettes per day       
Event/person-y 418/11952 380/9480 233/11142 315/9216 303/8263  
HR (95% CI) 1.00 (ref) 0.79 (0.42-1.47) 0.37 (.18-0.77) 0.68 (0.36-1.26) 0.58 (0.3-1.13) 0.091 

Current, 15-24 number of cigarettes per day       
Event/person-y 797/5020 656/4573 737/4479 771/3244 826/2783  
HR (95% CI) 1.00 (ref) 0.56 (0.3-1.06) 0.7 (0.4-1.2) 0.68 (0.37-1.24) 0.69 (0.36-1.34) 0.275 

Current, 25+ number of cigarettes per day       
Event/person-y 583/4117 472/2541 740/2701 716/1955 817/1470  

HR (95% CI) 1.00 (ref) 0.83 (0.28-2.42) 1.38 (0.52-3.68) 0.81 (0.25-2.6) 4.42 (1.21-16.13) 0.132 

        
a Early menopause defined as women who experience menopause status < 45 years. 

b Diet was assessed in 1984, 1986, 1988, 1990 and 1992. 

c Diet was assessed in 1991, 1993, 1995, 1997, 1999, 2001, 2003, 2005, 2007, 2009 and 2011. 

d Adjusted for age, pack years, age at first birth and parity (nulliparous, age < 25 and parity 1 or 2, age < 25 and parity > 2, age ≥ 25 and parity 1 or 2, age ≥ 25 and parity > 2), 
duration of oral contraceptive use, BMI (< 21, 21-22.9, 23-24.9, 25-29.9, >30 Kg/m²), breast feeding, history of hypertension, history of high blood cholesterol, physical activity 
(MET-h/wk).
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Supplementary Table 10. HRs and 95% CIs for associations between iron heme with rate of early menopausea 
among women in the NHS, 1984-1992b and NHSII, 1991-2011c stratified by oral contraceptive use categories 
(never use, current use, former use <5 years, former ≥5 years). 

PDI Quintile 1 Quintile2 Quintile 3 Quintile 4 Quintile 5 P trend 

NHSᵃ 

Never use 

Event/person-y 625/9760 672/9975 416/9605 423/10162 426/9618 

HR (95% CI) 1.00 (ref) 1 (0.68-1.48) 0.65 (0.42-1) 0.7 (0.46-1.07) 0.7 (0.45-1.08) 0.030 

Current use 

Event/person-y - - - - - 

HR (95% CI) - - - - - 

Former use, <5 years 

Event/person-y 919/19810 825/19511 845/19054 967/18921 770/16622 

HR (95% CI) 1.00 (ref) 0.96 (0.77-1.19) 0.98 (0.78-1.22) 1.17 (0.94-1.45) 0.9 (0.71-1.14) 0.987 

Former use, ≥5 years 

Event/person-y 340/2356 582/1890 176/1707 478/1672 399/1253 

HR (95% CI) 1.00 (ref) 1.78 (0.57-5.57) 0.56 (0.12-2.58) 1.21 (0.34-4.38) 1.43 (0.37-5.5) 0.889 

NHS IIᵃ 

Never use 

Event/person-y 232/30173 187/30001 213/37568 224/35241 214/35107 

HR (95% CI) 1.00 (ref) 1.17 (0.71-1.91) 1.13 (0.71-1.8) 1.12 (0.7-1.8) 1.22 (0.76-1.94) 0.519 

Current use 

Event/person-y 182/26416 180/23310 147/27197 210/23296 182/19764 

HR (95% CI) 1.00 (ref) 0.88 (0.52-1.49) 0.63 (0.36-1.1) 1.02 (0.62-1.66) 0.7 (0.39-1.24) 0.411 

Former use, <5 years 

Event/person-y 266/138080 262/132184 246/163276 228/148051 243/142665 

HR (95% CI) 1.00 (ref) 0.93 (0.78-1.10) 0.93 (0.79-1.10) 0.86 (0.72-1.02) 0.96 (0.8-1.13) 0.41 

Former use, ≥5 years 

Event/person-y 320/24074 313/21105 261/22957 295/19335 329/15806 

HR (95% CI) 1.00 (ref) 0.96 (0.6-1.54) 0.92 (0.57-1.47) 1.06 (0.65-1.73) 1.18 (0.72-1.95) 0.482 

a Early menopause defined as women who experience menopause status < 45 years. 
b Diet was assessed in 1984, 1986, 1988, 1990 and 1992. 

c Diet was assessed in 1991, 1993, 1995, 1997, 1999, 2001, 2003, 2005, 2007, 2009 and 2011. 

d Adjusted for age, smoking status (never, former, current 1-14, current 15-24, current 25+), pack years, age at first 
birth and parity (nulliparous, age < 25 and parity 1 or 2, age < 25 and parity > 2, age ≥ 25 and parity 1 or 2, age ≥ 25 
and parity > 2), BMI (< 21, 21-22.9, 23-24.9, 25-29.9, >30 Kg/m²), breast feeding, history of hypertension, history 
of high blood cholesterol, physical activity (MET-h/wk). 
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Supplementary Table 11. HRs and 95% CIs for associations between iron non-heme with rate of early menopausea 
among women in the NHS, 1984-1992b and NHSII, 1991-2011c stratified by oral contraceptive use categories 
(never use, current use, former use <5 years, former ≥5 years). 

PDI Quintile 1 Quintile2 Quintile 3 Quintile 4 Quintile 5 P trend 

NHSᵃ 

Never use 

Event/person-y 625/9760 672/9975 416/9605 423/10162 426/9618 

HR (95% CI) 1.00 (ref) 1 (0.68-1.48) 0.65 (0.42-1) 0.7 (0.46-1.07) 0.7 (0.45-1.08) 0.030 

Current use 

Event/person-y - - - - - 

HR (95% CI) - - - - - 

Former use, <5 years 

Event/person-y 919/19810 825/19511 845/19054 967/18921 770/16622 

HR (95% CI) 1.00 (ref) 0.96 (0.77-1.19) 0.98 (0.78-1.22) 1.17 (0.94-1.45) 0.9 (0.71-1.14) 0.987 

Former use, ≥5 years 

Event/person-y 340/2356 582/1890 176/1707 478/1672 399/1253 

HR (95% CI) 1.00 (ref) 1.78 (0.57-5.57) 0.56 (0.12-2.58) 1.21 (0.34-4.38) 1.43 (0.37-5.5) 0.889 

NHS IIᵃ 

Never use 

Event/person-y 232/30173 187/30001 213/37568 224/35241 214/35107 

HR (95% CI) 1.00 (ref) 1.17 (0.71-1.91) 1.13 (0.71-1.8) 1.12 (0.7-1.8) 1.22 (0.76-1.94) 0.519 

Current use 

Event/person-y 182/26416 180/23310 147/27197 210/23296 182/19764 

HR (95% CI) 1.00 (ref) 0.88 (0.52-1.49) 0.63 (0.36-1.1) 1.02 (0.62-1.66) 0.7 (0.39-1.24) 0.411 

Former use, <5 years 

Event/person-y 266/138080 262/132184 246/163276 228/148051 243/142665 

HR (95% CI) 1.00 (ref) 0.93 (0.78-1.10) 0.93 (0.79-1.10) 0.86 (0.72-1.02) 0.96 (0.8-1.13) 0.41 

Former use, ≥5 years 

Event/person-y 320/24074 313/21105 261/22957 295/19335 329/15806 

HR (95% CI) 1.00 (ref) 0.96 (0.6-1.54) 0.92 (0.57-1.47) 1.06 (0.65-1.73) 1.18 (0.72-1.95) 0.482 

a Early menopause defined as women who experience menopause status < 45 years. 
b Diet was assessed in 1984, 1986, 1988, 1990 and 1992. 

c Diet was assessed in 1991, 1993, 1995, 1997, 1999, 2001, 2003, 2005, 2007, 2009 and 2011. 

d Adjusted for age, smoking status (never, former, current 1-14, current 15-24, current 25+), pack years, age at first 
birth and parity (nulliparous, age < 25 and parity 1 or 2, age < 25 and parity > 2, age ≥ 25 and parity 1 or 2, age ≥ 25 
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and parity > 2), BMI (< 21, 21-22.9, 23-24.9, 25-29.9, >30 Kg/m²), breast feeding, history of hypertension, history 
of high blood cholesterol, physical activity (MET-h/wk). 
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Supplementary Table 12. HRs and 95% CIs for associations between iron supplement with rate of early 
menopausea among women in the NHS, 1984-1992b and NHSII, 1991-2011c stratified by oral contraceptive use 
categories (never use, current use, former use <5 years, former ≥5 years). 

PDI Quintile 1 Quintile2 Quintile 3 Quintile 4 Quintile 5 

NHSᵃ 

Never use 

Event/person-y 625/9760 672/9975 416/9605 423/10162 426/9618 

HR (95% CI) 1.00 (ref) 1 (0.68-1.48) 0.65 (0.42-1) 0.7 (0.46-1.07) 0.7 (0.45-1.08) 

Current use 

Event/person-y - - - - - 

HR (95% CI) - - - - - 

Former use, <5 years 

Event/person-y 919/19810 825/19511 845/19054 967/18921 770/16622 

HR (95% CI) 1.00 (ref) 0.96 (0.77-1.19) 0.98 (0.78-1.22) 1.17 (0.94-1.45) 0.9 (0.71-1.14) 

Former use, ≥5 years 

Event/person-y 340/2356 582/1890 176/1707 478/1672 399/1253 

HR (95% CI) 1.00 (ref) 1.78 (0.57-5.57) 0.56 (0.12-2.58) 1.21 (0.34-4.38) 1.43 (0.37-5.5) 

NHS IIᵃ 

Never use 

Event/person-y 232/30173 187/30001 213/37568 224/35241 214/35107 

HR (95% CI) 1.00 (ref) 1.17 (0.71-1.91) 1.13 (0.71-1.8) 1.12 (0.7-1.8) 1.22 (0.76-1.94) 

Current use 

Event/person-y 182/26416 180/23310 147/27197 210/23296 182/19764 

HR (95% CI) 1.00 (ref) 0.88 (0.52-1.49) 0.63 (0.36-1.1) 1.02 (0.62-1.66) 0.7 (0.39-1.24) 

Former use, <5 years 

Event/person-y 266/138080 262/132184 246/163276 228/148051 243/142665 

HR (95% CI) 1.00 (ref) 0.93 (0.78-1.10) 0.93 (0.79-1.10) 0.86 (0.72-1.02) 0.96 (0.8-1.13) 

Former use, ≥5 years 

Event/person-y 320/24074 313/21105 261/22957 295/19335 329/15806 

HR (95% CI) 1.00 (ref) 0.96 (0.6-1.54) 0.92 (0.57-1.47) 1.06 (0.65-1.73) 1.18 (0.72-1.95) 

a Early menopause defined as women who experience menopause status < 45 years. 
b Diet was assessed in 1984, 1986, 1988, 1990 and 1992. 

c Diet was assessed in 1991, 1993, 1995, 1997, 1999, 2001, 2003, 2005, 2007, 2009 and 2011. 

d Adjusted for age, smoking status (never, former, current 1-14, current 15-24, current 25+), pack years, age at first 
birth and parity (nulliparous, age < 25 and parity 1 or 2, age < 25 and parity > 2, age ≥ 25 and parity 1 or 2, age ≥ 25 
and parity > 2), BMI (< 21, 21-22.9, 23-24.9, 25-29.9, >30 Kg/m²), breast feeding, history of hypertension, history 
of high blood cholesterol, physical activity (MET-h/wk). 
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4. DISCUSSION 

4.1. Summary of findings 

4.1.1. Article 1. Evaluating the association between menopausal status and changes 
in dietary intake in Swiss adult women: a cross-sectional and longitudinal study 
(Chapter 3.1)  

In the CoLaus population-based study, I evaluated the association between transition to 
menopause and changes in dietary intake among adult women in Switzerland and 
compliance with the Swiss Food Pyramid according to menopause stages. At the first 
follow-up, compared with premenopausal women, postmenopausal women were older, 
had higher BMI, and had more prevalent CVD and T2D. Compared with premenopausal 
women, postmenopausal women reported consuming less meat, pasta, added sugar, 
polysaccharides, monounsaturated fatty acids (MUFAs), and cholesterol and more dairy 
products, fruits, monosaccharides, and retinol. However, the multivariable linear 
regression analysis showed no association between menopause status, TEI, and the intake 
of micro- and macronutrients. In the prospective analysis, compared with women who 
remained premenopausal during follow-up (n = 244), no differences were found in 
changes in TEI, dietary intakes, or adherence to the Swiss dietary recommendations among 
women transitioning from premenopausal to postmenopausal (n = 229) and who remained 
postmenopausal (n = 1168). 

4.1.2. Article 2. Dietary factors and onset of natural menopause: a systematic 
review and meta-analysis (Chapter 3.2) 

The role that modifiable lifestyle might play in menopause onset can vary between 15 and 
70%; thus, it is important to understand how dietary factors can influence the timing of 
natural menopause. In total, 15 articles based on 11 unique observational studies (non-
overlapping study population) were included in the final analysis of the systematic review; 
91,554 women experienced natural menopause during follow-up. I classified studies as low 
risk of bias if they received a score of 9 points; medium risk of bias if the studies scored 7 
or 8 points; and the rest were considered at a high risk of bias. Two studies were judged as 
low risk of bias, 11 studies at medium risk, and 2 studies at high risk of bias. 
 
