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Abstract
Background: Adequate calcium intake is essential for optimal bone health throughout the
lifespan. The current Recommended Dietary Allowance (RDA) for calcium for women >50
years is 1200 mg/day and major sources of dietary calcium in the North American diet consist of
milk and milk products. However, national surveys have demonstrated a shortfall of calcium in
the diet of postmenopausal women, with an average intake of 800 mg/day. Supplemental calcium
is therefore often recommended, but controversy over its safety and association with increased
risk of cardiovascular events has caused a clinical equipoise. Inconsistent results have been
reported in meta-analyses and large cohort studies, and the mechanism that underlies the
speculated detrimental effects of supplemental calcium on vascular health remains unknown.
Although calcium intake from dietary sources has not been linked with adverse cardiovascular
events, recent reports have raised uncertainty as to whether greater milk intake associates with
higher all-cause and cardiovascular-related mortality rates. Inflammation plays a role in the
pathogenesis of vascular damage, but there is limited evidence from randomized clinical trials in
healthy postmenopausal women. Thus, the objectives of this thesis were to: (1) determine the
feasibility of conducting a 12-month randomized controlled trial to compare the effect of
supplemental versus dietary calcium on markers of vascular health in postmenopausal women; (2)
develop and evaluate the relative validity of a semi-quantitative food frequency questionnaire
(FFQ) for postmenopausal women; (3) investigate the association of non-fermented and
fermented milk products on bone health indicators in postmenopausal women; and (4)
investigate the differential effects of supplemental versus dietary calcium on selected

inflammatory markers, bone health biomarkers, and body composition outcomes over 12 months.
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Design: Study 1 was a pilot randomized trial where postmenopausal women consumed calcium
at the level of the RDA, from dietary sources alone (1200 mg/day [CaDiet]) or combined with
supplemental calcium (750 mg/day of calcium carbonate with 450 mg/day of dietary calcium
[CaSuppl]) over 12 months, with vascular measurements, vascular and bone health biomarkers,
anthropometry, and dietary intakes measured. Study 2 was a validation study of a calcium-
focused FFQ. Study 3 was a systematic review and meta-analysis of randomized controlled trials,
prospective cohort and case-control studies of fermented milk products on bone health outcomes
in postmenopausal women. Study 4 was a 12-month randomized controlled trial of similar
designs to Study 1, with the addition of a control arm and additional biochemical measures
including plasma interleukin-6, leptin, adiponectin, and serum sclerostin.

Results: Results from Study 1 (n=9) showed good compliance to study interventions in both
intervention groups (+20% of target total calcium intake, pill count >80%). The CaSuppl group
maintained a significantly lower average dietary calcium intake than the CaDiet group
throughout the trial (453187 mg/day versus 1241+319 mg/day, P<0.001). There was no
differential effect on vascular or bone health biomarkers between groups and no adverse effect
was reported. Study 2 (n=108) demonstrated the relative reproducibility (=0.72, P<0.001) and
validity (kw = 0.42) of the 51-item calcium-focused FFQ in estimating usual dietary calcium
intake in postmenopausal women. Study 3 included 3 randomized controlled trials, 3 prospective
cohort studies and 3 case-control studies in the systematic review, which examined the
relationship between individual milk products on hip fracture risk (n=4), osteoporosis (n=2), and
bone turnover markers (#=3). The meta-analysis of 3 studies on the association between yogurt
intake and hip fracture risk showed a reduced risk (RR 0.76, 95% CI 0.63-0.92), but no

association was found in the meta-analysis of 2 studies on the association between cheese intake
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and hip fracture risk (RR 0.89, 95% CI 0.73-1.10). The overall quality of evidence was very low.
Results from Study 4 (n=106) showed that neither of the interventions had an effect on
inflammatory markers compared with the control arm at 12-months. However, a significant
decrease in C-terminal telopeptide of type 1 collagen in both intervention arms was observed at
12-months. A decrease in bone-specific alkaline phosphatase was found in the CaSuppl arm at
the end of the trial. Body composition did not differ among trial arms, but there was a
statistically significant increase in body mass index (26.1+4.4 versus 25.8+4.2 kg/m®, P=0.04),
and percent body fat (35.4+6.3 versus 34.5+6.2%, P=0.03) in the CaDiet arm at 12-months from
baseline.

Conclusion: These results suggest that calcium intake at the level of the RDA, from either
dietary sources alone or predominantly from supplemental sources, does not promote systemic
inflammation in healthy postmenopausal women. Significant decreases in bone turnover markers
following 12-month interventions indicate that the two sources of calcium have similar beneficial
skeletal actions in vitamin D sufficient postmenopausal women. These studies contribute
evidence to the safety of both dietary and supplemental sources of calcium in healthy

postmenopausal women.



Résumé
Contexte: Un apport adéquat en calcium est essentiel pour une santé osseuse optimale tout au
long de la vie. L’apport nutritionnel recommandé (ANR) en calcium pour les femmes >50 ans est
de 1 200 mg/jour et les principales sources de calcium alimentaire dans le régime nord-américain
consistent de lait et produits laitiers. Cependant, des enquétes nationales ont démontré une
carence en calcium dans I’alimentation des femmes ménopausées ayant un apport moyen de 800
mg/jour. La prise d’un supplément de calcium est donc souvent recommandée, mais la
controverse sur son innocuité et son association avec un risque accru d’événements
cardiovasculaires a provoqué une équipoise clinique. Des résultats divergents ont été rapportés
dans plusieurs méta-analyses et grandes études de cohortes, et le mécanisme qui sous-tend les
effets néfastes des suppléments de calcium sur la santé vasculaire reste inconnu. Bien que
I’apport en calcium provenant de sources alimentaires n’ait pas été lié a la survenue
d’événements cardiovasculaires indésirables, quelques rapports récents ont soulevé une
incertitude associant une plus grande consommation de lait a un taux de mortalité toutes causes
confondues et cardiovasculaire plus élevé. L’inflammation joue un rdle dans la pathogenese des
lIésions vasculaires, mais les preuves issues d'essais cliniques randomisés chez les femmes
ménopausées en bonne santé sont limitées. Ainsi, les objectifs de cette thése étaient les suivants:
(1) déterminer la faisabilit¢é de mener un essai contr6lé randomisé de 12 mois pour comparer
I’effet du calcium sous forme de suppléments par rapport au calcium alimentaire sur les
marqueurs de la santé vasculaire chez les femmes ménopausées; (2) élaborer et évaluer la
validité relative d’un questionnaire de fréquence alimentaire (QFA) semi-quantitatif sur I’apport
en calcium chez les femmes ménopausées; (3) étudier I’association entre les produits laitiers non

fermentés et fermentés et les indicateurs de santé osseuse chez les femmes ménopausées; et (4)
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¢tudier les effets différentiels du calcium sous forme de suppléments par rapport au calcium de
sources alimentaires sur certains biomarqueurs inflammatoires et de la santé osseuse et les
indicateurs de la composition corporelle au cours de 12 mois.

Méthodologie: La premiére étude (Etude 1) était un essai clinique randomisé pilote ou les
femmes ménopausées consommaient du calcium au niveau de I’ANR, a partir de sources
alimentaires seulement (1 200 mg/jour [CaDiet]) ou combinées avec des suppléments de calcium
(750 mg/jour de carbonate de calcium avec 450 mg/jour de calcium alimentaire [CaSuppl])
pendant 12 mois. La rigidité artérielle, la pression artérielle, certains biomarqueurs de la santé
vasculaire et osseuse, des mesures anthropométriques et les apports alimentaires ont été mesurés.
La deuxiéme étude (Etude 2) était une étude de validation d’un QFA axé sur le calcium. La
troisitme étude (Etude 3) était une revue systématique de la littérature et méta-analyse d’essais
contrdlés randomisés, d’études de cohorte prospectives et de cas-témoins sur 1’association des
produits laitiers fermentés sur les parameétres de santé osseuse chez les femmes ménopausées. La
quatrieme étude (Etude 4) était un essai clinique contrdlé randomisé de 12 mois avec une
méthodologie similaire a I’Etude 1, avec 1’ajout d'un groupe témoin et des mesures biochimiques
supplémentaires, y compris I’interleukine-6, la leptine, ’adiponectine et la sclérostine.

Résultats: Les résultats de ’Etude 1 (#=9) ont démontré une bonne adhérence aux interventions
de I’é¢tude dans les deux groupes (£20% de I’apport cible total en calcium; >80% nombre de
comprimé). Le groupe CaSuppl a maintenu un apport moyen de calcium alimentaire
significativement plus faible que le groupe CaDiet tout au long de 1’essai (453+187 mg/jour
versus 1241£319 mg/jour, P<0,001). Il n’y avait aucun effet différentiel sur les biomarqueurs de
la santé¢ vasculaire ou osseuse entre les groupes et aucun effet indésirable n’a été signalé.