I investigated 89 food groups, 38 macronutrients and micronutrients, and 6 dietary 
patterns. Among the food groups, higher intakes of green and yellow vegetables were 
associated with early age of ONM, while high intake of some dairy products, such as low-
fat, skim milk, and low intake of alcohol were associated with a later onset. I observed no 
consistent association between macronutrient and micronutrient intake and ONM, 
although vegetarian diet could be associated with early ONM.  
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4.1.3. Article 3. Association of plant-based diet and early onset of natural 
menopause (Chapter 3.3) 

Using data from a large perspective cohort in the United States, I observed that women 
who had the highest intake of PDI were older, reported less use of oral contraceptives, 
smoked fewer packs of cigarettes per year, were less overweight and obese, and more 
physically active than women with lower intake of PDI in both NHS and NHSII cohorts. 
During mean follow-up with 715 in NHS and 2,185 in NHSII, incidence of early natural 
menopause events, I observed no significant association between PDI and early natural 
menopause; the results remained consistent across strata of BMI, smoking status and oral 
contraceptive use. I found similar results for hPDI and uPDI as they were not associated 
with early menopause, although the fixed-effect model showed uPDI to be associated with 
a modest higher risk of early menopause. 

4.1.4. Article 4. Association of dietary iron intake and early onset of natural 
menopause: a prospective study (Chapter 3.4) 

Using data from a large prospective cohort in U.S., I observed a strong association between 
dietary iron heme intake and early natural menopause in the NHSII cohort even after 
censoring women who used hormone therapy before menopause occurred. After 
stratification by BMI, I found an association between iron heme and early natural 
menopause only in women with BMI <25 in the NHSII cohort. The stratification for cigarette 
smoking status showed an association between iron heme and risk to experience early 
natural menopause for former and current (+25 cigarettes/day) smokers in the NHS 
cohort, and with never smokers in the NHSII cohort. Iron heme was found to be associated 
with higher incidence of early natural menopause among never and former user (<5 years) 
after stratification by oral contraceptive use only in the NHSII cohort. 
 
In the NHS cohort, iron non-heme was found to be associated with a modest higher risk of 
early natural menopause after full adjustment, although the fixed-effect model showed 
iron non-heme to not be associated with early natural menopause. In the NHS cohort, after 
stratification by smoking status and oral contraceptive use, iron non-heme was found to 
be associated with former smokers and never users, respectively. 

4.2. Strengths and limitations 

4.2.1. Strengths 

There are several strengths of the articles included in this thesis. First, using a well-defined 
prospective study design, article 1 provides new insights about women’s dietary changes 
during and after menopause transition that have important public health implications for 
the prevention of menopause-related diseases. From the CoLaus study, I was able to 
identify three groups of women and investigate longitudinal changes in diet through 
different reproductive stages. Second, I provide the first systematic review on the 
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association between diet and menopause onset, as well as examine the role of PDI and iron 
on early natural menopause onset in article 2. Furthermore, our systematic review relied on 
strict inclusion and exclusion criteria, systematically searching different bibliographic 
databases, and assessing study quality on the topic; we also provide new insights with 
implications for guiding future research. Third, in the NHS and NHSII cohorts, I used 
repeated measures of diet; thus, considering diet changes over time. Furthermore, our 
study is among the largest exploring dietary factors affecting menopause onset; we 
included 715 and 2,185 incidents of early menopause during a long follow-up of up to 20 
years from the NHS and NHSII, respectively.  

4.2.2. Limitations 

In Table 6, I summarize possible limitations and new approaches for future research that 
address those limitations. For article 1 (Chapter 3.1), the food-frequency questionnaire is 
based on self-reported data with the possibility of inaccurate reporting and recall bias. 
Although FFQ can be used to estimate TEI, the overall TEI would be a less accurate estimate 
[126]. The food questionnaire also focused on a limited number (97) of food items, and 
some food groups were missing. We only had information on total intake of carotene, not 
type of carotene intake; therefore, we cannot exclude the possibility that women may have 
changed their consumption of different types of carotenoids. Despite studies 
demonstrating that FFQ when compared with 24-hour dietary recalls have greater 
reproducibility in detecting differences in self-reported dietary intake over time, FFQ may 
not be sensitive enough to detect dietary changes [127]. Furthermore, our study only 
included Caucasian women in Lausanne, so it might not be generalizable for all people in 
Switzerland and other populations and ethnicities. Self-reported data and missing 
information regarding the absence of menstruation in the past 12 months might have led 
to misclassification of menopause status. Finally, when compared with women included in 
our cross-sectional analysis, excluded women were less frequently married or single and 
more frequently divorced or widowed, less educated, and more current smokers with 
higher prevalence of diabetes. 

In our systematic review and meta-analysis (Chapter 3.2) in article 2, the included studies 
were based on different populations, time periods, and methods used to analyse dietary 
intake; thus, these differences precluded the possibility of meta-analyses on different food 
items and menopause onset. In addition, high heterogeneity in other exposure 
assessments (e.g., continuous or categorical variables; different units of assessment), 
outcomes (e.g., different definitions of natural menopause), and a limited number of 
available studies that met our inclusion criteria meant we were only able to meta-analyse 
alcohol intake involving 4 studies. Further, our review highlighted important 
methodological issues about diet and menopause onset evidence. Longitudinal changes of 
diet over time should be accounted for in these analyses by using repeated measures of 
diet, which was only considered in 7 of the 15 included articles in this systematic review. 
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Most of the studies did not translate estimates into months or years women could delay 
menopause by consuming certain food items; some published studies reported how 
specific food intake reduces or increases the risk of early or late menopause by percentage 
or months and years, while others did not report this information. Among the included 
studies, only 4 studies account for competing risks, such as occurrence of hysterectomy, 
cancer, or HRT. Future studies should explore the impact of competing risks on the 
association between diet and menopause onset. Only 4 out 15 studies adjusted 
simultaneously for important confounders on the association between diet and ONM, 
including age, BMI, smoking status, age at menarche, caloric intake, and parity; the studies 
also adjusted for one or more additional confounders, such as physical activity, alcohol 
intake, breastfeeding, education level, oral contraceptive use, HRT, protein and animal 
proteins, multivitamin use, and marital status. Future studies should focus on the role of 
biomarkers, such as AMH, to explore in-depth the physiological mechanisms behind 
menopause onset. 
 
In the last 2 original studies (Chapter 3.3 and Chapter 3.4) in articles 3 and 4, although our 
results should not differ from other women in United States or elsewhere, NHS and NHSII 
participants are not a random sample of the general U.S. population. Also, cumulative PDI, 
hPDI, and uPDI were self-reported by FFQ—a well-validated technique with some 
misclassification of intake possible due to under- or overreporting. Finally, we relied on 
self-reported menopausal status to determine timing of menopause. 
 

 
Table 6. Summary of limitations and approaches for future research. 
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4.3. Implications and interpretation 

Article 1 (Chapter 3.1) revealed low adherence to nutrition recommendations and a 
tendency to change dietary habits among women experiencing menopausal transition. 
Since there are National Swiss Food Pyramid guideline, recommendation, and care 
inconsistencies, I suggest other prevention measures are necessary, such as healthier 
eating habits and specific educational campaigns throughout women’s lives—the key word 
is ‘prevention.’ Other prevention measures could be important for maintaining optimal 
health and reducing the development of several medical complications during menopausal 
years. Since there is little research examining effects of dietary changes during 
menopausal transition on metabolic and cardiovascular health, future studies should 
examine which dietary components or dietary patterns are associated with better health 
during menopausal transition and whether the identified dietary components or patterns 
have beneficial and long-term effects among women.  

Our systematic review (Chapter 3.2) in article 2 calls for future prospective and 
randomized studies to investigate whether diet can influence menopause onset; 
heterogeneity in exposure and outcome assessment, similar longitudinal changes of diet 
over time, and analyses adjusted simultaneously for the same important confounders may 
be the cornerstone for improving the quality of future studies. The impact of diet on 
menopause onset is underscored by the absence of replication and comprehensive studies 
available about this topic. For instance, explorations of associations between diet and sex 
hormones and consequent ONM; foods that affect sex hormones the most, or further 
studies about the possible role of soy, tofu, and phytoestrogen on menopause timing. 
Understanding whether and how dietary factors influence ONM could have a positive 
impact on family planning, as well as when applying reproductive techniques, and it could 
also lead to a new approach in reducing adverse outcomes related to early or late natural 
menopause.  

In article 3 (Chapter 3.3), I revealed a non-significant association between PDI and early 
natural menopause, although uPDI including less-quality diet and low in high-quality PDI 
can influence ONM. These results suggest that a balanced diet, based on more fruit and 
vegetable intake and fewer animal products, may have no adverse impact on menopause 
onset, while broader implications in terms of menopause-related health outcomes remains 
to be elucidated in the future.  

Furthermore, in article 4 we reported a strong association between dietary iron heme 
intake and higher risk of early natural menopause in our last original article (Chapter 3.4); 
iron heme is found mainly in animal products and this association confirms other findings 
reporting an association between meat intake and early natural menopause [128]. The 
association between iron and menopause is still unclear even though oestrogen and iron 
are mutually influenced and possibly act synergically [129]. Further studies are needed to 
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confirm our results among another population using biomarkers of iron body status, such 
as ferritin and hepcidin.  

In conclusion, understanding whether specific dietary factors might be associated with 
menopause onset could also lead to new approaches for reducing unhealthy dietary habits 
and adverse outcomes related to early or late natural menopause. 

4.4. Outlook and perspective 
Despite emerging evidence supporting diet as a factor influencing menopause onset and 
menopause-related issues, training for specialists in clinical practice, such as 
gynaecologist and health care personnel, on counselling patients about diet is still lacking. 
This gap in the health care system suggests it is time to develop more patient‐centred 
strategies. In the future, we need to better understand the role of diet on reproductive 
health, and in parallel improve clinical practice by incorporating dietary counselling. To 
understand short and long-term effects of diet on menopause onset, research can be 
improved by prospectively collecting dietary data through FFQs, assessing dietary 
biomarkers, and including women of different ages. Since the timing of menopause is a 
long-term process, anticipatory care planning should be explored. For example, in studies 
on diet and menopause, younger participants should be included along with participants 
who are close to menopause or who are experiencing the annoying climacteric symptoms. 
Campaigns in medical schools or active enrolment of gynaecologists in information 
campaigns may be a good starting point for improving knowledge about the role of lifestyle 
factors on health. Since ‘lifestyle’ is not just diet and ‘health’ is not just related to 
menopause, the goal is to promote information regarding the impact of a healthy diet, 
physical activity, mental health on our health (e.g., clinical conditions, mental status) and 
the long-term consequences of healthy aging and menopause experience. Finally, more 
focused campaigns can be directed toward biological women to increase their awareness 
of menopause-related diseases and improve their understanding of how diet can improve 
adverse outcomes. 

Although national guidelines have been developed in countries around the world, it is 
unlikely that most of the world population can access or understand them. In fact, 
sometimes interpreting guidelines is hard for specialists too. First, to be easily understood 
by a wide range of professionals and the public, the guidelines should be written in plain 
language. Second, they should be freely and easily accessible for everyone through 
widespread availability among health care providers and public institutions. Third, even 
though different definitions of menopause are generally well-reported (e.g., peri-
menopause, early menopause, late menopause, premature menopause), some of them 
need standardized definitions. For instance, although ‘premenopause’ is widely used, it is 
an ambiguous term referring to either 1–2 years immediately before menopause or the 
whole reproductive period prior to menopause; users of ‘premenopause’ should define it 
specifically or standardize it globally [130]. Additionally, accounting for previous 
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considerations, patient‐centred strategies to increase discussions about lifestyle 
approaches for menopause management might include organizing informative talks. 
Ideally, these talks pave the way for discussions with specialists (e.g., gynaecologist, 
physician) at the patient's convenience. In addition, it is important to have administrative 
support by allocating staff time for these kinds of discussions. One of the main barriers is 
the limited evidence about this topic. To overcome this barrier, new or replication studies 
are needed. For instance, nowadays few articles investigate the role of diet to moderate 
the adverse effect of climacteric symptoms [125], the perception of menopause and 
menopause symptoms around the world [39], the influence of genetic factors on 
menopause timing, and the impact on clinical conditions such as cardiometabolic health or 
metabolic syndrome [45]. Also, it is important to identify dietary factors that can have a 
beneficial impact on cancers related to late menopause. 

Recently, some progress has been made; however, more progress is needed. The 
process of learning is complex and the mechanisms involved in doing so are many and 
varied. Future research could also use prediction models of menopause onset to identify 
women who might be at risk of early menopause and for whom public health interventions, 
such as diet, could be tailored. Indeed, personalized diet approaches are the new 
frontier in medicine, so generalizing dietary findings and making reliable guidelines are 
difficult tasks. However, if patients continue to receive adequate information and 
support, the goal for widespread healthy lifestyles through making health-conscious 
decisions becomes more realistic.  