L’Etude 2 (n=108) a démontré la reproductibilité (r=0,72, P<0,001) et la validité relative
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(kw=0,42) du QFA de 51 items axés sur le calcium dans 1’estimation de 1’apport habituel en
calcium alimentaire chez les femmes ménopausées. L’Etude 3 comprenait 3 essais controlés
randomisés, 3 études de cohorte prospectives et 3 études de cas-témoins dans la revue
systématique, qui ont examiné la relation entre les produits laitiers individuels sur le risque de
fracture de la hanche (n=4), l'ostéoporose (n=2) et les marqueurs biochimiques du remodelage
osseux (n=3). La méta-analyse de 3 études sur I’association entre la consommation de yogourt et
le risque de fracture de la hanche a démontré un risque réduit (RR 0,76, IC a 95% 0,63-0,92),
mais aucune association n'a ét¢ identifiée dans la méta-analyse de 2 études sur I’association entre
la consommation de fromage et le risque de fracture de la hanche (RR 0,89, IC a 95% 0,73-1,10).
La qualité globale des preuves était trés faible. Les résultats de 1’Etude 4 (n=106) ont démontré
qu’aucune des interventions n’avait d’effet sur les marqueurs inflammatoires par rapport au
groupe témoin a 12 mois. Cependant, une diminution significative du télopeptide C-terminal de
liaison du collagéne de type 1 dans les deux groupes d'intervention a été observée a 12 mois. Une
diminution de la phosphatase alcaline osseuse a €té observée dans le groupe CaSuppl a la fin de
I’essai. La composition corporelle ne différait pas entre les groupes, mais il y avait une
augmentation statistiquement significative de l’indice de masse corporelle (26,1+4,4 versus
25,8+4.2 kg/mz, P=0,04) et du pourcentage de graisse corporelle (35,44+6,3 versus 34,5+6,2%,
P=0,03) dans le groupe CaDiet a 12 mois par rapport a 1’état initial.

Conclusion: Ces résultats suggérent qu’un apport en calcium provenant des sources alimentaires
ou principalement de suppléments équivalent a I’ANR ne favorise pas I’inflammation
systémique chez les femmes ménopausées en bonne santé. Une diminution significative des
marqueurs biochimiques du remodelage osseux suite a une intervention de 12 mois indiquent que

les deux sources de calcium ont des actions squelettiques bénéfiques similaires chez les femmes
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ménopausées qui ont un taux suffisant de vitamine D. Ces études apportent des preuves de
I’innocuité des sources alimentaires et supplémentaires de calcium chez les femmes

ménopausées en bonne santé.
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Preface and Advancement of Scholarly Knowledge

This doctoral dissertation is based on the Calcium Study, a randomized controlled trial
conducted in 2014-2018, that aimed to investigate the effect of supplemental calcium as
compared to dietary calcium on surrogate markers of vascular health in healthy postmenopausal
women. No prior prospective research was conducted to estimate the effect of supplemental
calcium on vascular endpoints as the primary outcome. Study 1 tested the feasibility of 12-month
dietary modifications to meet the RDA from dietary sources alone (1200 mg) or predominantly
from supplemental sources (750 mg calcium carbonate + 450 mg dietary). A calcium-focused
food frequency questionnaire, which included a comprehensive list of commonly consumed
calcium-rich foods in Montreal, Quebec, was developed and validated in postmenopausal women
in Study 2. In view of the emerging evidence suggesting differential health benefits from
individual milk products, Study 3 examined the relationship between fermented milk products
and bone health indicators in postmenopausal women by searching the literature systematically.
In line with evidence demonstrating an inverse relationship between fermented milk products
and cardiovascular disease risk, the meta-analysis showed a protective association between
yogurt consumption and hip fracture risk. These findings support the hypothesis that individual
milk products are nutritionally distinct and highlight the importance to examine the health effects
of individual milk products separately in investigational studies. Study 4 examined the effect of
dietary calcium and supplemental calcium interventions on selected inflammatory markers and
markers of bone metabolism. Results of the 12-month trial demonstrated a lack of effect on
markers associated with increased risk of vascular calcification from either dietary calcium or
supplemental calcium. Cross-sectional analyses of baseline and 12-month data also did not show

an association between total milk product nor individual milk product intake with the selected
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inflammatory markers. Results of this thesis provide high-level evidence to challenge the

concept that supplemental calcium increases cardiovascular risks, and supports current clinical

guidelines regarding the safety of calcium intake, from the diet and supplements below the

Tolerable Upper Intake Level of 2000 mg/day, for osteoporosis prevention.
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CHAPTER 1

Introduction



1.1 Background and rationale

The pivotal role of calcium in bone mineralization is well established. As an essential
nutrient, inadequate intakes are associated with lower bone mass and osteoporosis. In particular,
during the menopause transition period, the need for calcium from the diet is increased to counter
the accelerated bone loss. Approximately 2 million Canadians are affected by osteoporosis with a
prevalence of 21.3% in women and causing 80% of all fractures in adults over the age of 50
years, predominantly postmenopausal women and the elderly (1, 2). Major sources of dietary
calcium in the Canadian diet include milk, milk products, and fortified plant-based beverages.
Other foods such as dark leafy greens and almonds also provide calcium, but relatively less per
serving than dairy products. Despite the recognition of the important role of calcium in bone
health, over 80% of Canadian women >50 years do not meet the Estimated Average
Requirement (EAR, 1000 mg/day). The average calcium intake from food sources was ~800
mg/day in 2004 for women 51-70 years and ~700 mg/day for women >71 years (3).

Calcium supplements are economical and convenient alternatives to help meet the
recommended intakes for calcium and national surveys suggest that over half of women in North
America have taken calcium supplements (3, 4). Calcium supplements have shown a modest
decrease in fracture risk and are accepted as an option for those who cannot meet their needs
from dietary sources alone (5, 6). Calcium supplements are generally well tolerated but they can
cause gastrointestinal discomfort and when intakes exceed the Tolerable Upper Intake Level
(UL), there is an increased risk of renal lithiasis (7). However, results of two meta-analyses
raised important concerns regarding the safety of calcium supplements with regards to
cardiovascular health (8, 9). These reports suggested an increased risk of myocardial infarction

in individuals who received calcium supplements without vitamin D (hazard ratio [HR] 1.31,



95% confidence interval [CI] 1.02-1.67) or with vitamin D supplementation (HR 1.26, 95% CI
1.07-1.47). Concerns have been raised over the methodology of these meta-analyses and other
reports have documented opposite or inconclusive results (10-15). The available evidence was
derived from studies that aimed at examining bone health endpoints as primary outcomes due to
a lack of randomized controlled trials (RCTs) investigating the effect of supplemental calcium on
cardiovascular outcomes. Clinical data from an ancillary study showed no difference in carotid
intima-media thickness and carotid atherosclerosis between elderly women who were assigned to
1.2 g/day of supplemental calcium and those who took a placebo at 3 years (13). Interestingly,
the authors found that participants in the highest tertile of total calcium intake had reduced
carotid atherosclerosis compared with women in the lowest tertile (odds ratio [OR] 0.70, 95% CI
0.51-0.96). The evidence remains conflicting and the mechanism that underlies the speculated
adverse effects of supplemental calcium on vascular health remains unknown.

On the other hand, dietary calcium intake is generally associated with favorable
cardiovascular outcomes or no association (16-19). Previous studies have investigated the
association between milk and milk product consumption with coronary heart disease (CHD) and
a meta-analysis of 12 prospective cohort studies found no conclusive evidence to suggest an
increased risk associated with dairy intake due to inconsistencies in the results from studies (19).
Findings from other reports suggested that dietary calcium intake and milk product consumption
are favorable to cardiovascular health (18, 20-24). Epidemiological studies have consistently
reported an inverse association between dietary calcium intake and blood pressure (25-28), and
no adverse effect on blood lipid profile has been documented (29-32). Prospective cohort studies
of middle-aged and postmenopausal women have demonstrated an inverse relationship between

the highest dietary calcium intake and incidence of ischemic heart disease (33, 34). Similarly,



evidence from observational studies have consistently reported an inverse association between
milk product consumption and risk of stroke (20, 35, 36), cardiovascular disease (CVD) (37),
and myocardial infarction (38).

However, recent findings from a large Swedish cohort study associated high dietary
calcium intake and high milk intake with increased mortality (39, 40). The authors observed a
dose-dependent higher mortality rate with milk intake, predominantly from cardiovascular death,
whereas fermented milk product (FMP) consumption was associated with lower mortality risk. It
was hypothesized that the higher content of D-galactose in milk may be pro-inflammatory,
whereas the probiotic content found in FMP may exert anti-inflammatory properties to explain
the protective association of FMP against mortality risk (40). Yet, results of a dose-response
meta-analysis of prospective cohort studies showed no relationship between milk intake and
mortality, CVD, or CHD (41). Differences in exposures and dietary collection methods as well
as reverse causation may in part explain the inconsistencies observed in the Swedish cohort
compared to other population groups.

Furthermore, the suggested pro-inflammatory effects of milk have not been observed in
interventional studies. RCTs have not shown increases in circulating pro-inflammatory markers
following interventions of milk or milk products, though the studies were conducted in selected
populations of overweight subjects or adults with low-grade systemic inflammation (42, 43).
Nonetheless, an inverse relationship between dairy product intake and C-reactive protein (CRP)
concentrations has been reported in cross-sectional studies of healthy adults (22, 44). High dairy
diets have been shown to increase adiponectin significantly, an anti-inflammatory adipokine, as

compared to low-dairy diets in a blinded crossover study with obese subjects (45).



There is growing interest in the potential protective effects of FMP against chronic
diseases, including osteoporosis and CVD. Although dairy foods are well recognized as calcium-
rich foods, emerging research proposes that each type of dairy, such as milk, cheese and yogurt,
exerts varying health effects based on their unique and complex matrices of nutrients and non-
nutrients resulting from probiotics, fermentation and processing (46). Modest inverse
associations of total FMP with all-cause mortality and CVD have been reported in a meta-
analysis of 29 cohort studies (41). Findings of a recently published cohort study of Australian
women also suggest an inverse association between FMP consumption and CVD risk (47).

In view of the uncertainty regarding the safety of calcium supplements on vascular health,
dietary sources should be the preferred source of calcium. However, whether FMP provides
more health benefits than non-FMP requires further investigation.

1.2 Statement of purpose

There is an urgent need for clinical trials to investigate the effect of supplemental calcium
on vascular health related outcomes in postmenopausal women prospectively. The global aim of
this thesis was to examine the differential effects of supplemental calcium versus dietary calcium
on selected inflammatory markers and bone health biomarkers, as well as to investigate how

different types of milk and milk products affect bone health and vascular health.



1.3 Objectives and hypotheses
Study 1: Feasibility study (12-month duration)

Primary objective: Determine the feasibility of controlled dietary and supplemental
interventions of an RCT that aimed to assess the effect of supplemental calcium as compared
with dietary calcium on vascular and bone health outcomes in healthy postmenopausal women.

Secondary objectives: Explore the differential effects between supplemental and dietary
calcium on vascular and bone health biomarkers.

Hypothesis: It was hypothesized that high compliance to diet modifications and
supplemental interventions would be achieved through monthly nutritional counseling, and the
dietary intervention would associate with better outcomes such as reduced arterial stiffness,
blood pressure, and blood lipid profile.

Study 2: Calcium-focused food frequency questionnaire validation study

Primary objective: Develop and evaluate the relative validity of a calcium-focused food
frequency questionnaire (FFQ) to estimate usual dietary calcium and vitamin D intake of
postmenopausal women in Montreal, designed for the purpose of estimating dietary calcium
intake of postmenopausal women in a randomized controlled trial (Study 4).

Hypothesis: It was hypothesized that the semi-quantitative calcium-focused FFQ would
be in agreement with the reference method in the assessment of dietary calcium intake.

Study 3: Systematic review and meta-analysis of fermented milk products on bone health

Primary objective: In a meta-analysis, investigate the effect of FMP on bone mineral
density (BMD) and hip fracture risk in postmenopausal women or women > 50 years.

Secondary objective: Explore the effect of FMPs on bone turnover markers.



Hypothesis: It was hypothesized that FMP consumption would associate with more
benefits to bone health, such as greater BMD, lower incidence of fragility fractures, and lower
levels of bone turnover markers.

Study 4: Randomized controlled trial (12-month duration)

Primary objective: Examine the effect of dietary and supplemental calcium intake on
selected inflammatory and bone health biomarkers in healthy postmenopausal women.

Secondary objectives: Examine the effect of calcium, either from the diet alone or
predominantly from supplements, at the Recommended Dietary Allowance (RDA) level, on
body composition, and explore the association between different types of milk products with
inflammatory and bone markers.

Hypothesis: It was hypothesized that the dietary calcium intervention would be
associated with a more favourable effect on markers of inflammation and bone health markers

than a calcium intake predominantly derived from supplements.
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Literature Review



2.1 Introduction
2.1.1 Biological role and metabolism of calcium in humans

Calcium is an abundant mineral in the human body accounting for 2-4% of body weight
and 99% of the calcium in the body is stored in bone tissue and teeth as hydroxyapatite (48, 49).
The remaining calcium is found in the circulatory system, extracellular fluid, and soft tissues to
mediate biological processes as a secondary messenger such as muscle contraction, vasodilation,
muscle function, nerve transmission, intracellular signaling, and hormonal secretion (50).

Although calcium intake from food sources and nutritional supplements is a major
determinant of calcium balance, calcium ion concentration in the extracellular fluid is tightly
regulated by effector loops involving the parathyroid hormone (PTH), calcitonin and 1,25-
dihydroxyvitamin D (49). PTH is the primary and acute endocrine hormone responsible for
calcium homeostasis. When there is a fall in calcium concentration, PTH is released from the
parathyroid glands to restore ionized calcium levels by stimulating bone resorption. The release
of PTH also acts on the kidney to increase renal reabsorption of filtered calcium and to increase
the activity of vitamin D lo-hydroxylase thereby increasing the synthesis of 1,25-
dihydroxyvitamin D, also known as calcitriol (51). A key function of calcitriol is to regulate
calcium homeostasis through actions in the intestine, kidney and bone. Calcitriol increases blood
calcium levels by increasing dietary calcium absorption from the gastrointestinal tract and renal
tubular reabsorption of calcium, and by promoting the activation of osteoclasts to release calcium
from bone (52). In contrast, when serum calcium levels rise above normal, the thyroid gland
releases calcitonin to inhibit osteoclastic activity, increase calcium excretion and inhibit la-
hydroxylase activity. In summary, calcium homeostasis is a hormonally regulated integrated

process that mediates bone turnover, renal calcium excretion and intestinal absorption (53).



2.1.2 Calcium and bone integrity

The skeleton plays a structural role and is also the body’s mineral supply. Bone
remodelling is the natural process of bone resorption to break down old bone followed by
formation to replace with new bone. Bone balance changes throughout the normal lifespan,
depending on the relative rates of bone formation and resorption. Under normal conditions and
adequate nutrition, bone formation is greater than bone resorption from birth to late adolescence
to allow skeletal growth (54). Once peak bone mass is achieved in young adult years, bone
turnover is neutral with a balance between osteoblastic and osteoclastic activity. The non-
structural role of calcium stored in the bones during this period is to offset obligatory losses of
calcium through sweat, desquamated skin, and excreta (49). Later in life, the effects of the aging
process leads to a gradual and progressive decline of bone mineral density (BMD) as a result of
decreased bone formation, increased bone resorption, secondary hyperparathyroidism, and
reductions in both intestinal and renal tubular absorption of calcium (55). Although age-related
bone loss occurs in both men and women, women experience an accelerated loss of BMD at
menopause and may persist up to 10 years after menopause (55). The effect of estrogen
deficiency on bone is a loss of control over mediators of bone resorption, such as inhibition of
osteoclastic activity and suppression of the production of bone resorbing cytokines (55, 56).
Osteoporosis, a systemic skeletal disease, occurs when there is a decrease in either the quantity
or quality of bone, or both, leading to increased bone fragility and an increased susceptibility to
fractures. In Canada, the prevalence of osteoporosis is estimated to be 21.3% in women and
5.5% in men over the age of 50 y (1). A major clinical consequence of osteoporosis is the
increased risk of fragility fractures, which are becoming increasingly common in older women

and men, resulting in increased morbidity and mortality (57). The pathogenesis of osteoporosis is
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multifactorial and risk factors include increasing age, excess alcohol consumption, smoking,
genetics, sedentary lifestyle, poor diet quality and inadequate intakes of calcium and vitamin D.
As a result, calcium and vitamin D supplementation has been widely recommended to prevent
osteoporosis and fragility fractures.
2.1.3 Calcium requirements