4.5. Conclusion 
In my thesis, I contribute knowledge bridging the gaps and addressing the challenges of 
understanding the association between diet and menopause. I show gaps regarding 
adherence to the dietary recommendations in Switzerland among women transitioning 
from premenopausal to postmenopausal. Additionally, I provide knowledge about 
inconsistent associations between macronutrient and micronutrient intake and the onset 
of menopause. Since a vegetarian diet could be associated with menopause timing, I 
suggest that focus on replication studies is needed. I assessed 2 studies to identify the 
association of macro- and micronutrients with menopause onset: the first reported a non-
significant association between PDI and early natural menopause. Yet I found an 
association between uPDI and early natural menopause, which indicates further studies are 
needed to confirm such association. The second study reported a strong association 
between heme-iron—rich in animal products—and early natural menopause; those 
findings may support other studies reporting associations between meat intake and early 
menopause. The association of iron and menopause is a new research frontier, and it 
should be investigated further to better understand this field. Overall, our dietary habits 
influence our overall physical and psychological health, so our goal should be to promote 
and enhance wellbeing. 
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6. SUPPLEMENTARY MATERIAL  

6.1. Supplementary material 1. Swiss Food Pyramid 
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6.2. Supplementary material 2. PDI, hPDi, and uPDI 
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6.3. Supplementary material 3. Nine-star Newcastle-Ottawa Scale 

NEWCASTLE - OTTAWA QUALITY ASSESSMENT SCALE 
COHORT STUDIES 

Note: A study can be awarded a maximum of one star for each numbered item within the Selection and 
Outcome categories. A maximum of two stars can be given for Comparability 

Selection 

1) Representativeness of the exposed cohort
a) truly representative of the average _______________ (describe) in the community 
b) somewhat representative of the average ______________ in the community 
c) selected group of users eg nurses, volunteers
d) no description of the derivation of the cohort
2) Selection of the non exposed cohort
a) drawn from the same community as the exposed cohort 
b) drawn from a different source
c) no description of the derivation of the non exposed cohort
3) Ascertainment of exposure
a) secure record (eg surgical records) 
b) structured interview 
c) written self report
d) no description
4) Demonstration that outcome of interest was not present at start of study
a) yes 
b) no

Comparability 

1) Comparability of cohorts on the basis of the design or analysis
a) study controls for _____________ (select the most important factor) 
b) study controls for any additional factor  (This criteria could be modified to indicate specific
control for a second important factor.)

Outcome 

1) Assessment of outcome
a) independent blind assessment 
b) record linkage 
c) self report
d) no description
2) Was follow-up long enough for outcomes to occur
a) yes (select an adequate follow up period for outcome of interest) 
b) no
3) Adequacy of follow up of cohorts
a) complete follow up - all subjects accounted for 
b) subjects lost to follow up unlikely to introduce bias - small number lost - > ____ % (select an
adequate %) follow up, or description provided of those lost) 
c) follow up rate < ____% (select an adequate %) and no description of those lost
d) no statement
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ABSTRACT 

Background: Both genetic background and diet are important determinants of cardiovascular 

diseases (CVD). Understanding gene-diet interactions could help improve CVD prevention and 

prognosis. We aimed to summarise the evidence on gene-diet interactions and CVD outcomes 

systematically.  

Methods: We searched MEDLINE® via Ovid, Embase, PubMed®, and The Cochrane Library for 

relevant studies published until May 7th 2021. We considered for inclusion cross-sectional, case-

control, prospective cohort, nested case-control, and case-cohort studies as well as randomised 

controlled trials that evaluated the interaction between genetic variants and/or genetic risk 

scores and food or diet intake on the risk of related outcomes, including myocardial infarction, 

coronary heart disease (CHD), stroke and CVD as a composite outcome. The PROSPERO protocol 

registration code is CRD42019147031. 

Results and discussion: We included 54 articles based on data from 29 studies; six articles 

involved multiple studies, and three did not report details of their source population. The median 

sample size of the articles was 2562 participants. Of the 54 articles, 19 (35.2%) were qualified as 

high quality, while the rest were intermediate or poor. Eight (14.8%) articles adjusted for multiple 

comparisons, four (7.0%) attempted to replicate the findings, 15 (27.7%) were based on Han-

Chinese ethnicity, and 28 (52%) did not present Minor Allele Frequency. Forty-nine different 

dietary exposures and 47 different genetic factors were investigated, with alcohol intake and 

ADH1C variants being the most examined. Of 249 investigated diet-gene interaction tests, 47 

(18.9%) were statistically significant, including CETP-TaqIB and ADH1C variants, which interacted 

with alcohol intake on CHD risk. However, interactions effects were significant only in some 

articles and did not agree on the direction of effects. Moreover, most of the studies that reported 
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significant interactions lacked replication. Overall, the evidence on gene-diet interactions on CVD 

is limited, and lack correction for multiple testing, replication and sample size consideration.  

Keywords: diet; gene-diet interaction; myocardial infarction; stroke; coronary heart disease; 

cardiovascular diseases 

  

https://www.ncbi.nlm.nih.gov/mesh/68002318
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Glossary  

Abbreviation Definition 
AA Arachidonic acid  
ABCA1 ATP binding cassette subfamily A member 1 
ACE Angiotensin-converting enzyme 
ADH1C/ ADH3 Alcohol dehydrogenase 1C (Also known as: ADH3) 
ALA Alpha-linolenic acid  
ALDH2 Aldehyde dehydrogenase 2  
APOE Apolipoprotein E 
BCO2 Β-carotene 9',10'-oxygenase  
CCHS Copenhagen city heart study 
CETP Cholesteryl ester transfer protein 
CGPS Copenhagen general population study  
CHD Coronary heart disease 
CI Confidence interval 
CLOCK Circadian locomotor output cycles kaput  
CRP C-reactive protein 
CVD Cardiovascular diseases  
CYP1A2 Cytochrome P450 family 1 subfamily A member 2 
DHA Docosahexaenoic acid  
ECTIM Etude Cas-Témoin de l'Infarctus du Myocarde  
EPA Eicosapentaenoic acid  
EPIC European Prospective Investigation into Cancer and Nutrition  
FADS1 Fatty acid desaturase 1 
FFQ Food Frequency Questionaire 
Fgβ Fibrinogen beta chain 
FISSIC Fangshan/Family-based Ischemic Stroke Study in China 
Fto/FTO Fat mass and obesity  
GESUS Danish general suburban population study  
GRS Genetic risk score 
GSTs Glutathione-S-transferase  
GSTT1 Glutathione S-transferase theta 1 
HDI Healthy diet indicator  
HDL High-density lipoprotein 
HPFS Health Professionals Follow-up Study 
HR Hazard ratio 
IL-6 Interleukin 6 
IL-8 Interleukin 8 
INTERGENE Interplay between genetic susceptibility and environmental factors on 

the risk of chronic diseases in West Sweden  
KIHD Kuopio ischemic heart disease risk factor study 
LA Linoleic acid 
LCT Lactase 
LDL Light density lipoprotein 
LPL Lipoprotein lipase  
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MDC Malmö Diet and Cancer cohort  
MDS Mediterranean diet score  
MI Myocardial infarction 
MMAB Methylmalonic aciduria (cobalamin deficiency) cblB type  
MONICA Multinational Monitoring of Trends and Determinants in Cardiovascular 

Disease 
MTHFD1 Methylenetetrahydrofolate dehydrogenase, cyclohydrolase and 

formyltetrahydrofolate synthetase 1 
MTHFR Methylenetetrahydrofolate reductase 
MVK Mevalonate kinase  
NIAAA National Institute on Alcohol Abuse and Alcoholism 
NHS Nurses' health study  
OR Odds ratio 
PDE4D Phosphodiesterase 4D  
PON1 Paraoxonase 1 
PUFA Polyunsaturated fatty acids 
RERI Relative Excess Risk due to interaction 
RFS Recommended food score 
RR Risk ratio 
SFA Saturated fatty acids  
SHEEP Stockholm heart epidemiology program 
SNP Single nucleotide polymorphism/genetic variant 
SSB Sugar-sweetened beverage  
TaqIB Polymorphism in the cholesteryl ester transfer protein (CETP) gene 
TFPI-2 Tissue factor pathway inhibitor-2  
TRIB1 Tribbles pseudokinase 1 
TWB Taiwan biobank  
VLDL Very low-density lipoprotein 
WENBIT Western Norway B-vitamin intervention randomised trial 
WHS Women's health study  
β-actin (ACTB) ACTB actin beta 
5-LO 5-lipoxygenase  
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INTRODUCTION  

Cardiovascular diseases (CVDs), including ischemic heart disease and stroke, are the leading 

cause of mortality and morbidity and are responsible for more than 18 million deaths globally in 

2019 1. Several risk factors have been associated with CVD incidence, diet being one of the most 

studied 2.  

Contradictory findings have been reported on the role of micro-and macro-nutrients 3, specific 

foods 4, and dietary patterns 5 on CVD. These contradictions could be explained by the exclusion 

of genetic factors 6, which has a causal association with CVD onset 7-9. Therefore, studying the 

combined impact of food intake/dietary patterns and genetic risk on CVD may improve CVD 

prevention and care precision 10. Several studies have shown dietary components such as 

carbohydrates, micronutrients, vegetables, fatty acids, and alcohol to be linked with different 

genetic factors on CVD 11-17. However, no systematic review summarising the evidence on diet-

gene interaction on CVD has been published to date. 

Previous systematic reviews published on the topic have primarily focused on evaluating gene-

diet interactions on specific genes or have been restricted to particular dietary groups  18,19. In 

addition, understanding the association between pathological pathway factors requires 

distinguishing between statistical and biological interactions. In the context of gene-environment 

interaction (GxE), statistical interaction is understood as a deviation from the additivity of the 

effects of two exposures (genetic and environmental) on the outcome. In contrast, biological 

interactions are defined as the co-participation of two exposures in the same causal mechanism 

for the development of the outcome, regardless of their statistical ascertainment 20. This paper 

focuses on statistical interactions, more frequently tested in the epidemiological literature 21. 

Identifying exposure-disease interactions may help recognise groups at increased risk due to 
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genetic susceptibility and help tailor prognostic tools and intervention strategies 22. Therefore, 

we aimed to systematically summarise the evidence on gene-diet interactions and cardiovascular 

disease risk: CHD, myocardial infarction (MI), stroke, and CVD as a composite outcome. 

2. METHODS 

The protocol of this systematic review was registered in PROSPERO 

(https://www.crd.york.ac.uk/prospero/dayisplay_record.php?ID=CRD42019147031). For the 

conduct and reporting of this systematic review, we followed the steps proposed by Muka et 

al.23 and Synthesis without meta-analysis (SWiM) in systematic reviews: reporting guideline 24. 

2.1 Literature search  

Studies were primarily identified through structured searches in MEDLINE® via Ovid, Embase, 

PubMed®, and The Cochrane Library, where we were searched for articles published until May 

2021 without language restriction. The search strategy was designed and implemented in 

collaboration with an experienced medical librarian. This search strategy was designed based on 

subject headings (e.g. MeSH terms) and free text words related to three search domains: 1) diet, 

food, nutrition, 2) gene-diet interaction, and 3) cardiovascular diseases. Appendix S1 contains 

the complete search strategies.  

2.2 Study Selection Criteria 

Studies conducted in the adult population were eligible for inclusion if (i) they were cross-

sectional, case-control, prospective cohort, nested case-control or case-cohort studies, or 

randomised controlled trials; (ii) evaluated dietary intakes (micro- and macro-nutrients, specific 

food items, food groups, dietary scores, indexes, or patterns) Table S1 25; (iii) evaluated incident 

or prevalent CVD as a composite outcome or any of the following outcomes: CHD, MI or stroke; 

https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42019147031
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(iv) evaluated the interaction between any genetic variant or genetic risk score (GRS) and food 

or diet intake; and (v) reported a statistical test for gene-diet interaction. We excluded epigenetic 

studies and publications that did not report a statistical test and p-values for the interaction 

between diet and genetics. Abstracts, cost-effectiveness studies, letters to the editor, conference 

proceedings, systematic reviews and meta-analyses were excluded. 

2.3 Screening and study selection  

All studies initially identified were screened by pairs of independent authors by applying the 

selection criteria. After that, the full texts of the studies that met the selection criteria were 

further evaluated independently by two authors. When there were discrepancies, the two 

authors reached a consensus or asked for the help of a third senior author. 

2.4 Data extraction  

Information from the included articles was registered in a pre-designed form. We collected the 

author's name, year of publication, country of origin of the population, ethnicity, setting, study 

design, name of the cohort, sample size, number of cases (CVD as a composite outcome, CHD, 

MI, or stroke), definition of the reported cases, percentage of women included, follow-up time, 

dietary intake evaluated, dietary intake measurements, genes, genetic variants assessed, minor 

allele frequency (MAF), and main findings. The estimates and p-values for gene-diet interactions 

were taken from the most adjusted model.  