Calcium is one of 21 essential nutrients required by humans in relatively larger quantities
in the diet compared to other nutrients. Given that the body can only store a finite amount of
calcium, a continuous adequate calcium intake is crucial to meet the needs to support the
structural role of the skeleton and to provide the quantities needed for cellular functions. Using
the body of evidence surrounding bone health outcomes, the National Academy of Medicine
(formerly called the Institute of Medicine) developed new Dietary Reference Intakes (DRIs) for
calcium (Table 2.1). The Estimated Average Requirements (EARs) and Recommended Dietary
Allowances (RDAs) for 1 year through 50 years of age relied primarily on calcium balance
studies, whereas the EARs and RDAs for postmenopausal women are higher to reflect the
greater loss of bone mass due to the effect of menopause (58). The Tolerable Upper Intake Level
(UL) for adults was based on data related to the incidence of renal lithiasis which were mainly

derived from research with postmenopausal women who took calcium supplements.
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Table 2.1 Dietary Reference Intakes (DRIs) for calcium (mg/day) by life stages

Life Stage Group EAR RDA UL
Infants
0-6 mo 200* 200* 1000
6-12 mo 260* 260* 1500
Children
1-3y 500 700 2500
4-8 y 800 1000 2500
Males
9-13y 1100 1300 3000
14-18 y 1100 1300 3000
19-30 y 800 1000 2500
31-50y 800 1000 2500
51-70y 800 1000 2000
>70'y 1000 1200 2000
Females
9-13y 1100 1300 3000
14-18 y 1100 1300 3000
19-30y 800 1000 2500
31-50y 800 1000 2500
51-70y 1000 1200 2000
>70'y 1000 1200 2000

EAR, Estimated Average Requirement; RDA, Recommended Dietary Allowance;
UL, Tolerable Upper Intake Level

* Adequate Intakes (Al) are recommended when there is not sufficient evidence
available to establish an EAR. The Al covers the needs of all healthy individuals in
the group (50).



2.2 Calcium Sources
2.2.1 Dietary calcium

In Canada, milk and milk products are the main contributors of calcium in the diet (Table
2.2). Aligning with the DRIs set by the National Academy of Medicine, Milk and Alternatives
was a standalone food group in the 2007 Canada’s Food Guide (59). One serving of milk (250
ml), yogurt (175 g), or cheese (50 g) generally provides 300 mg of calcium. Greek yogurts, a
style of yogurt that has emerged into the marketplace in recent years, have a calcium content that
can range from 100 mg to 500 mg per portion, depending on the manufacturers. Greek yogurts
are different from regular yogurts not only from their sensory properties, but the former type
generally has a higher protein content per serving than regular yogurts.

Beyond calcium, individual dairy products are unique in their nutrient and non-nutrient
compositions as a result of fermentation and processing. Dairy products can be further
categorized as fermented milk products (FMPs), which include cheese and yogurts, and non-
FMPs. There is growing interest in research to demonstrate the varying health effects of FMPs,
such as protective effects against cardiovascular disease (CVD), diabetes, and fractures (46).
These advances in science suggest that future dietary guidelines may need to consider each dairy
type separately based on their different effects on health.

Calcium is also found in many non-dairy sources, either naturally or from fortification. In
Canada, mandatory fortification of foods with calcium for adults is limited to meal replacement
products and nutritional supplements (60). Under the Food and Drugs Act of Health Canada,
voluntary fortification with calcium is permitted for some foods, including flour, plant-based
beverages, and orange juice (60, 61). Plant-based beverages fortified with calcium serve as milk

alternatives and also provide approximately 300 mg of calcium per serving of 250 ml (62). Non-
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enriched soy beverages also contain calcium, but only provides 80 mg per 250 ml (62). Tofu
prepared with calcium provides 100-300 mg of calcium per serving whereas soft tofu only
provides 80 mg per serving (62). Canned salmon with bones contain approximately 200 mg

calcium per 75 g serving (62).
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Table 2.2 Calcium content of some common foods in Canada’

Food CFG Serving Calcium (mg)
size’ Per CFG serving’  Per 100 g serving
Milk and milk products
Fluid milk 250 mL 321 124
Plain yogurt 175 g 294 168
Fruit yogurt 175 g 228 130
Hard cheese 50g 535 1070
Firm cheese 50g 343 687
Soft cheese 50g 148 297
Non-dairy foods
Plant-based beverage fortified 250 mL 333 129
with calcium
Tofu prepared with calcium 150 g 290 264
Canned salmon with bones 75¢g 191 255
Kale, raw 250 mL 96 135
Spinach, raw 250 mL 31 99
Almonds 60 mL 76 253
Broccoli 125 mL 44 47
Beans, cooked 175 mL 55 47
Orange 1 medium fruit 65 43
Bread 1 slice (35 g) 45 129

CFG@G, Canada’s Food Guide 2007.

! Values presented are averages calculated items included in the Canadian Nutrient File 2015
(59, 62).

2 Servings sizes as per the 2007 Canada’s Food Guide (63).
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2.2.2 Calcium supplements

There are different forms of calcium supplements and they vary considerably in
characteristics and costs. The most common forms are calcium carbonate and calcium citrate,
and they have comparable bioavailability (34.2% vs. 37.9% absorption efficiency per 300 mg
load, respectively) (64). Calcium carbonate is associated with more gastrointestinal side effects,
whereas calcium citrate is generally better tolerated (65). For that reason, it is recommended to
take calcium carbonate with meals.
2.2.3 Trends in calcium intake in postmenopausal women

Data from the 2004 Canadian Community Health Survey (CCHS) showed that over 80%
of Canadian women >50 years had a calcium intake below the EAR from dietary sources (3).
More specifically, the average dietary calcium intake was 751 mg/day (95% CI 725-776) for
women of 50-70 years and 689 mg/day (95% CI 659-719) in women >70 years. Among users of
supplements containing calcium (49% and 45.9% of women of 50-70 years and >70 years,
respectively), the prevalence of total calcium intake below the EAR ranged from 26.9% to 33.3%.
Milk and milk products were the main dietary sources of calcium, consistent with national
nutritional recommendations which have been advocating daily consumption of milk and milk
alternatives to effectively obtain calcium and vitamin D (59). However, comparison of dietary
data of the 2015 survey cycle of the CCHS showed no improvement in the overall consumption
of milk and milk alternatives in 2015 compared to 2004 in older adults >55 years with a national
average of 1.4 servings/day in both survey cycles (66). Although the report did not explicitly
examine the adequacy of calcium intake, these observations may imply low intake of calcium
since milk and milk products such as yogurt and cheese are also major contributors of dietary

calcium in Canada. Thus, these findings suggest that inadequate calcium intake remains a public
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health issue among Canadians, especially in older women (66, 67).

Use of calcium supplements have declined by 5.5% in 2015 from 2004 among women
>50 years (68). The combination of low dietary calcium intake and decreased use of calcium
supplements puts more women at risk of calcium inadequacy, and consequently has the potential
to increase the prevalence of osteoporosis and incidence of fragility fractures. The decrease in
calcium supplement use may likely have been the result of the uncertainty regarding the safety of
supplemental calcium on cardiovascular risk, which became a public concern following the
publication of a meta-analysis in 2010 and will be discussed in the next section.

2.3 Association of calcium intake with vascular health risk
2.3.1 Dietary calcium studies and vascular health outcomes

CVD is the second leading cause of mortality in women >50 years globally, with
coronary artery disease (CAD) and stroke representing 23% and 18% of cause of death,
respectively (69, 70). Most epidemiological studies have demonstrated an inverse association
between dietary calcium intake and risk factors of CVD, including blood pressure (25-28) and
blood lipid profile (29-32). Similarly, studies have shown an inverse association between
consumption of dairy foods, such as milk, yogurt, and cheese, and vascular health markers and
related outcomes. Data from observational studies have shown that higher consumption of dairy
associated with more favorable measurements of blood pressure (71-73), arterial stiffness (74-
76), and carotid intima-media thickness (cIMT) (77) compared to lower intakes. Some reports
suggested that dairy food consumption may also be inversely associated with the risk of stroke
(20, 35, 36), CVD risk (37), and myocardial infarction (78) . The evidence thus far suggests that
dietary approaches to increasing calcium intake are favorable to cardiovascular health (18, 20-23,

79).
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However, the relation between dietary calcium intake and dairy food intake and CVD and
related mortality is supported by contradictory or inconclusive evidence in women. Findings
from a large prospective cohort study (n=61,433), with an average follow-up of 19 years,
suggested a trend in increased mortality from all-causes (HR 1.40, 95% CI 1.17-1.67) in Swedish
women who consumed >1400 mg/day of dietary calcium (39), and total calcium intake from
dietary and supplemental sources >1400 mg/day was associated with all-cause (HR 1.40, 95% CI
1.25-1.57) and cardiovascular mortality (HR 1.51, 95% CI 1.23-1.84). Evidence from other
prospective cohort studies and meta-analyses did not support the suggested risk of mortality
associated with high dietary calcium intake, though high intakes were less common in other
cohorts (15, 80-83). In the Canadian Multi-center Osteoporosis Study (CaMOS), a population-
based longitudinal cohort (n=9423) with a 10-year follow-up, high calcium intake (>1200
mg/day) did not associate with all-cause mortality (80). On the contrary, the results suggested a
beneficial trend towards reduced mortality risk (HR 0.95, 95% CI 0.89-1.01) per 500 mg
increase in daily calcium intake, up to 1000 mg/day, among women. Nonetheless, low calcium
intake associated with increased risk of mortality in both Swedish and Canadian cohort studies.
The UK Biobank cohort (n=497,828) also examined the association of dietary calcium intake
with mortality over an average follow-up of 4.2 years (15). Dietary calcium intake did not
associate with all-cause or cause-specific mortality (P=0.80). However, dietary calcium intake
data was derived from a single 24-hour recall in a sub-sample of participants (#=68,795) whereas
a FFQ was used to estimate usual dietary calcium intake in the Swedish Mammography Cohort
and the CaMOS cohort. The inconsistency in the evidence may be due to the scarcity of data
regarding very high total or dietary calcium intakes, differences in dietary assessment methods

and duration of follow-up, or possibly influences by reverse causation.
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The relation between milk intake with mortality risk was also examined in the literature.
Results from two large Swedish cohorts suggested that milk intake is associated with higher
mortality in women and men. For every glass of milk, the adjusted HR of all-cause mortality was
1.15 (95% CI 1.13-1.17) in women and 1.03 (95% CI 1.01-1.04) in men (84). Interestingly,
consumption of FMPs such as yogurt and sour milk inversely associated with mortality in
women. A hypothesized explanation for the varying effects between non-FMPs and FMPs on
CVD and mortality may be related to the higher lactose and galactose content found in milk,
which is believed to induce oxidative stress and inflammation (84). A dose-dependent higher
mortality rate with higher milk intake was observed, predominantly from cardiovascular death,
and positive associations between milk intake and markers of inflammation over a 20-year
period were documented (40).

Multiple reports have since been published and found opposite or null effect of milk on
cardiovascular risk (83, 85, 86). For instance, self-reported milk consumption was inversely
associated with all-cause mortality (OR 0.92, 95% CI 0.86-0.98) but not with cardiovascular
mortality (0.93, 95% CI 0.81-1.07) among participants of the UK Biobank cohort. However, the
inverse association between milk consumption and all-cause mortality was only borderline in
younger participants (OR 0.93, 95% CI 0.86-1.00) and null in older participants (OR 0.99, 95%
CI 0.89-1.11) following stratification by age group (<65 years and >65 years) (86). In a large
multinational prospective cohort study with a median follow-up of 9.1 years, higher milk intake
(>1 serving/day) associated with a reduced risk of composite of death or CVD (HR 0.90, 95% CI
0.82-0.99) (83). On the other hand, there were some consistent evidence to support the
differential health effects of FMPs and non-FMPs. For instance, consumption of FMPs such as

cheese, yogurt and fermented milk was associated with modestly lower risk of total mortality and
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CVD, with 2% lower risk of each per serving of 20 g/day (41). Another report found no
consistent association between non-FMP or FMP consumption on mortality (87).

The overall evidence indicates a suggestive beneficial effect of dairy food consumption,
especially from FMPs, on cardiovascular health. The inconsistent findings may be explained by
the overall higher dairy consumption in the Swedish cohort, Sweden being the third highest
consumers in the world (88). The benefits exclusively associated with FMP are an emerging area
of research, yet research on the impact of dairy product consumption has often explored the
effect of total dairy intake. Thus, there is an urgent need for future studies to examine specific
dairy product types separately to better understand their individual impact on health.

2.3.2 Calcium supplementation studies and cardiovascular health outcomes

Findings from meta-analyses of randomized controlled trials (RCTs) have suggested
small but significant improvements in vascular risk factors, such as blood pressure (89-92) and
serum lipid concentrations (93), following calcium supplement interventions. Yet, the effect of
calcium supplementation, with or without vitamin D co-supplementation, on blood pressure
reduction could not be confirmed by other meta-analyses of RCTs (94-96) and the mechanisms
have not been clearly established. On the other hand, potential adverse effects of calcium
supplementation on vascular calcification and mortality have been documented in patients with
renal compromise (97). Reports have suggested that supplemental calcium may also be
associated with increased cardiovascular health risk in generally healthy women with no renal
impairment, but uncertainties remain due to inconsistent findings and the lack of high quality
evidence to prospectively examine the effect of calcium supplementation on the vasculature.
Results of an RCT and two subsequent meta-analyses of randomized trials reported increased

risk of cardiovascular events associated with calcium supplementation in women (8, 9, 98). The
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retrospective meta-analyses of RCTs indicated an increased risk of myocardial infarction in
individuals who received calcium supplements without vitamin D (HR 1.31, 95% CI 1.02-1.67)
(8) or with vitamin D (HR 1.26, 95% CI 1.07-1.47) (9). However, other reports have documented
a lack of effect as shown in Table 2.3 (14, 81, 99, 100).

The inconsistent evidence may be explained by multiple reasons. Methodological
differences were especially flawed in the two meta-analyses that had initially raised the concern
regarding the safety of calcium supplements. Furthermore, studies included in these meta-
analyses were limited by inadequate compliance with calcium supplement intervention, use of
non-trial calcium supplements, potential bias in event ascertainment, and lack of adjustment for
known CVD determinants. Furthermore, the RCTs were not originally designed to examine
cardiovascular endpoints as their primary or secondary outcomes. Instead, most studies were
conducted in the context of osteoporosis prevention. The dosage and adherence to the study
supplements varied across studies. A major limitation of calcium supplementation studies is the
rare consideration for the participants’ usual dietary calcium intake. Consequently, total calcium
intakes, which is the sum of calcium from study supplements and background calcium intake,
often exceed the RDA and often approach or even exceed the UL. The latter case may require
more careful consideration since a total calcium intake below the UL was not shown to be
associated with CVD risk in generally healthy adults (81).

If supplemental calcium is adversely associated with vascular health, the mechanism
underlying these effects remains unclear. One suggested mechanism is via a progressive
hypercalcemia-mediated arterial calcification and aortic stiffness (101, 102). An ancillary study
of an RCT assessed the effect of 1.2 g/day of supplemental calcium on cIMT and carotid

atherosclerosis but found no increase in either subclinical or clinical atherosclerosis compared to
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placebo in elderly women after 3 years (13). There remains important knowledge gaps urging the
need for prospective calcium trials to provide high level evidence elucidating the effect of

supplemental calcium on vascular health in postmenopausal women.
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Table 2.3 Results of meta-analyses examining the effect of supplemental calcium on cardiovascular risk

Authors and  Number Dosage of  Trial Meta-analysis results Direction of findings (risk) and overall quality or risk
year of studies  calcium duration (RR or OR, 95% CI) of bias of trials"?
Bolland etal. 15 RCTs 0.5-2 g/day 2-5y Calcium only 1 M1, < Stroke,
2010 (8) MI: RR 1.27 (1.01-1.59) <> MI, stroke or sudden death
Stroke: RR 1.12 (0.92-1.36)
MI, stroke, or sudden death: RR 1.12 The authors provided a narrative description of the quality
(0.97-1.30) of the studies. All studies were double blinded,
randomized trials. Few studies may be at higher risk of
selection bias and other biases.
Calcium with vitamin D co-supplementation trials were
not included.
Bolland etal. 9 RCTs 0.5-1.5 2-5y Calcium with or without vitamin D co- 1 MI, < Stroke, T MI or stroke
2011 (9) g/day supplementation
MI: RR 1.24 (1.07-1.45) The authors did not assess the quality of the included
Stroke: RR 1.15 (1.00-1.32) RCTs, but 8 of the nine studies were included in their
MI or stroke: RR 1.15 (1.03-1.27) previous meta-analysis (8), with the inclusion of studies
with vitamin D co-supplementation. However, 46% of
participants from the Women’s Health Initiative
Calcium/Vitamin D Supplementation Study were excluded
from the analysis.
Mao et al. 9 RCTs 0.6-1.2 -7y Calcium only < Major CV events, <> MI,
2013 (99) g/day Major CV events: OR 1.16 (0.97-1.40) <> Stroke
MI: OR 1.28 (0.97-1.68)
Stroke: OR 1.14 (0.90-1.46) Quality of studies based on Jadad scores: 4 studies were of
low quality and 7 studies were of high quality. The median
Calcium with vitamin D co- score was 4 (range: 1-4).
supplementation
Major CV events: OR 1.06 (0.94-1.19)
MI: OR 1.06 (0.92-1.21)
Stroke: OR 0.98 (0.86-1.13)
Lewis et al. 18 RCTs 0.5-1.6 1-7y Calcium with or without vitamin D co- < CHD events or mortality, <> MI, <> Angina pectoris,
2015 (14) g/day supplementation <> Chronic CHD

CHD events: RR 1.02 (0.96-1.09)
CHD mortality: RR 1.04 (0.88-1.21)
MI: RR 1.08 (0.92-1.26)

Angina pectoris: RR 1.09 (0.95-1.24)
Chronic CHD: RR 0.92 (0.73-1.15)

Risk of bias of studies:
6 trials were at higher risk of performance and detection
bias, 4 of which were also at a higher risk selection bias.
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Table 2.3 (Continued)

Authors and  Number
year of studies

Dosage of  Trial Meta-analysis results (RR or OR, 95%  Direction of findings (risk) and overall quality or risk
calcium duration CI) of bias of trials"?