2.5 Assessing the quality of studies 

We applied a quality score designed for gene-diet interaction studies 26. The score evaluates eight 

items: interaction as primary study goal, test for interaction, correction for multiple testing, 

correction for ethnicity, Hardy-Weinberg equilibrium, test for group similarity at baseline, 
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sample size, and sufficient details of the study procedure. Based on a range scale from -8 to 8, 

studies were rated as high quality (6 to 8 points), intermediate quality (2 to 5 points), and poor 

quality (−8 to 1 point). All the included studies were treated equally regardless of their quality. 

2.6 Synthesis methods 

A meta-analysis could not be carried out given the diversity of dietary exposures, gene-diet 

interactions, and the methodological heterogeneity of the included studies (different dietary 

exposures, gene variants and assessed interactions). We summarised the gene-diet interactions 

finding qualitatively and decided to group the included studies in two stages. First, we grouped 

the studies according to the assessed outcome into the following categories: CHD, stroke, and 

CVD as a composite outcome. Second, we presented the gene-diet interaction information 

according to five dietary intake groups (macronutrients, micronutrients, food and food items 

categories, other dietary components and dietary scores, indexes, or patterns) Table S1 25.  

The principal characteristics and findings of the included studies are presented in tabular format. 

Additionally, we represented the interaction between dietary intake groups and genetic variants 

with CHD, stroke, and CVD through a heat map where p-values of diet-gene interactions are 

represented by colour intensity where the lowest p values have the most intense colour, and 

values near 1 have the lightest colour. To standardise the amount/frequency of alcohol intake 

reported in the interaction with an alcohol dehydrogenase 1C (ADH1C) variant, we transformed 

grams/day into drinks/week taking as reference the "standard" drink (14 grams of pure alcohol) 

reported by the National Institute on Alcohol Abuse and Alcoholism (NIAAA) 27. 

3. RESULTS 

3.1 Study Identification and Selection. 
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We identified 7671 articles, of which 4753 were unique citations. After screening titles and 

abstracts, we screened the full texts of 177 articles, of which 54 met the inclusion criteria and 

were included in the final analysis (Figure 1). Of the included articles, 13 evaluated MI 16,28-39, 17 

evaluated CHD 11-13,40-53, ten evaluated stroke 14,54-62, four examined composite CVD 15,63-65, and 

ten evaluated at least two of the following outcomes: CHD, MI, CVD or stroke 6,17,66-73. The 

definition of all outcomes can be found in Table S2. 

3.2 Characteristics of all Included Studies and articles reporting significant gene-diet 

interactions. 

The general characteristics are described in terms of number of articles. Forty-five articles came 

from 29 unique studies; six articles involved multiple studies, and three did not report details of 

their source population. Of the 54 articles, 23 (42.6%) were conducted in Europe, 18 (33.3%) in 

China, six (11.1%) in the USA, five (9.3%) in Costa Rica, one (1.9%) in Taiwan, and one (1.9%) was 

multicentre. The ethnicity most frequently reported was Chinese-Han in 15 (27.7%) articles, 

followed by Caucasian in seven (13.0%) articles, Hispanic/Latin American in five (9.2%) articles, 

and Mediterranean in four (7.4%) articles. The epidemiological designs of the included articles 

comprised 23 (42.5%) case-control studies, 18 (33.3%) prospective cohort studies, seven (13.0%) 

nested case-control studies, one (1.9%) case-cohort study, two (3.7%) randomised control trial 

studies, two (3.7%) family-based studies, and one (1.9%) cross-sectional study. The median 

sample size in the articles was 2562, ranging from 200 to 347,077 participants. Men and women 

were analysed in 48 (88.9%) articles; five (9.2%) articles analysed only men, and one (1.9%) article 

only women. The main interaction results among female study participants were presented in 

nine (17.0%) articles. The median age of participants among studies was 61 years, ranging from 

57 to 72.4 (Table 1). 
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There were 47 genetic factors (GRS, genes, SNPs) and 49 different dietary exposures studied. A 

description of the dietary scores, indexes, or patterns reported can be found in Table S2. The 

most investigated dietary component was alcohol, studied in 26 (48%) articles, and ADH1C 

studied in 7 (13%) articles. Regarding genetic information, 28 (52%) articles did not present MAF 

(Table S2). Regarding outcome measurement, 24 (44%) articles included prevalent CVD cases, 

and 30 (56%) articles included the incidence of CVD cases. Overall, the median CVD events was 

759, ranging from 72 to 10,372. Four (7.0%) articles replicated their findings in different samples 

(Table 1). 

Characteristics of included articles reporting significant gene-diet interactions 

In total, 29 articles reported significant gene-diet interactions. Among the articles reporting 

significant interactions, the most frequent place of publication was China with 10 (33%) articles, 

followed by Europe with nine (30%) and Latin America with five (17%). The case-control design 

was reported in 18 (62%) articles; the median sample size was 3311, ranging from 200 to 77,004. 

Four (14%) articles evaluated the interaction between alcohol and the cholesterol ester transfer 

protein (CETP) rs708272 variant, being this interaction the most frequently evaluated. 

3.3 Gene-diet interactions and coronary heart disease. 

Thirty articles from 21 unique studies evaluated whether specific nutrients, foods or diets 

modified the association between genetic factors and CHD (Figures 2 and 3, Table 1) 11-13,16,28-53. 

The most frequently evaluated dietary exposure and genetic variants were alcohol (n=17) and 

ADH1C (n=6), respectively. CETP TaqIB was the second most evaluated genetic variant; 

estimations for alcohol-ADH1C and -CETP interactions on CHD risk can be found in Table 2. The 

main findings regarding non-significant interactions in the macronutrients category were that 

PUFA intake did not interact with PLA2G4C, FADS1 or FTO variants on CHD risk. Micronutrients 
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such as folate and vitamin B did not interact with the MTHFR 677CT variant. Other non-significant 

interactions were milk-LCT-13910, fried food-ALDH2, (dietary) cholesterol-APOE, alcohol-

ADH1C, -CETP, -PON1, -PLAG2G7, -TFPI-2. Similarly, dietary scores did not significantly interact 

with GRS of HDL, LDL, triglycerides, or MI 6,11-13,17,33,37,41-45,49-53,66,70,73. An overview of the non-

significant interactions can be found in figures 2 and 3, and more details are provided in Table 

S3. In the following paragraphs, we will discuss the findings of the articles that reported 

significant interactions.  

Regarding macronutrients, in a Costa Rican case-control study including approximately 3800 

patients, Allayee et al.28 reported a significant (p=0.015) interaction between arachidonic acid 

(AA) and 5-lipoxygenase (5-LO) promoter variants 28. Consumers of ≥0.25 g/day of AA who 

carried one or two copies of the shorter three and four repeats of 5-LO had a higher MI odds 

ratio (OR) 1.31 (95% CI 1.07, 1.61) than consumers of <0.25 g/day of AA who are 55 homozygote 

carriers. In comparison, among consumers of <0.25 g/day of AA who were carriers of one or two 

copies of the shorter three and four repeats, lower odds was observed [OR 0.77 (95% CI 0.63, 

0.94)] 28. In the same study, Hartiala et al. found a significant (p=0.005) interaction between PUFA 

and a variant of PLA2G4C (rs12746200) 33. Subjects with high dietary n-6 PUFA intake (≥6.93 

g/day) who were carriers of AG/GG genotype had lower odds for MI [OR 0.71 (95% CI 0.59, 0.87)] 

than AA homozygote subjects 33. 

In a case-control study using Wuhan (China) data, Liu F et al.46 found a significant (p=0.028) 

interaction between PUFA and a variant of FADS1 (rs174547). Subjects in the lowest tertile of 

EPA and DHA intake who are carriers of T alleles had higher odds of developing CHD [OR 3.04 

(95% CI 1.94, 4.76)] and [OR 2.56 (95% CI 1.64, 3.98)], respectively, compared to subjects in the 
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highest tertile of EPA intake and DHA consumption, who are also carriers of rs174547 C/C 

genotype. No association was observed in the middle tertile of EPA or DHA intake 46. 

Regarding micronutrients, the Western Norway B-vitamin intervention randomised trial 

(WENBIT) prospectively evaluated interactions between folic acid, vitamins B12/B6 and an 

MTHFD1 variant (rs1076991) in 2381 participants 16. In this trial, carriers of the rs1076991 T allele 

who received folic acid/vitamin B12 and vitamin B6 combined treatment had a hazard ratio (HR) 

for MI of 2.35 (95% CI 1.55, 3.57) (p=0.047) when compared to the placebo group. On the other 

hand, no association with MI was observed in the groups who had vitamin B6 or folic acid/B12 

separately 16.  

In the food and food items categories, a case-control study using data from 52 countries (the 

INTERHEART study)17, and a case-control study analysing data from a Hispanic population 30, 

reported interactions between high vegetable intake and four variants (rs10757274, rs2383206, 

rs10757278, rs1333049) of the chromosome 9p21 17 and the Glutathione S-transferase theta 1 

(GSTT1) gene variants 30. Subjects whose vegetable intake was classified in the highest tertile 

who were carriers of the functional GSTT1*1 allele had lower odds for MI [OR 0.70 (95% CI 0.58, 

0.84)] compared to those whose intake was classified in the lowest tertile (p=0.006) 30. In 

contrast, carriers of risk alleles of 9p21 variants had a lower incidence of MI among participants 

who consumed vegetables daily (p<0.008) 17. However, the interaction with 9p21 variants was 

not significant when restricted to cooked vegetables 17.  

In a case-control study using data from the same Hispanic population mentioned above, Cornelis 

et al. reported a significant (p=0.04) interaction between coffee consumption and CYP1A2 

variants on MI risk 31. The consumers of ≥4 cups/day of coffee carrying the rs762551 variant had 

higher odds of MI [OR 1.64 (95% CI 1.1, 2.34)]31 compared to those consumed <1 cup/day. 
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Conversely, a study from Taiwan Biobank (TWB) found a significant (p=0.03) interaction between 

coffee consumption and a tribbles pseudokinase 1 (TRIB1) variant rs17321515 on CHD. Those 

who drank coffee and were carriers of the GG genotype had reduced odds of CHD [OR 0.62 (95% 

CI 0.45, 0.85)] compared with non-coffee drinkers 47. 

Concerning other dietary components, in a case-control study from the Etude Cas-Témoin de 

l'Infarctus du Myocarde (ECTIM) (n=724), alcohol consumption significantly (p<0.005) interacted 

with the CETP TaqIB variant (rs708272). Subjects who consumed 50g/day or more alcohol and 

were TaqIB B2B2 homozygotes had a lower odds of MI [OR 0.39 (95% CI 0.20, 0.75)] compared 

with those who consumed <50 g/day. Additional analysis comparing different alcohol intake 

categories through B2B2 heterozygotes with B1B1 and B1B2 genotypes found that the protective 

effect of B2/B2 genotype was significant (p<0.02) in the category of ≥6 drinks per week, Table 2 

32. Three more authors reported interaction between alcohol and the same variant 12,42,48. Jensen 

et al. 12 reported a significant interaction (p=0.02) among drinkers of 5–14.9 g/day of alcohol who 

were B2 carriers, who had a lower odds of MI [OR 0.7 (95% CI 0.6, 1.0), compared with non-

drinkers, however, no significance was observed when the analysis was stratified by sex 12. 

Similarly, Mehlig et al. 48 reported that subjects classified in the second [OR 0.21 (95% CI 0.10, 

0.44)] and third tertile [OR 0.48 (95% CI 0.26,0.88)] of alcohol intake who were B2/B2 

homozygotes had lower MI odds (p=0.008), compared with those in the first alcohol intake 

tertile. When the analysis was performed by sex, significance was only reported in men48. 

Conversely, Corella et al. 42, evaluating the effect of alcohol consumption and the TaqIB variant, 

found that B2/B2 homozygotes had an increased odds of CHD [OR 1.55 (95% CI 1.05, 2.29), p= 

0.031], compared with B1B1 genotype 42, Table 2. 
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Similarly, a nested case-control study from the Physicians' Health Study (n=1166) reported a 

significant (p=0.01) interaction on MI risk between alcohol consumption and ADH1C. The lowest 

risk was observed in those who consumed ≥1 drink per day and carried ADH1C (ᵞ2 ᵞ2), compared 

with those who consumed ˂1 drinks per week [RR 0.14 (95% CI 0.04, 0.45)] 34. Other studies 

evaluated the interaction between alcohol and ADH1C but reported no significant interactions 

(Table 2 and S3). 

Han Chinese population matched case-control studies found increased risks of MI due to the 

interaction of alcohol consumption with the CXCL12 rs1746048 and PCSK9 rs11206510 variants 

29,38 (p<0.001). Participants with the rs1746048 CC genotype and rs11206510 TT genotype 

consuming 0-250 g/day of alcohol had an MI OR of 14 (95% CI 3.2, 61.4) and 9.63 (95% CI 3.7, 

24.9), respectively 29,38, compared to non-drinkers. By contrast, within the same categories of 

alcohol intake, carriers of the Cx37 variant rs1764391 with CC genotype had an OR 0.54 (95% CI 

0.31, 0.9) 35. An increased odds of MI was observed between those consuming ≥250 g/day 

alcohol who carried the rs1764391 CC genotype, rs1746048 CC genotype, and rs11206510 TT 

genotype, with ORs of 32.7 (95% CI 4.4, 241.6), 24.0 (95% CI 4.9, 116.3), and 14.0 (95% CI 5.1, 

42.1), respectively 29,35,38. 

A case-control study by Zheng et al.39 analysed data from a Hispanic population and reported a 

significant (p=0.03) interaction between SSB consumption and the GRS of 9p21 variants 

(rs4977574, rs2383206, rs1333049). The OR of an MI incident (per allele risk of GRS) was 1.00 

(95% CI 0.94, 1.07) in participants with SSB intake of <1 serving/day, 1.07 (95% CI 0.99, 1.14) in 

participants with an intake of 1–2 servings/day, and 1.12 (95% CI 1.05, 1.20) in participants with 

an intake of >2servings/day 39. Additionally, a case-control study from the Nanning province 

(China) showed that participants who consumed alcohol and were carriers of the mevalonate 
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kinase (MVK) variant rs3759387 with AA/AC genotypes had reduced odds of having CHD [OR 0.66 

(95% CI 0.38, 1.03, p< 0.001], compared to non-drinkers 72. On the contrary, a study performed 

in Wuhan (China) found a significant (p=0.001) interaction between alcohol intake and 

Interleukin-6 (IL-6) variant rs1800795; current drinkers who were carriers of the rs1800795-C 

allele had an OR of 3.17 (95% CI 2.20, 4.24) 40, compared to never-drinkers. 

In terms of dietary scores/indices, in a prospective analysis comprising 77004 participants from 

the UK Biobank, Livingstone et al. 71 reported a marginal (p=0.049) interaction between Healthy 

Diet Indicator (HDI) (Table S2) and GRS-CVD. In addition, the study found a significant (p=0.026) 

interaction with the MDS and GRS-CVD on the risk of MI (Table S2); individuals adhering to the 

Mediterranean diet (high MDS) with higher genetic CVD risk had a stronger risk reduction [HR 

0.91 (95% CI 0.85, 0.97)]. In comparison, there was no evidence of an interaction of MDS on MI 

in participants with low GRS-CVD [HR 1.03 (95% CI 0.94, 1.12)] 71.  

3.5 Gene-diet interactions and stroke. 

Eighteen articles from 14 unique studies evaluated whether specific foods or diets modified the 

association between genetic factors and stroke (Figure 4, Table 1) 6,14,54-62,67-73. Non-significant 

interactions were reported for alcohol intake and APOE, IL-8 variant, PDE4D, CONNEXIN37 genes. 

Similarly, different dietary scores did not interact with CLOCK gene variants or GRS-CVD and GRS-

stroke 57,60-62,67,70,72, Table S3. 

In the macronutrients category, the MDC cohort study evaluated interactions between fatty 

acids and the FADS1 rs174546 variant. This study found that only the interaction between ALA 

and FADS1 rs174546 TT genotype was significant (p=0.03). Participants in the higher ALA 

consumption quintile carriers of TT genotype had a decreased risk of stroke [HR 0.50 (95% CI 
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0.27, 0.94)], compared to carriers of the TT genotype in the lowest quintile of ALA intake. At the 

same time, no association was observed in CC and CT genotypes in the other quintiles 6. 

Within the food and food items categories, the FISSIC found a significant (p=0.006) interaction 

between the egg intake and ABCA1 variant (rs2066715) 59. In the same study, a significant 

interaction between vegetable intake and the PON1 rs662 variant on the risk of stroke was 

found. Each standard deviation increment in vegetable intake was associated with a 40% 

reduction in the risk of stroke among carriers of the PON1 rs662 AA genotype. On the contrary, 

each standard deviation increment in vegetable intake was associated with a 51% increased risk 

of stroke among rs662 GG carriers; after adjustment for fruit intake, the interaction was not 

significant (p=0.12) 56.  

Concerning other dietary components, a case-control study from Beijing in China found a 

significant (p=0.001) interaction between alcohol and CRP variant rs3093059. Drinkers with the 

rs1800947 GC [OR 11.11 (95% CI 1.22, 100.45)] and GG genotypes [OR 2.99 (95% CI 1.73, 5.19)] 

had an increased odds of having a stroke compared with non-drinkers and carriers of GG 

genotype. On the other hand, non-drinkers with the rs1800947 GC genotype had an OR of 2.95 

(95% CI 1.05, 8.29) 54. Similarly, another case-control study in a Chinese Han population found a 

significant (p=0.003) interaction between drinking status and the Fgβ 148CT variant. Drinkers 

who are also carriers of CT/TT genotype had increased odds of having a stroke (OR 22.7 (95% CI 

2.95, 173.76) compared to non-drinker carriers of the CC genotype 55. Another case-control study 

from the Community Hypertension Survey in the Chinese city of Yixing found a significant 

(p=0.048) interaction between drinking status and rs852426 β-actin (ACTB) variant on stroke risk 

[HR 0.54 (95% CI 0.29, 0.99)]14. Another Han population case-control study found a significant 

(p=0.001) interaction between alcohol status and rs4846049. Drinkers with rs4846049 CA/AA 
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genotype had an OR of having a stroke of 3.12 (95% CI 1.83, 4.45) compared with never drinkers 

and rs4846049 CC genotype. None of the other MTHFR variants evaluated significantly 

interacted with alcohol 62. 

In the category of dietary patterns, the PREDIMED trial found a significant (p=0.04) interaction 

between the Mediterranean diet and the LPL rs13702 variant. Participants assigned to the 

intervention group (Mediterranean diet plus supplementation with extra-virgin olive oil and nuts 

(30 g/day)) who were carriers of the C allele had a reduced stroke risk [HR 0.58 (95% CI 0.37, 

0.91)] in comparison to the TT genotype. At the same time, no association was reported for the 

control group (fat intake reduction) 68. Finally, Helstrand et al. 70, analysing data from the MDC 

cohort, reported a significant (p=0.04) interaction between diet quality index and GRS-LDL-

cholesterol on stroke risk (Table S2). Participants with low/medium diet quality had an HR of 1.09 

(95% CI 1.03, 1.16) per standard deviation of increment of GRS-LDL-cholesterol70. 

3.6 Diet-Gene interactions and cardiovascular diseases as a composite outcome  

Eight articles from four unique studies evaluated diet-gene interactions on cardiovascular 

diseases as composite outcome 6,15,53,63,64,69,70,73 (Figure 5, Table 1). Non-significant interactions 

were reported for drinking status-ADH1C variant, and diet quality with GRS of HDL, -LDL and -

triglycerides 6,63-65,69,70, Table S3. 

In the macronutrients category, a borderline (p=0.06) interaction was reported between ALA/LA 

intake ratio and the FADS1 variant on CVD incidence. No statistically significant interaction was 

observed with any of the other fatty acids evaluated 6. Regarding micronutrients, neither folate 

nor vitamin B intake interacted with MTHFR variants on CVD risk 73. 
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Regarding food and food items categories, Hindy et al.64, analysing data from the MDC cohort, 

reported a significant (p=0.043) interaction between vegetable intake and chromosome 9p21 

variant rs4977574. When the analysis was restricted to medium or high tertile of vegetable 

intake, carriers of the G allele had an increased risk of CVD with HR 1.27 (95% CI 1.17, 1.38) and 

1.19 (95% CI 1.08, 1.30), respectively, compared to AA homozygote genotype. No interaction 

was reported for fruit intake 64. Moreover, Sonestedt et al.15, in another analysis of the same 

MDC cohort, found no interaction between vegetable intake and GRS of HDL cholesterol, LDL 

cholesterol or triglycerides on CVD risk 15. Additionally, in the UK Biobank, there was no 

interaction between coffee intake and CYP1A2 genotype or with a GRS of caffeine metabolism 

on CVD risk (p>0.53) 65. 

Concerning other dietary components, in the MDC cohort, a significant (p=0.029) interaction was 

found between wine consumption and chromosome 9p21 variant rs4977574 on CVD risk. 

However, the effect was limited to the non/low wine intake tertile in the stratified analysis. In 

that group, carriers of the G allele had an increased risk of CVD [HR 1.23 (95% CI 1.14,1.34)] 

compared to the AA homozygote genotype. At the same time, no association was observed when 

total alcohol intake was evaluated 64.  

Risk of bias of the included studies 

Nineteen (35.2%) articles were classified as high quality, 33 (61.1%) as intermediate quality, and 

two (3.7%) as poor quality. Small sample size, lack of correction for multiple testing (8 (14.8%) 

articles adjusted for multiple comparisons), lack of generalisation (e.g., no different ethnicities 

being represented) often limited the methodological quality (Table S4), a report of the SWiM 

items can be found in Table S5. 
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4. DISCUSSION 

Of the 54 included articles, 30 reported a statistically significant gene-diet interaction. Dietary 

and genetic exposure were very heterogeneous, which precluded us from conducting a meta-

analysis of the results. CETP and alcohol dehydrogenase (ADH1C) variants were the most 

frequently assessed and were shown to interact with alcohol to modify the risk of MI and CHD. 

Other studies investigating plausible biological interactions such as FADS gene and fatty acids 

interactions, vitamin B6, vitamin B12 and folic acid did not show consistent findings. While 

several studies investigated the interactions between genes and dietary factors on CVD risk, the 

current literature is limited and not consistent in showing gene-diet interactions with clinical and 

public health impacts, mainly because the reported positive findings were derived from case-

control studies and lacked replication.  

Previous systematic reviews on gene-diet interactions and CVD have primarily focused on 

specific genes or diets. In contrast, our study provides a comprehensive assessment of all genes 

and dietary exposures interactions on CVD. Similar to previous findings, we identified a lack of 

consistency in the results of interaction studies 19,74. In this review, the lack of reproducibility in 

the genetic-dietary variables operationalisation and the different levels of validation and 

reliability of the used dietary questionnaires could have led to an increased risk of exposure 

misclassification. This risk could be more relevant in case-control studies, in which recall bias 

could occur differently between cases and controls since the cases are aware of the condition 75. 

Additionally, misclassification due to genotype errors can be another source of bias. Genotyping 

error has been reported to vary between about 1% and 30%, and its extension is related to 

variations in DNA sequence, quality of the analysed DNA, biochemical artefacts and human 

factors 76. 
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Another methodological concern of studies looking at gene-diet interaction and CVD is the 

sample size of the studies. Low statistical power leads to a reduced capacity to detect 

interactions. Genotyping errors, allele frequency and the precision of the dietary exposure and 

outcome measures are some of the criteria that researchers should consider when calculating 

adequate sample size to evaluate interactions 77. Nevertheless, most of the studies included in 

this paper were secondary analyses, and there was no information on whether studies had 

enough power to detect an interaction. It has been estimated that detecting the interaction 

between two binary exposures requires a sample size four times larger than that required to 

detect main associations of the same magnitude 78. 

Similarly, studies with 95% of power and a MAF of 20% looking for interactions of 1.5 of 

magnitude between genetic variants and continuous exposures require a sample size of up to 

30,906 subjects 78. In this paper, 50% of the included studies had a sample size below 2562 

individuals. Just four studies exceeded 30,000 participants, and two of them did not clearly state 

the MAF frequency 69,71. The lack of information on the main factors involved in calculating power 

in almost half of the included studies limited the evaluation of their sample robustness for 

detecting gene-diet interactions. Notably, of the four studies that exceeded 30,000 participants, 

only one found a significant interaction 71. 

Comparing specific foods and gene variants generates multiple comparison scenarios that could 

increase the Family-wise error rate 79, where the probability of false-positive findings increases 

with each additional comparison 80. Therefore, including a correction for multiple testing is a 

suitable approach in studies with these phenomena, even though in this study, just two studies 

stated a correction for multiple comparisons in their methodology 17,72. 
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Alcohol was the most evaluated exposure; its interaction with the CETP polymorphism 

(rs708272) was not consistent for CHD. The results did not agree with the direction of reported 

interactions, and most of the interactions lost statistical significance in the sex-stratified analysis. 

The low prevalence of alcohol intake could explain this difference and hypertriglyceridemia in 

the populations evaluated. 12,42. In addition, only two studies included incident cases. However, 

the protective effect of the CETP-alcohol interaction could be related to the synergy between 

the B2 allele of CETP, which is associated with lower plasma CETP activity81, and the inhibitory 

effect of alcohol on CETP activity 12. Both may increase HDL concentrations, decrease LDL and 

VLDL fractions, and, consequently, reduce CVD risk. 

Similarly, concerning lipid metabolism, a matched case-control study reported an interaction 

between the ADH1C variant and alcohol intake that decreases the incidence of MI in men who 

drank daily and were homozygous for the y2 allele. Carriers of the y2 allele are slow metabolisers 

of alcohol, which could enhance the beneficial effect of moderate alcohol consumption on lipid 

metabolism. In addition, the study stated that up to 50% of the observed decrease in MI risk 

could be attributed to increased HDL levels 34. However, findings on ADH1C polymorphism and 

alcohol interactions were not homogeneous, and five studies did not report significant 

interactions, even though different alcohol intake categories were tested among these studies 

11,13,36,44,52. These findings suggest that the interactions between alcohol consumption and the 

ADH1C variant on CVD might be mediated through mechanisms independent of HDL 

cholesterol63.  