Jenkins et al. 20 RCTs Not 6 mo to Calcium only > All-cause mortality, <> CVD mortality, <> Total CVD
2018 (103) reported 8y All-cause mortality: RR 1.08 (0.97-1.21)  risk, <> Ml risk
CVD mortality: RR 1.24 (0.27-5.65)
Total CVD risk: RR 1.43 (0.79-2.59) The authors used GRADE to evaluate the quality of the
Ml risk: RR 1.69 (0.94-3.04) evidence for each outcome.
Calcium and Vitamin D Calcium only
All-cause mortality: RR 0.95 (0.90-1.01)  Very low quality for CVD mortality and total CVD risk.
CVD mortality: RR 0.92 (0.77-1.11) Low quality for MI
Total CVD risk: RR 1.03 (0.94-1.12) Moderate quality for all-cause mortality
Calcium and Vitamin D
Low quality for CVD mortality and total CVD risk
Moderate quality for all-cause mortality
Yang et al. 16 RCTs 1-1.2 g/day 6 mo to Calcium with or without vitamin D co- > Stroke, < CVD, 1 M1,
2019 (104) 7y supplementation 1 CHD

CVD risk: RR 0.99 (0.93-1.05)

CHD: RR 1.08 (1.02-1.22)
Stroke: RR 0.85 (0.61-1.20)
MI: RR 1.14 (1.05-1.25)

Quality of studies based on Jadad scores: 3 studies were of
low quality and 13 studies were of high quality. The
median score was 4 (range: 1-5).

CHD, coronary heart disease; CVD, cardiovascular disease; MI, myocardial infarction; OR, odds ratio; RCT, randomized controlled trials; RR, relative risk
! Methodological quality of trials were assessed by the authors of the respective systematic reviews and meta-analyses. When such data is not available, a summary statement of

the overall quality is provided.

2 Jadad score is based on randomization, concealment of treatment allocation, blinding, completeness of follow-up, and the use of intention-to-treat analysis. Studies with a score
between 0 and 2 were considered to have low quality and studies with a score between 3 and 5 were considered of high quality (105, 106).
3 Quality and risk of bias assessed using the Risk of Bias Tool developed by the Cochrane collaboration. Domains included random sequence generation, allocation concealment,
blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data addressed, and selective reporting (107).
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2.4 Inflammation, cardiovascular health and bone health
2.4.1 Inflammation and cardiovascular health

Along with vascular calcification, endothelial dysfunction and intimal thickening,
inflammation is one of the main features of atherosclerosis (108-110). Pre-clinical models have
demonstrated a spatial and temporal relationship between inflammation and vascular
calcification, in which inflammation dominates in the early stages of atherosclerosis while
osteogenic activity predominates in the later phase in arterial calcification (111). Micro-
calcification, the initial deposition of calcium hydroxyapatite, may induce further inflammatory
responses (112).

Several inflammatory markers have been associated with coronary arterial calcification,
CVD and mortality, including CRP, cytokines and adipokines (113-116). Elevated levels of
inflammatory markers, particularly CRP, the most extensively studied marker of inflammation,
indicate an increased risk of CHD (117). CRP is one of the most sensitive acute phase reactants
that is produced predominantly by the liver in response to high concentrations of cytokines such
as interleukin-6 (IL-6) and tumor necrosis factor-alpha (118). Although mounting evidence
suggests that CRP may not play a direct pathogenic role in atherogenesis, elevated
concentrations of CRP have been consistently shown to be a prognostic marker of adverse
cardiovascular events independent of the ratio of total cholesterol to high-density lipoprotein
cholesterol, low-density lipoprotein cholesterol, or other risk factors (119-122). The possible
mechanistic role of CRP in atherogenesis is highly complex, exerting pro-atherogenic effects in
many cells involved in plaque deposition (123). For instance, CRP may facilitate the adherence
and migration of monocytes into vessel wall (124). CRP also catalyzes the pro-inflammatory

trigger in plaque deposition by M1 macrophage polarization contributing to plaque infiltration
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and in atherosclerotic lesions (125). Prospective epidemiological studies have demonstrated a
consistent relationship between elevated serum and plasma concentrations of CRP and
prevalence of subclinical atherosclerosis, risk of recurrent cardiovascular events, and incident
cardiovascular events (126-132). Similarly, epidemiological evidence supports the value of high
sensitivity CRP (hsCRP) in predicting CVD and vascular disease progression (116, 126). The
addition of hsCRP concentration to the global risk assessment by the Framingham Risk Score
has been shown to improve the prediction of CVD events (131, 133, 134).

Although there is extensive evidence indicating CRP as an important inflammatory
biomarker associated with increased CAD, IL-6 plays an earlier and more central role in pro-
inflammatory regulation process than CRP (135). Elevated concentration of IL-6 is one of the
most potent drivers of CRP production and is released from vascular smooth muscle cells in
response to atherosclerosis (136) Evidence from the literature has shown a positive association
between high circulating concentrations of IL-6 and severe carotid stenosis, myocardial
infarction, stroke, mortality and progression to heart failure (137-144). Furthermore, two large
meta-analyses incorporating genetic and biomarker data have confirmed the crucial role played
by IL-6 and IL-6 receptors (IL-6R) in the generation of inflammation and a dose-dependent
association with CHD risk (145, 146). Several clinical trials have demonstrated the effectiveness
of anti-inflammatory therapeutic agents that target IL-6 and IL-6R in decreasing the risk of
cardiovascular-related events (147, 148).

Accumulating evidence indicates that adipokines, which are biologically active proteins
secreted by adipose tissues, also exert pro-inflammatory and anti-inflammatory effects (149,
150). Leptin is an adipokine that plays a critical role in the regulation of energy balance and its

concentrations are directly associated with adipose tissue mass (151). Unbalanced secretion of
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leptin may contribute to impaired insulin signaling and a state of inflammation leading to the
development of metabolic syndrome. For instance, leptin-induced pro-inflammatory and
atherogenic effects include vascular inflammation, thrombosis, arterial stiffness, vascular smooth
muscle hypertrophy, angiogenesis and hypertension (152, 153). Leptin concentrations have been
associated with arterial stiffness and higher leptin concentrations have been found in patients
with uncontrolled hypertension compared to those with controlled blood pressure (154, 155).
Moreover, higher plasma concentrations of leptin were found to be inversely associated with
vasodilation in resistance arteries in the elderly population (156), suggestive of a mediating role
of leptin in the regulation of endothelial function contributing to the development of aortic
mechanical dysfunction and arterial stiffness. Several possible mechanisms have been proposed,
such as an enhanced neointimal and medial thickening in injured arterial walls, altered
modulation of the renin-angiotensin-aldosterone system, stimulation of the proliferation and
migration of vascular smooth muscle cells, and abnormal generation of reactive oxygen species
(157-160). Observational studies have found positive associations of leptin levels with the
severity and lesion complexity of coronary atherosclerosis, as well as poor clinical outcomes
related to ischemic and hemorrhagic strokes (161). Serum leptin concentrations may strongly
predict a first-ever acute myocardial infarction, and correlates with the number of diseased
vessels in patients with acute myocardial infarction (162, 163). However, a meta-analysis of
case-control and nested-case control studies reporting a lack of association between leptin levels
and risk for CHD and stroke (164). It is possible that the association of leptin with CHD is
largely dependent on BMI (165), but studies with obese and non-obese adults have shown leptin
levels to be an independent predictor of cIMT and carotid plaque instability (166, 167). Although

the detrimental effects of leptin on the cardiovascular system requires more thorough
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investigation, the overall body of evidence indicates that hyperleptinemia associates with the
presence and severity of CHD, stroke, increased cIMT and carotid plaque instability (152).