The increased risk of MI in the WENBIT trial could be explained by the association of vitamin B6 

and folate intake with elevated hepatic adenosylmethionine (SAM). SAM is an inhibitor of 

betaine-homocysteine methyltransferase, an enzyme that regulates hepatic lipids and induces 
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ApoB expression and VLDL assembly. Furthermore, the MTHFD1 variant (rs1076991) minor T-

allele has been associated with an approximately 62.5% drop-in transcription rate of the MTHFD1 

enzyme, which could also be associated with intercellular SAM accumulation, conditions that 

lead to dyslipidaemia and the consequent increased CVD risk 16. However, when MI was 

evaluated as part of CVD composite outcome or individually in WHS, the folate or B-vitamin - 

MTHFD1 interaction was not found 73. It is important to note that meta-analyses of the 

association of MTHFR and CVD have found substantial geographical heterogeneity and null 

associations for MTHFR and CVD in North American populations, such as women involved in the 

Women's Health Study 73. 

Strengths and limitations 

A significant strength of this paper is the comprehensive search strategy implemented to retrieve 

gene-diet interaction studies. We included all food and dietary exposures and epidemiological 

designs, providing a comprehensive overview of the literature. Also, we provided a critical 

evaluation of the quality of the current evidence on the topic. In addition, the included studies 

point to several biological mechanisms that could underlie the differences in the susceptibility 

to food/diet exposures and cardiometabolic diseases. However, it is a limitation for this study 

that, so far, no gene-diet interaction critical appraisal tool has been developed. This tool could 

standardise the evaluation of the studies' risk of bias and methodological quality, identifying the 

most significant weaknesses. Other issues were the lack of replication in the evaluation of 

interactions, few studies evaluated the same dietary and genetic exposures (SNP, GRS). 

Moreover, authors evaluating the same genetic variants used different genetics models (e.g. 

recessive model, co-dominant model or dominant model). This heterogeneity limited the 

synthesis of the findings and are also a great weakness for the progress in the identification of 
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population at higher risk of cardiometabolic diseases due to their genetic background and 

food/diet exposures. 

Future research and implications 

Identifying the mechanisms underlying gene-diet interactions is a priority; therefore, variants 

identified in GWAS are required to be investigated in functional studies, a challenge that could 

benefit from computational modelling. In addition, studies assessing interactions should provide 

more information on the origin of biases in the genetic exposures assessed (genotype 

misclassification, population stratification). Future studies should analyse samples with a 

suitable size for evaluating interaction hypotheses, for which data sharing through consortia may 

play a crucial role. Replication in independent samples is also essential, for which the selection 

of a single reference group is a critical factor in facilitating the comparability among studies. 

Besides, studies should provide information on the size of interactions and the effects of gene 

and dietary exposures separately and in joint effect. Finally, the use of prospective data that 

allows the evaluation of gene-diet interactions effects on incident outcomes should be 

prioritised. 

5. CONCLUSION  

Current evidence for gene-diet interaction in CVD is limited, as most interactions have been 

evaluated in single studies, without multiple correction testing, and mainly in European 

ethnicities; furthermore, studies have limited information to assess the robustness of sample 

size. Therefore, data-sharing platforms that combine large studies are needed to address current 

methodological problems and facilitate replication. In addition, priority should be given to the 

inclusion of diverse ethnicities and sample size-focused reporting to provide more conclusive 
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evidence of gene-diet interaction with CVD that allows the development of nutritional 

personalized interventions. 
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Table 1. Study characteristics  

Reference Country 
(Ethnicity) 

Study Type 
(Recruitme
nt setting) 

Cohort name (FU 
years) 

No. of 
participants 
(cases/total) 

Sex Interactor diet (Type of 
measurement) 

(Gene/chromosome 
region) and 
(SNP/GRS) Si

gn
ifi

ca
nt

 
in

te
ra

ct
io

ns
 

Re
pl

ic
at

io
n 

Coronary Heart Disease - Myocardial infarction  
Allayee H et 
al.,  2008 28 

Costa Rica 
(Hispanic) 

Case-
Control 

(Population) 

- 1885/3770 Both Arachidonic acid intake 
(Questionnaire) 

5-LO (33-37; 44-46; 
48; 55-59; 66; 67) 

Yes No 

Chen Q et al, 
2017 29 

China (Han-
Chinese) 

Case-
Control 

(Population) 

- 300/600 Both Alcohol (Standardized 
questionnaires) 

PCSK9 (rs11206510) Yes No 

Cornelis M et 
al, 2007 30 

Costa Rica 
(Hispanic) 

Case-
Control 

(Population) 

- 2042/4084 Both Cruciferous vegetables (FFQ) GSTT1, GSTP1, 
GSTM1(-) 

Yes No 

Cornelis M et 
al, 2006 31 

Costa Rica 
(Hispanic) 

Case-
Control 

(Population) 

- 2014/4028 Both Coffee (Questionnaire) CYP1A2 (rs762551) Yes No 

Ding Y et al, 
2016 16 

Norway 
(European) 

Cohort 
(Clinical) 

WENBIT (5) 206/2381 Both Vitamin B12 and vitamin B6 
(According to the cohort data) 

MTHFD1 (rs1076991) Yes No 

Fumeron F et 
al., 1995 32 

France 
(White 

Europeans) 

Case-
Control 

(Population) 

ECTIM Etude Cas-
Témoin de 

l'Infarctus du 
Myocarde(NR) 

608/1332 Men Alcohol (Questionnaire) CETP (rs708272 
(CETP/TaqIB)) 

Yes No 

Hartiala J et 
al, 2012 33 

Costa Rica 
(Latin 

American) 

Case-
Control 

(Clinical) 

- 1936/3971 Both PUFAs (Polyunsaturated fatty 
acids) (Questionnaire) 

PLA2G4A 
(rs12746200) 

Yes Yes 

Hines L et al, 
2001 34 

United 
States (not 
described) 

nested case-
Control 

(Population) 

Physicians’ Health 
Study (NR) 

396/1166 Men Alcohol (Questionnaire) ADH1C (rs698) Yes No 
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Li J et al, 2020 
35 

China (Han-
Chinese) 

Case-
Control 

(Population) 

- 344/688 Both Alcohol (Standardised 
questionnaire) 

CONNEXIN 37 
(rs1764391) 

Yes No 

Tolstrup J et 
al, 2009 36 

Denmark 
(Danish 
general 

population) 

Cohort 
(Population) 

CCHS (16) 663/9584 Both Alcohol (Questionnaire) ADH1C/ ADH1B 
(rs698, rs1229984) 

No No 

Trichopolou A 
et al, 2008 37 

Greece 
(Mediterran

ean) 

Nested 
Case-

Control 
(Population) 

Greek - EPIC(NR) 202/399 Both Mediterranean diet 
(Questionnaire) 

APOA5, APOC3, APOE, 
IL1β, IL6, LPL, MTHFR, 
NOS3, and TNF (GRS-
MI (rs429358, rs7412, 

rs662799, rs5128, 
rs1801177, rs268, 
rs328, rs1801133, 

rs1799983, rs16944, 
rs1800795, 
rs1800629)) 

No No 

Wang F et al., 
2019 38 

China (Han-
Chinese) 

Case-
Control 

(Population) 

- 300/600 Both Alcohol (Interview on alcohol 
intake in the last 12 months) 

CXCL12 (rs1746048) Yes No 

Zheng Y et al., 
2016 39 

Costa Rica 
(Hispanic) 

Case-
Control 

(Population) 

- 1560/3311 Both Sugar-sweetened beverages 
(Questionnaire) 

CDKN2B-AS1 (GRS 
(rs4977574, 
rs2383206, 
rs1333049)) 

Yes No 

Coronary Heart Disease  
Chen H et al., 

2018 40 
China (Han-

Chinese) 
Case-

Control 
(Clinical) 

- 429/751 Both Alcohol (Self-reported) Il6 (rs1800795, 
rs1800796, 
rs1800797) 

Yes No 

Chi Y et al, 
2018 41 

China (Han-
Chinese) 

Case-
Control 

(Clinical/ 
Population) 

- 631/1269 Both Alcohol (Questionnaire) PLA2G7 (rs1805018, 
rs16874954, 

rs1805017 and 
rs1051931) 

No No 

Corella D et al, 
2010 42 

Spain 
(Mediterran

ean) 

Nested 
Case-

Control 
(Population) 

Spanish EPIC (10) 557/1737 Both Alcohol (Questionnaire) CETP (rs708272 
(CETP/TaqIB)) 

Yes No 
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Ebrahim S et 
al, 2008 11 

United 
Kingdom 

(not 
described) 

Cohort 
(Population) 

BWHHS and 
Caerphilly cohorts 

(NR) 

283/4547 Both Alcohol (Questionnaire) ADH1C (rs1693482) No Yes 

Gustavsson J 
et al, 2016 43 

Sweden 
(not 

described) 

Case-
Control 

(Population) 

SHEEP and 
INTERGENE 

1381/5671 Both PUFA, SFA, Carbohydrates, 
Sucrose, Protein, Fat (semi-

quantitative FFQ) 

FTO (rs9939609) No No 

Heidrich J et 
al, 2007 44 

Germany 
(Caucasian) 

Cohort 
(Population) 

MONICA-KORA 
project (7.8) 

72/3664 Both Alcohol (Interview) ADH1C (rs698) Yes No 

Huang L et al, 
2018 45 

China (Han) Nested 
Case-

Control 
(Population) 

Yinzhou District of 
Ningbo, Zhejiang 

Province, China (3) 

161/656 Both Dessert and fried food 
(Questionnaire) 

ALDH2 (rs671) No No 

Jensen M et 
al, 2008 12 

United 
States (not 
described) 

Nested 
Case-

Control 
(Population) 

NHS and HPFS (NR) 505/1504 Both Alcohol (Questionnaire) CETP (rs708272 
(CETP/TaqIB)) 

Yes Yes 

Liu F et al, 
2015 46 

China (not 
described) 

Case-
Control 

(Clinical) 

- 838/1278 Both n-3 Polyunsaturated Fatty 
Acid (n-3 LCPUFA) 

(Questionnaire) 

FADS1 (rs174547) Yes No 

Liu Y et al, 
2020 47 

Taiwan (not 
described) 

Case-
Control 

(Population) 

TWB (NR) 1116/8969 Both Coffee (Interview on coffee 
intake in the last 6 months, 

regular intake defined as 3 or 
more cups of coffee/week) 

TRIB1 (rs17321515) Yes No 

Mehlig K et al, 
2014 48 

Sweden 
(not 

described) 

Case-
Control 

(Population) 

INTERGENE 618/3539 Both Alcohol (Interview) CETP (rs708272 
(CETP/TaqIB)) 

Yes No 

Tolstrup J et 
al,  2010 13 

Denmark 
(Caucasian) 

Nested 
Case-Cohort 
(Population) 

Danish Diet, Cancer 
and Health Cohort 

(NR) 

770/1645 Men Alcohol (FFQ) ADH1B/ ADH1C 
(rs1229984/rs169348

2) 

No No 

Virtanen J et 
al, 2016 50 

Finland (not 
described) 

Cohort 
(Population) 

KIHD (20.8) 230/1032 Men Egg/ Cholesterol (Guided 4-d 
food records) 

APOE4 (E2/2, E2/3, 
E2/4, E3/3, E3/4 and 

E4/4) 

No No 
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Yiannakouris 
N et al, 2014 

51 

Greece 
(European) 

Nested 
Case-

Control 
(Population) 

Greek-EPIC (10) 477/1748 Both Mediterranean diet 
(Questionnaire) 

PCSK9, CELSR2-PSRC1-
SORT1, MIA3, WDR12, 

PHACTR1, CXCL12, 
LDLR, SLC5A3-MRPS6-

KCNE2, CDKN2A/2B 
(GRS-CHD 

(rs11206510, 
rs646776, 

rs17465637, 
rs6725887, 
rs9349379, 
rs1746048, 

rs1122608, rs9982601 
and rs1333049 )) 

No No 

Younis J et al., 
2005 52 

United 
Kingdom 

(not 
described) 

Cohort 
(Clinical) 

NPHS II(NR) 220/2773 Men Alcohol (Questionnaire) ADH1C (ᵞ1 ᵞ1, ᵞ1 ᵞ2, ᵞ2 

ᵞ2) 

No No 

Zhou H et al., 
2019 53 

China (Han-
Chinese) 

Case-
Control 

(Clinical) 

- 610/1833 Both Alcohol (Questionnaire filled 
out in face-to-face interviews) 

TFPI-2 (rs59805398, 
rs34489123, rs4264, 

rs4271) 

No No 

Mukamal K et 
al, 2009 49 

United 
States 

(American) 

Nested 
Case-

Control 
(Population) 

NHS and HPFS (7) 506/1524 Both Alcohol (Questionnaire) PON1 No No 

Stroke  
Mukamal K et 

al., 2005 58 
United 

States (not 
described) 

Cohort 
(Population) 

CHS Cardiovascular 
Health Study (9.2) 

434/4410 Both Alcohol (Questionnaire) APOE (-) No No 

Chen Z et al, 
2015 54 

China (Han-
Chinese) 

Case-
Control 

(Population) 

- 159/334 Both Alcohol (Questionnaire) CRP (rs1800947, 
rs3093059) 

Yes No 

Gao X et al, 
2006 55 

China (Han-
Chinese) 

Case-
Control 

(Clinical) 

- 100/200 Both Alcohol (Questionnaire) FgB (FgBCT/TT) Yes No 



   
 

242 
 

Juan J et al, 
2017 56 

China (not 
described) 

Family-
based case-

control-
study 

(Clinical/ 
Population) 

FISSIC (NR) 1007/2158 Both Vegetable and fruit intake 
(Semi-quantitative FFQin 

face-to-face survey) 

PON1 (rs662) No No 

Luo S et al, 
2013 57 

China (Han-
Chinese) 

Case-
Control 

(Clinical) 

- 308/602 Both Alcohol (Medical history) Il8 (Il8 +781 C/T) No No 

Song J et al, 
2019 59 

China (not 
described) 

Family-
based-
cohort-
study 

(Population) 

FISSIC 1213/5869 Both Eggs (Semi-quantitative FFQ) ABCA1 (rs2066715) No No 

Yang S et al, 
2020 14 

China (Han-
Chinese) 

Case-
Control and 

cohort 

-(5) 2012/4222 Both Alcohol (Interview) ACTB (rs852426, 
rs852423 and 

rs2966449) 

Yes Yes 

Zhang L et al, 
2019 60 

China (Han-
Chinese) 

Case-
Control 

(Clinical) 

- 881/1773 Both Alcohol (Interview) CONNEXIN 37 and 
PDE4D (rs1764391, 

rs1764390, rs918592 
and rs966220) 

No No 

Zhao T et al, 
2019 61 

China (Han-
Chinese) 

Case-
Control 

(Population/ 
Clinical) 

- 161/644 Both Fruits/ Vegetables (Semi-
quantitative FFQ) 

BCO2(rs10431036) 
BCO2(rs11214109) 
TRIB1(rs17321515) 
TRIB1(rs2954029) 

No No 

Zheng X et al, 
2020 62 

China (Han-
Chinese) 

Case-
Control 

(Population) 

- 860/1722 Both Alcohol (NR) MTHFR (rs4846049, 
rs1537514, 

rs3737967, and 
rs4846048) 

Yes No 

Cardiovascular disease  
Djousse L et 
al, 2005 63 

United 
States (not 
described) 

Cohort 
(Population) 

Framingham Heart 
Study (NR) 

132/1805 Both Alcohol (Interview) ADH1C (rs698, 
rs1693482) 

No No 

Hindy G et al, 
2014 64 

Sweden 
(Caucasian) 

Cohort 
(Population) 

MDCS (15) 3164/23949 Both Vegetable, fruit, wine, alcohol 
(Diet history) 

9p21 
locus(rs4977574) 

Yes No 
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Sonestedt S et 
al, 2015 15 

Sweden 
(not 

described) 

Cohort 
(Population) 

MDCS (14) 2921/26455 Both Sucrose, fibre, vegetables, 
fruits and berries, juice, 
potatoes, whole grains, 

refined grains, cookies and 
cakes, sugar and sweets, 

sugar-sweetened beverages 
(Questionnaire) 

-(GRS-dyslipidaemia 
(26 SNPs for 

triglycerides, 41 SNPs 
for HDL-C and 32 SNPs 

for LDL-C)) 

No No 

Zhou A et al., 
2019 65 

United 
Kingdom 

(not 
described) 

Cohort 
(Population) 

UK Biobank (NR) 8368/347077 Both Coffee (Interview) CYP1A2 (rs762551/ 
GRS for metabolism of 
caffeine (rs4410790, 

rs6968554, 
rs10275488, 
rs2892838, 

rs12909047, 
rs35107470, 

rs2470893, and 
rs2472297)) 

No No 

Articles evaluating at least two of the outcomes (CHD, MI, CVD or Stroke)  
Livingstone M 
et al., 2021 71 

United 
Kingdom 

(not 
described) 

Cohort 
(Population) 

UK Biobank (7.8) 1141 MI, 748 
IS/77004 

Both Recommended Food Score 
RFS(Oxford WebQ (24-hour 
dietary assessment tool)) 

-(GRS formed from 
over 300 different 

SNPs associated with 
CVD) 

Yes No 

Hellstrand S et 
al., 2016 70 

Sweden 
(White) 

Cohort 
(Population) 

MDCS (15) 3068/24799 Both Diet quality index (168-item 
dietary questionnaire 7-day 
menu book 1-h diet history 

interview) 

-(Genetic risk score 
for LDL, HDL and 

Triglycerides) 

Yes No 

Hellstrand S et 
al, 2014 6 

Sweden 
(not 

described) 

Cohort 
(Population) 

MDCS (14) 2648/24032 Both PUFAs (Questionnaire) FADS1 (rs174546) Yes No 

Zee R et al, 
2007 73 

United 
States 

(White) 

Cohort 
(Population) 

WHS (9.9) 812/24968 Wom
en 

Folate intake, VB2, VB6 and 
VB12 intake (Questionnaire) 

MTHFR (677C>T) No No 

Heianza Y et 
al, 2020 69 

United 
Kingdom 

(not 
described) 

Cohort 
(Population) 

UK Biobank (5) 1812/156148 Both Plant-based diet index 
(Participants completed a 
web-based 24-h dietary 

Genetic risk score GRS 
for stroke and 

myocardial infarction 
() 

No No 
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assessment, the Oxford 
WebQ, during 2009–2012. ) 

Do R et al., 
2011 17 

Multicentre 
(European, 

South 
Asian, 

Chinese, 
Latin 

American, 
Arab) 

Case-
control/ 
cohort 

(Population) 

INTERHEART study 
and FINRISK study 

(NR) 

3709/27243 Both Dietary risk score and 
specifically different types of 

food (FFQ) 

9p21 locus 
(rs10757274, 
rs2383206, 

rs10757278, 
rs1333049) 

Yes No 

Miao L et al, 
2017 72 

China (Han-
Chinese) 

Case-
Control 

(Clinical) 

- 846/2562 Both Alcohol (Questionnaire) MVK-MMAB 
(rs3759387, 

rs7134594, rs877710, 
rs9593) 

Yes No 

Corella D et al, 
2014 68 

Spain 
(Mediterran

ean) 

Randomised 
controlled 

trial 
(Clinical) 

PREDIMED Trial 
(4.8) 

268/7187 Both Mediterranean diet, extra-
virgin olive oil +nuts(NR) 

LPL (rs13702) Yes No 

Bergholdt H et 
al, 2015 66 

Denmark 
(European 
descent) 

cross-
sectional 

and 
Mendelian 

randomizati
on 

(Population) 

CCHS, CGPS and 
GESUS (5.4 ) 

10372 IHD, 
4188 MI 
/98529 

Both Milk (Questionnaire) LCT13910 (rs4988235) No No 

Corella D et al, 
2016 67 

Spain 
(Mediterran

ean) 

Randomised 
controlled 

trial 
(Clinical) 

PREDIMED Trial 
(4.8) 

150/7098 Both Mediterranean diet 
supplemented with extra 

virgin olive oil (Validated FFQ) 

CLOCK (rs4580704) No No 

FU: Follow-up; IS: Ischemic stroke; MI: Myocardial infarction; CHD: coronary heart disease; CVD: cardiovascular diseases  
NR (Not reported) 
British Women's Heart & Health Study (BWHHS) 
Copenhagen City Heart Study (CCHS) 
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European Prospective Investigation into Cancer and Nutrition (EPIC) cohort 
Fangshan / Family-based Ischemic Stroke Study in China (FISSIC) 
Kuopio Ischaemic Heart Disease Risk Factor Study (KIHD) 
Second Northwick Park Heart Study NPHS II 
Taiwan Biobank (TWB) 
Women's Health Study (WHS) 
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Table 2. Estimates of the interaction between alcohol intake and ADH1C variants on CHD risk. 
 

Author 
Categorisation 

of Alcohol 
(Drinks/week) N

o.
 o

f 
Ev

en
ts

 

As
so

ci
at

io
n 

m
ea

su
re

 

Gene, variant, and genotypes 
Estimate (CI 95%) 

Interaction P-
value 

CHD 
    CETP (rs708272 (CETP/TaqIB))  
    B1B1 B1B2 B2B2  

*Fumeron et 
al, 1995 32 

Non-drinkers 92 OR 1 1.04 (0.68-1.59) <0.02 
<2 234  1 0.97 (0.58-1.61) 

≥2  to 3 134  1 0.96 (0.51-1.81) 
≥4  to 5 66  1 0.56 (0.22-1.47) 

≥6 125  1 0.34 (0.14-0.83) 
Jensen et al, 

2008 12 
Non-drinkersa 118 OR 1 1 0.4 

<2.5a  77 1.1 (0.5–2.3) 0.8 (0.5–1.4) 
≥ 2.5 to 6a 31 1.4 (0.6–3.7) 0.3 (0.2–0.6) 
≥ 7 to  14a 20 1.3 (0.5–3.8) 0.4 (0.2–0.9) 

Non-drinkersb 63 1 1 0.2 
<2.5 b 63 1.7 (0.7–4.1) 0.9 (0.5–1.6) 

≥ 2.5 to 6b 66 1.9 (0.8–4.5) 0.9 (0.5–1.6) 
≥ 7 to  14b 80 1.6 (0.6–4.4) 0.8 (0.4–1.5) 

Non-drinkersc 181 1 No data  
≥ 2.5 to 6c 87 1.6 (1.1–2.3) 0.7 (0.6–1.0) 0.02 

Corella et al, 
2010 42 

Non-drinkers 139 OR 1 0.74 (0.42–1.32) 0.57 (0.24–1.34) 0.031 
Drinkers 418  1 1.17 (0.90–1.55) 1.55 (1.05–2.29) 

Mehlig et al, 
2014 48 

Abstainers   1.12 (0.77-1.62) 0.76 (0.36-1.64) 0.008 
Low   1 1 

Intermediate   0.80 (0.59-1.06) 0.21 (0.10-0.44) 
High   1.03 (0.77-1.36) 0.48 (0.26-0.88) 

    ADH1C   
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    1/1 1/2 2/2  
*Tolstrup et 
al, 2009 36 

<1 175 HR 1 1.38 (0.97 – 1.96) 1.60 (1.04 – 2.47) 0.49 
1 to 13 307 0.99 (0.70 – 1.40) 0.98 (0.71 – 1.37) 0.83 (0.55 – 1.25) 

≥14 146 0.80 (0.53 – 1.23) 0.82 (0.56 – 1.19) 0.88 (0.55 – 1.42) 
*Heidrich et 
al, 2007 44 

<1 24 HR 1 0.69 (0.31– 1.55) 0.07 
1 to 6 13 0.56 (0.19 – 1.61) 0.83 (0.34– 2.07) 

≥7 35 1.06 (0.50 – 2.25) 0.36 (0.16– 0.80) 
*Younis et al, 

2005 52 
<1 44 HR 1 0.82 (0.47 – 1.45) 0.64 (0.24 – 1.68) 0.49 

1 to 6 64 0.70 (0.40 – 1.22) 0.56 (0.32 – 0.99) 0.66 (0.31 – 1.38) 
≥7 102 0.57 (0.33 – 0.98) 0.77 (0.47 – 1.26) 0.68 (0.36 – 1.27) 

*Hines et al, 
200134 

<1 117 RR 1 1.01 (0.58 – 1.75) 0.59 (0.28 – 1.23) 0.01 
1 to 6 191 1.11 (0.67 – 1.84) 0.66 (0.40 – 1.08) 1.02 (0.55 – 1.88) 

≥7 87 0.62 (0.34 – 1.13) 0.68 (0.40 – 1.15) 0.14 (0.04 – 0.45) 

Tolstrup et al, 
2010 13 

<1 68 HR 0.96 (0.47–1.93) 1.86 (0.94–3.65) 1.45 (0.47–4.47) 0.95 
1–6 230 1 1.38 (0.87–2.19) 1.10 (0.59–2.08) 

7–20 266 0.88 (0.56–1.39) 0.97 (0.62–1.51) 0.91 (0.52–1.58) 
>21 206 0.97 (0.59–1.59) 0.73 (0.45–1.19) 0.84 (0.46–1.54) 

*Ebrahim S. et 
al.2008 11 

No data 
     

0.26 

CVD 
Djoussé et al, 

2019 63 
0 56 OR 1 0.85 (0.43–1.68) 1.10 (0.47–2.54) 0.48 

>0 76 0.90 (0.49–1.67) 0.72 (0.39–1.31) 0.63 (0.28–1.44) 
1= Reference category. *Articles reporting grams/day were transformed into drink/week taking as reference "standard" drink (or one alcoholic drink 
equivalent) contains roughly 14 grams of pure alcohol 27 

a Women estimates (Nursing Health Study data), b Men estimates (Health Professional Study  HPFS), c estimates from a pooled dataset (NHS+HPFS) 

HR=Hazar ratio; RR=relative risk; OR odds ratio 
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Figure 1. Flow chart of study selection.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

7671 Records identified from*: 
Embase.com (n = 2629) 
Medline (Ovid) (n = 1785) 
PubMed (n = 2787) 
Cochrane CENTRAL (n=470) 

Records removed before 
screening: 

Duplicate records removed (n 
= 2918) 
 

Records screened (n = 4753) Records excluded (n =4571) 

Reports sought for retrieval 
(n = 182) Reports not retrieved (n = 5) 

Reports assessed for eligibility 
(n = 177) 

123 Reports excluded: 
Proceedings (n = 17) 
No genes (n = 2) 
Serum measurement (n = 7) 
No diet (n=10) 
No interaction (n=31) 
No outcome (n=53) 
Systematic review (n=3) 

54 Studies included in review 
CHD (n = 17) 
CVD (n = 4) 
MI (n = 13) 
Stroke (n = 10) 
CHD, MI, S or CVD (n=10) 
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Figure 2. Findings for interaction between genetic variants and diet in relation to myocardial 
infarction 

 
W=women, M=men, B=Both (Men and women) 
Figure 3. Findings for interaction between genetic variants and diet in relation to coronary heart 
diseases.  