In contrast to leptin, plasma adiponectin is inversely related to visceral fat mass and BMI
(168). Experimental evidence has shown that adiponectin has anti-atherogenic and anti-
inflammatory properties, with demonstrated protective effects against endothelial dysfunction,
atherosclerosis and hypertension (169, 170). Adiponectin circulates at high concentrations in
different isoforms (high, middle, and low molecular weight) in healthy individuals (171).
Increased levels of adiponectin are generally associated with decreased risk for CVD (151, 172).
Similarly, adiponectin levels are significantly lower in patients with CAD compared with healthy
subjects (173), albeit previous meta-analyses reporting conflicting results with regards to the
association between adiponectin and CHD (174, 175). The conflicting results may be due to the
heterogeneity in the assessment of different isoforms of adiponectin given that the high
molecular weight isoform is the most physiologically active (171). Findings of a meta-analysis of
observational studies suggest that adiponectin provides cardio-protective benefits in the early
development of atherosclerosis, but only in selected populations (176). In patients with severe
carotid stenosis, adiponectin associated with lower risk of adverse cardiovascular events and
inversely associated with chronic low-grade inflammation (177). Adiponectin may be considered
as a biomarker of metabolic compensation where hyperadiponectinaemia may be a signal of an
anti-inflammatory response to CVD severity (150, 177).

Although the evidence is mainly derived from observational studies with some
inconsistent results, there is strong evidence to link CRP, IL-6 and leptin with worse

cardiovascular-related clinical outcomes, and adiponectin as a cardio-protective mediator.
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2.4.2 Inflammation and osteoporosis

The role of inflammatory markers on bone remodeling have been observed in in vitro and
in animal studies (178). The effects of inflammation on the pathogenesis of osteoporosis result in
stimulation of osteoclastic activity and inhibition of osteoblastic activity (179). There is also
considerable evidence from prospective observational studies identifying a relationship between
elevated levels of inflammatory biomarkers with bone loss and risk of non-traumatic fractures in
older adults (180-184), though the relationship may vary between inflammatory markers. Data
on the longitudinal relationship between inflammatory markers and BMD in particular are
lacking.

Cross-sectional studies found no association between IL-6 and BMD in postmenopausal
women (185, 186). Yet, prospective studies have consistently shown IL-6 to be positively
associated with greater bone loss (180, 187) and increased risk of hip fractures (183, 188).
Although few studies reported an association between CRP and low BMD in older women (180,
189), the literature consistently showed an inverse relationship between CRP and incidence of
non-traumatic fractures in elderly women (184, 190-194).

Leptin is involved in bone metabolism in various ways through both central,
neureoendocrine signaling pathway and peripheral pathways (195). Via the central pathway,
leptin inhibits bone formation via the hypothalamus and sympathetic nervous system by either
suppressing osteoblast proliferation or by promoting osteoclastic activity via increasing the
expression of the receptor activator nuclear factor-kB ligand (RANKL) (196-199). In contrast to
the antiosteogenic effects of leptin via the central pathway, leptin secreted into the peripheral
circulation by adipose tissue has anabolic actions on bone metabolism through interaction with

the bone marrow mesenchymal stem cells, osteoblasts, osteoclasts and chondrocytes (200-202).
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However, the exact role that leptin plays in the development of osteoporosis remains unclear.
Further investigation is required to elucidate the complex mechanism underlying the regulations
of leptin on bone metabolism. Previous investigations in obese, leptin-deficient mice suggest that
leptin signaling on bone differs among different skeletal regions as well as between cortical and
trabecular bone (203). Epidemiological evidence on the association between leptin
concentrations and BMD are mixed. In a study in postmenopausal women without central
obesity, leptin concentrations negatively associated with total hip BMD and femoral neck BMD
(204). However, other observational studies reported either no association (205, 206) or a
positive association with BMD in postmenopausal women (207-209). The discordant findings on
the association of leptin concentrations with BMD may be confounded by body composition
parameters such as body mass index (BMI) and fat mass (210). Currently, there is limited data
examining the relation between circulating concentrations of leptin and non-traumatic fracture
risk. Longitudinal evidence from one cohort study showed a reduced risk of nontraumatic
fracture in the middle (RR 0.26, 95% CI 0.09-0.70) and highest tertile (RR 0.25, 95% CI 0.09-
0.74) leptin groups compared to the lowest tertile group after adjustment for body weight and
other potential confounding variables (P=0.02), suggesting that higher levels of serum leptin may
be associated with lower nontraumatic fracture risk independent of body weight (211).
Adiponectin also influences bone metabolism by inducing osteoclast proliferation and
differentiation (212). Adiponectin increases osteoclast activity via the activation of RANKL and
inhibition of osteoprotegerin (OPG), resulting in reduction in BMD (212). Evidence from a
meta-analysis showed that adiponectin consistently negatively associates with BMD of the
lumbar spine, total hip, and total body in postmenopausal women and men, independent of fat

mass and BMI (210). Similarly, one study observed a greater annualized rate of hip BMD loss of
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—0.67% in the highest tertile of serum total adiponectin (range: 16.0-49.0 ng/mL) compared to
—0.43% in the lowest tertile (range: 1.0-9.0 pg/mL) in elderly women (P-trend=0.019) (206).
Observational data showed that higher levels of adiponectin (range: 11.0-53.0 ug/mL) may be
predictive of high risk of fractures compared with lower levels (range: 1.0-6.0 pg/mL) in men
(P-trend=0.007), but the relationship between adiponectin levels and fracture risk in
postmenopausal women is supported by mixed data from cross-sectional observations (213, 214).
Furthermore, little is known regarding the actions of the adiponectin isoforms in bone
metabolism. The few studies that have evaluated the association between high molecular weight
(HMW) adiponectin and bone health demonstrated that BMD was significantly associated with
total adiponectin rather than HMW adiponectin (215-217). HMW adiponectin also negatively
associated with BMD of the lumbar, femoral neck in postmenopausal women without central
obesity (204), yet no effect on bone mass was observed in other studies (218).

Despite the lack of clinical studies examining a causal relationship, the current body of
evidence is consistent and suggests that reducing systemic inflammation may represent an
important approach to reduce fracture risk in population groups at high risk of osteoporotic
fractures.

2.4.3 Link between osteoporosis and cardiovascular disease

Osteoporosis and CVD are two major public health problems, both associated with high
morbidity and mortality. Many studies have shown an association between CVD and
osteoporosis, suggesting that low BMD may be associated with CVD, subclinical measures of
atherosclerosis, cardiovascular events and mortality (219-221). Similarly, a recent meta-analysis
of cross-sectional and prospective studies reported that subjects with prevalent subclinical CVD

had higher risk for increased bone loss and fractures than subjects without CVD (222),
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suggesting a possible bi-directionality between the bone and vascular systems (220).
Epidemiological data from cross-sectional and prospective cohort studies have consistently
shown an inverse association between BMD and aortic calcification (223-231). Similarly,
prospective cohort studies reported that severe aortic calcification associates with fragility
fractures (230, 232-236). Severe aortic calcification may be associated with a 2.3-fold increase
risk in proximal femur fractures (OR 2.3, 95% CI 1.1-4.9) (230), 3.15-4.8 greater risk in
vertebral fractures (HR 3.15, 95% CI 1.35-6.18; HR 4.8, 95% CI 3.6-6.5) (225, 232), and 1.93-
fold increase in non-vertebral fractures (HR 1.93, 95% CI 1.54-3.26) (232) in postmenopausal
women.

In fact, osteoporosis and CVD share many common etiological factors, such as aging,
menopause, dyslipidemia, smoking, alcohol consumption, and low physical activity (220). The
two conditions also share common pathophysiological mechanisms, such as chronic low-grade
inflammation and oxidative stress. Cross-sectional data suggest that adiponectin and leptin are
related to markers of bone and vascular health in postmenopausal women and may contribute to
the observed association between osteoporosis and CVD (214). Data from animal studies showed
that leptin promotes osteogenic differentiation and vascular calcification (237). On the contrary,
adiponectin reduces vascular calcification processes by either reducing cell apoptosis or
attenuation of osteoblastic differentiation of vascular smooth muscle cells (238-240). However,
the causal relationship between adiponectin and leptin with bone and cardiovascular health
remains to be evaluated.

Although the nature of the putative link between osteoporosis and CVD remains unclear,
vitamin D metabolism, hyperparathyroidism, and the receptor activator of RANKL/OPG

pathway are implicated in the pathogenesis and progression of the two diseases (241). The

32



essential role of vitamin D for optimal calcium absorption and for bone mineralization is well
established (242). Severe or prolonged vitamin D deficiency leads to rickets in children and
osteomalacia in adults, and can exacerbate osteoporosis in older adults (243). Regarding the
effect of vitamin D on cardiovascular health, observational studies have consistently associated
vitamin D deficiency with increased risk for CVD and hypertension (244-249). However, a
recent large scale trial (n=25,871) evaluated the effect of higher-dose vitamin D (2000 IU/day)
on major cardiovascular events in men >50 years and women >55 years in the United States and
vitamin D supplementation did not lead to a significantly lower incidence of a composite of
major cardiovascular events (250). Further investigation with different doses of vitamin D is
needed to confirm these observations, especially in vitamin D deficient individuals. Still, if
vitamin D can reduce the incidence of major cardiovascular events, then the vasculo-protective
properties of vitamin D may involve the activation of vasodilatory and antithrombotic gene
programs (251, 252). In addition, vitamin D may also modulate the effects of inflammatory
cytokines involved in bone metabolism and vascular integrity by suppressing the expression of
multiple inflammatory cytokines (e.g., tumor necrosis factor alpha, 1L-6, IL-1, and IL-8) (243).
Taken together, this underlines the importance of assessing vitamin D status of participants in
clinical trials with vascular health and bone health outcomes.