 

W=women, M=men, B=Both (Men and women) 
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Figure 4. Findings for interaction between genetic variants and diet in relation to stroke 

 
W=women, M=men, B=Both (Men and women) 
 
Figure 5. Findings for interaction between genetic variants and diet in relation to cardiovascular 
diseases as composite outcomes 
 

 
W=women, M=men, B=Both (Men and women)  
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8. Other Activities  

8.1. Internship 
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8.2. Collaboration CoLaus-Rotterdam study 
Project title: A posteriori-derived dietary pattern for healthy ageing in post-menopausal 
women. 

Team members: Mojgan Amiri, Giorgia Grisotto, Taulant Muka, and Trudy Voortman 

INTRODUCTION 
Menopause is a physiological process in which the menstrual period stops permanently in 
women (1). Loss of ovarian reproductive function and changes in endogenous sex 
hormones in women are associated with psychological (2), somatic (3), sexual (4), 
urogenital (5), and vasomotor (6) symptoms. Additionally, physiological changes in 
menopause lead to a drastic drop in oestrogen and an increase in iron levels, causing 
adverse cardio metabolic changes including increase risk of central obesity, inflammation, 
atherosclerosis, glucose homeostasis imbalance, insulin resistance, raised blood pressure, 
and endothelial dysfunction (7-11). The severity of the mentioned symptoms can vary 
among individuals (12), nonetheless, they affect the quality of women's lives (13). Since 
women live about 33 percent of their lives after the menopausal stage (14), coping with 
adverse health consequences after menopause should be a core  focus of health-care 
providers' attention. 
Diet can have substantial role in modification of menopausal consequences (15, 16). For 
example, it has been shown that higher intake of dietary lignans is associated with higher 
insulin sensitivity and lower adiposity indices in post-menopausal women (17). Results of a 
randomized clinical trial showed the decrease effect of a vegetable oil (safflower oil versus 
conjugated linoleic acid) on HbA1C and CRP and the increase effect on insulin sensitivity 
(18). Also, a hypocaloric low-fat diet with physical activity has been shown to improve 
plasma lipid profile in post-menopausal women (19). A population based study revealed 
that post-menopausal women with higher adherence to the Mediterranean diet were less 
likely to have dyslipidemia or to be obese (20). Although the results of The Women’s Health 
Initiative (WHI) study on 48,835 post-menopausal women showed no significant effect of  
a low-fat diet as compared to a usual-diet on coronary heart disease risk in the intervention 
duration (over an 8.5-y), subsequent long-term non-intervention follow up of this 
population showed a considerable lower CHD and diabetes risk without any adverse effect 
of a low-fat diet (21). Additionally, more consumption of fruits and vegetables and higher 
intake of processed foods, respectively, may cause less bone resorption and lower bone 
mineral density in the stated population (22).  However in 104 post-menopausal women, 
none of extracted dietary patterns, including ‘dairy, fruit and vegetables’, ‘fats, potatoes 
and sugars’, ‘nuts and cereals’ and ‘potatoes, fish and alcohol’, were statistically effective 
on cognitive function measurements in post-menopausal women (23).  
To date, there are no specific dietary approaches/ recommendation/ guidelines for post-
menopausal women to improve physiological processes relevant for this population. The 
current project is designed to extract a dietary pattern, which can predict the lower risk of 
a group of the most health-related issues in post-menopausal women, containing 
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cardiovascular health, body composition, bone health, insulin resistance, sleep 
disturbance, inflammation, cognition, and depression, not just a single domain. So, we aim 
to identify a dietary pattern optimal for post-menopausal women to decrease risk of the 
adverse consequences of menopausal transition and diseases relevant for this population. 
AIMS 
In this project, the main emphasis is on extracting a dietary pattern for healthy aging in 
women, specified as below: 

1. To identify a dietary pattern that is most predictive of a lower risk of most common 
health issues among postmenopausal women.  

2. To validate the extracted dietary pattern in CoLaus study, Lausanne, Switzerland.   
 

 

METHODS  
Study population: 
The current study will be conducted based on the Rotterdam Study (RS). The Rotterdam 
study is a prospective cohort study, consisting of 14,926 participants aged 45 years and 
older at baseline, ongoing since 1990 in the city of Rotterdam, Netherlands. This study was 
designed to consider cardiovascular, endocrine, hepatic, neurological, ophthalmic, 
psychiatric, dermatological, otolaryngological, locomotor, and respiratory diseases as the 
main targets (24). The Rotterdam Study has been approved by the institutional review 
board (Medical Ethics Committee) of Erasmus Medical Center and by the review board of 
The Netherlands Ministry of Health, Welfare and Sports. Additional information about this 
study is available at http://www.epib.nl/research/ergo.htm.  
For the current project, the data of post-menopausal women will be used. Cessation of 
menses for 12 consecutive months was used to define menopause in this population. The 
spontaneously occurrence of menopause was defined as natural menopause. For non-
natural menopause, investigators validated the date of surgery by checking the General 
Practitioners’ patient records and hospital discharge letters. 
The extracted dietary patterns will be validated in CoLaus study, a single-centre, cross-
sectional study to phenotype and genotype 6188 Caucasian subjects aged 35-75 years old 
(25). CoLaus study was approved by the Institutional Ethics Committee of the University 
of Lausanne. The details of this study is reported elsewhere (www.CoLaus-Psycolaus.ch). 
In this study, demographic data, socioeconomic and marital status, mood, and several 
lifestyle factors, including diet and physical activity were recorded by questionnaires. In 

http://www.epib.nl/research/ergo.htm
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addition, each participant was phenotyped regarding cardiovascular risk factors and blood 
parameters, anthropometric indices, and bone health status were assessed as well. 
Dietary assessments: 
At the baseline of all the Rotterdam sub cohorts, a validated, semi-quantitative food 
frequency questionnaire (FFQ) was used to assess food intakes, which details are 
described elsewhere (26). In brief, for the baseline measurements of RS-I and II (1989-1993 
and 2000-2001), food intakes were assessed by a validated FFQ containing 170 food items 
(27), and food intakes at baseline in RS-III (and follow up measurements in RS-I and II), 
performed between 2006 and 2008, was assessed by an updated validated FFQ with 389 
food items (28). Both FFQs have been validated against other dietary assessment methods 
and show adequate ranking for nutrient intakes (29). For all of the sub cohorts, Dutch Food 
Composition Tables were used to calculate energy and nutrient intake.  
Table 1. shows the suggested food groups for this project. 
Response variables:  
To construct the dietary pattern, we will account for the main health issues women face 
during the post-menopause stage, containing cardiovascular health, body composition 
abnormalities, bone health, insulin resistance, sleep disturbance, inflammation, cognitive 
disorder, and depression. So, on this purpose, we will use the below listed markers as the 
response variables, including:  

1. Cardiovascular risk factors (containing: total cholesterol (TC), triglyceride (TG), 
high density lipoprotein cholesterol (HDL), and systolic blood pressure (SBP))  

2. Body composition indices (containing: waist circumference (WC), WC to hip 
circumference ratio (WHR), body mass index (BMI), fat-free mass, and fat mass) 

3. Osteoporosis indices (containing: bone mineral density)  
4. Insulin resistance (containing: Fasting blood sugar (FBS), Insulin, HOMA-IR) 
5. Sleep disturbance (containing: total sleep time and sleep quality) 
6. Inflammation (containing: serum C reactive protein (CRP) level) 
7. Cognition (containing: MMSE score, Geriatric Mental Schedule (GMS)) 
8. Depression (CES-D score) 

The above mentioned markers are presented in Table 2.  
Assessment of response variables: 
Height (cm) and weight (kg) were measured in our research centre using a digital scale and 
stadiometer, while participants wore light clothes and no shoes. A non-stretchable tape 
was used to measure waist and hip circumferences. Body composition indices were 
measured by dual-energy X-ray absorptiometry (DXA) using a Lunar DPX-densitometer, 
leading to calculation of BMD (g/cm2), fat-free mass index, and fat mass index. 
Fasting blood samples were taken to evaluate serum concentration of TC, HDL, TG, insulin, 
FBS and CRP. Blood lipids and glucose were measured using automatic enzyme 
procedures (Roche Diagnostic GmbH, Mannheim, DE). Insulin concentrations were 
evaluated by an automatic immunoassay (Roche Diagnostic GmbH) and Rate Near Infrared 
Particle Immunoassay were used to measure CRP. In order to assess insulin resistance, 
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HOMA-IR was calculated based on FBS (mmol/dL) times fasting insulin (mU/L) divided by 
22.5.  

Blood pressure (mmHg) was assessed by a random sphygmomanometer on the right arm 
after 5 minutes rest when participants were in the seated mode.  
Pittsburgh Sleep Quality Index (PSQI), a self-rated 19-item questionnaire, was used to 
assess the sleep quality. The PSQI score (0-21) contains sleep onset latency, sleep 
efficiency, sleep quality, sleep disturbances, sleep duration, daytime dysfunction, and use 
of sleeping medication in the past month. 
Psychiatric examinations, self-reported histories of depression, and medical records were 
used to obtain depression data. For the psychiatric examinations, participants were asked 
to fill a depression scale questionnaire (CES-D) in the centre. Also, a semi-structured 
clinical interview conducted by a clinician to diagnose depressive disorders. Additionally, 
individuals were screened for dementia by Mini-Mental State Examination (MMSE) and 
Geriatric Mental Schedule (GMS) at baseline and follow-up visits to the research centre.  
Covariates:  
Information about reasons for and age at menopause was collected at the interview in our 
research centre among women. The individuals’ age was recorded at the baseline visit. 
Data on educational level [primary education with or without a partially completed higher 
education (primary); lower vocational or lower secondary education (lower); intermediate 
vocational education and or general secondary (intermediate); or higher vocational or 
university education (higher)], paid employment (yes/ no) as well as smoking status (never, 
past, or current smoker) were collected through self-report information and through the 
interview. Physical activity was assessed using the Zutphen Study Physical Activity 
Questionnaire and total time of physical activity was calculated as minutes per week for 
each type of activity. Physical activities were weighted and expressed in METh/week. Use 
of hormone replacement therapy (as never or ever) and medications were recorded from 
both the interview and through pharmacy records. 
Statistical analysis: 
We will apply Reduced rank regression (RRR) to derive dietary patterns. The details of this 
analytical method has been described by Hoffman et al (30). In brief, RRR determines the 
linear combination of predictor variables, which explain the most possible variation in the 
response variables. 
In the current study, predictor variables contain food groups and the response variables 
define the most important health issues among women based on previous evidence, as 
specified above. Following this method, each participant will receive a factor score for the 
generated dietary patterns. These scores are the adherence status of participants to the 
dietary patterns. For the current study, we will select the first / first few dietary patterns 
that explain most variation for further analyses.  
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Table 1. Suggested food groups (predictor variables) to extract a dietary pattern using RRR.  

Plant products  Animal products Beverages Others 
Carbohydrate Vegetables Fruits Nuts Meats/eggs Dairy (low 

fat/high fat) 
  

Whole grain products 
 

Root vegetables Canned fruits All nuts Processed meat Milk (skimmed/ 
low/ high fat) 
 

Sugar sweetened 
beverages  

Plant-
based oils 
and 
margarines  

Non-whole/ refined grain 
products 

Leafy vegetables Raw fruits  Seeds Fish (fatty/non fatty) Fermented 
products 
(skimmed/ low/ 
high fat)   

Beer and wine/ 
alcohol   

Fast foods 
and take 
away foods 

Legumes/ Beans Cooked vegetables   Unprocessed red 
meat  

 Tea and coffee  Sweets  

    Unprocessed poultry 
meat  

 Juice  

    Eggs    

 

Table 2. Response variables to extract a dietary pattern using RRR.  

Cardiovascu
lar risk 
factors 

Body 
compositio

n indices 

Osteoporos
is indices 

Insulin 
resistance 

Sleep 
disturbanc

e 

Inflammatio
n 

Cognition Depressiv
e 

symptoms 
TC WC BMD FBS Total sleep 

time  
CRP  MMSE 

score 
CES-D 
score 

HDL WHR  Insulin  Sleep 
quality 

 GMS  

SBP BMI  HOMA-IR     
TG Fat-free mss       
 Fat mass       
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