PTH is involved in age-related bone loss and bone fragility by acting as a key hormone
regulating calcium homeostasis (253). Chronic hyperparathyroidism has been associated with
hypertension, disturbances in the renin-angiotensin-aldosterone system, aortic stiffness, vascular
calcification, increased CVD risk as well as increased cardiovascular mortality (220, 254-257).
However, results of a Mendelian randomization study of individuals with a genetic

predisposition to higher serum PTH concentrations did not show it being an independent risk
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factor for CAD (258). These findings suggest that it is possible that the observed association
between higher PTH concentrations with increased risk of CVD events could be a marker for
another factor involved in the pathway leading to CVD events (256).

The RANK/RANKL/OPG axis is implicated in the pathogenesis of osteoporosis and
CVD (259). OPG is a key regulator of bone resorption by serving as a decoy receptor for
RANKL and inhibiting osteoclast activation (260). Low OPG levels have been associated with
higher prevalence of osteoporosis and vertebral fractures in postmenopausal women (261). OPG
also plays a role in vascular calcification, atherosclerosis, plaque destabilization, and CVD (262).
Early-onset osteoporosis and calcification of the aorta and renal arteries were found in OPG-
deficient mice (263). High levels of OPG have been positively related to severity of vascular
damage, atherosclerosis progression and cardiovascular mortality, suggesting that elevated OPG
levels may reflect a compensatory mechanism to prevent further vascular damage (255, 264,
265).

There has also been increasing interest about the role of the Wnt signaling pathway in the
pathogenesis of vascular calcification (110). Wnt signaling plays a crucial role in bone
metabolism and it is also associated with the progression of many diseases (110, 266).
Cumulative evidence is suggestive that serum sclerostin may play a crucial role in the cross-talk
between the vasculature and bone. Sclerostin, a key antagonist of the canonical Wnt signaling
pathway and primarily secreted by mature osteocytes, regulates osteoblast activity and is a well-
established key player in the regulation of bone homeostasis (267). Sclerostin reduces bone
formation by inhibiting the differentiation of osteoblasts through the Wnt/B-catenin pathway
(268) and stimulates bone resorption by stimulating osteoclast differentiation in a RANKL-

dependent manner (269).
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Cross-sectional observations have suggested a positive association between BMD and
sclerostin levels in postmenopausal women and healthy adults (270-275). Interestingly,
prospective data associated higher levels of serum sclerostin with higher fracture risk among
postmenopausal women (268, 276). These observations were confirmed by findings from a
Mendelian randomization study that found that higher sclerostin levels are causally related to
lower BMD and greater fracture risk (277). Monoclonal sclerostin antibody, romosozumab, have
been demonstrated to be an effective treatment of postmenopausal osteoporosis by increasing
BMD and bone formation with decreased bone resorption in postmenopausal women with low
bone mass (278). However, the anti-sclerostin treatment may increase cardiovascular risks as
more serious cardiovascular adverse events (i.e., cardiac ischemic event, cerebrovascular event,
heart failure, death, non-coronary revascularization, peripheral vascular ischemic event not
requiring revascularization) were observed in the group that received romosozumab compared to
those who received the comparative treatment alendronate (2.5% vs. 1.9%) (279). The higher
cardiovascular event rates may be due to the potential cardio-protective effect of the comparison
drug alendronate (279). Alternatively, the inhibition of sclerostin may lead to the activation of
the Wnt signaling pathway and pathogenesis of atherosclerosis (280).

Sclerostin has been detected in calcifying vascular tissues in mouse models and
hemodialysis patients (281-283). Cross-sectional data of ambulatory adults without chronic
kidney disease consistently showed a positive association between serum sclerostin and
cardiovascular measures including high blood pressure, cIMT, arterial stiffness, and aortic
calcification (284-287). Furthermore, one prospective study showed that high serum sclerostin
concentrations associated with increased risk of cardiovascular-related mortality (HR 1.32, 95%

CI 1.09-1.60) (284). Recent findings from a study in mice with induced chronic kidney disease
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suggest that increased sclerostin production may be a primary defensive response to mitigate
ectopic calcification of soft tissues in the early stage of renal impairment (288). More
specifically, renal impairment triggers local osteocytic production of 1,25-dihydroxyvitamin D
which subsequently increases the production of sclerostin and the suppression of bone
morphogenetic protein-2 to protect from further vascular calcification (288). Although more
data in individuals without chronic kidney disease is required, the available evidence suggests
that sclerostin may act as an independent key predictor of cardiovascular mortality, or increased
circulating sclerostin concentrations may be a protective mechanism preventing further vascular
damage.

In summary, vascular calcification and osteoporosis are both driven by inflammation and
share similar mechanisms that involve biomarkers of mineral homeostasis. It may be
hypothesized that calcium supplementation could increase vascular calcification in similar ways
that it increases BMD (289, 290). There remains a knowledge gap in the literature regarding the
potential pathways underlying the reported associations between bone markers with CVD. Future
studies examining the effect of nutrition interventions on cardiovascular health should examine
both inflammatory and bone health biomarkers to better understand the underlying mechanisms.
2.4.4 Association of calcium intake and inflammation

Few trials have investigated the effect of calcium supplementation with or without
vitamin D supplementation on inflammatory markers. Studies reported no effect on pro-
inflammatory cytokines or hsCRP following calcium supplementation interventions between 8
weeks and 1 year of duration (291-294). On the other hand, there is an increasing interest in the
effect of milk and milk products on inflammation. Data from cross-sectional studies and

interventional trials in healthy adults have generally shown no association or an inverse
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relationship between consumption of milk and milk products and circulating inflammatory
markers (22, 42, 44, 295, 296). Meta-analyses of short-term consumption (post-prandial response
or 4-48 weeks) of dairy products in various forms and with various fat content have shown that
milk and dairy products have no effect on systemic inflammation as measured by circulating
biomarkers such as hsCRP, cytokines including interleukin-6, tumor necrosis factor-alpha and
adiponectin (42, 297, 298). Similarly, evidence from an RCT with postmenopausal women found
no significant effect of dairy foods on expression of inflammation-responsive or proteolytic
genes (299).

Emerging evidence suggests that FMPs may provide more benefits than non-FMP on
cardiometabolic health and bone health. This is in line with the growing interest and advances in
research on the crosstalk between the gut microbiome and the different systems in the human
body, including vascular and skeletal health. Researchers speculate that the probiotic content of
FMPs may exhibit anti-inflammatory properties, resulting in a reduction in pro-inflammatory
cytokines (300, 301). In fact, the probiotic bacteria found in cheese and yogurt have been shown
to exert favorable effects on inflammation and cardiovascular risk factors (302). This warrants
future research to evaluate the effect of each type of dairy product individually on health
outcomes.

Given the lack of interventional studies comparing the effect of dietary calcium and
supplemental calcium on the inflammatory biomarkers in healthy postmenopausal women, the
analysis of these biomarkers will provide insight into the processes that may occur in the

vasculature and whether the two sources of calcium have exert differential effects.
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2.5 Assessment of calcium intake in epidemiological studies
2.5.1 Dietary assessment methods

There is currently no biologically valid biomarker of calcium intake. Therefore,
epidemiological research relies on dietary questionnaires to estimate calcium intake. Dietary data
can be collected by asking the respondent to recall what they had consumed the previous day (i.e.,
24-hour recall), keep a detailed record of what they eat over one or more days (i.e., diet record),
or by completing an FFQ to estimate usual intake over a longer period of time (303).

Among these methods, none of them is considered the ‘gold standard’. Instead, the study
design, its objectives, the target population and the resources available will determine which
dietary assessment method is more suitable (304). For instance, a single food record or 24-hour
recall would be appropriate to describe the average intake of a group of individuals (305). On the
other hand, a one-day dietary intake data cannot be used to assess nutrient adequacy without
some statistical applications (306). Furthermore, the estimation of usual intake of each specific
nutrient requires a certain number of days of data for a given degree of accuracy. For calcium,
data from a minimum of 13 days (e.g., 13 24-hour recalls or food records) are required to
estimate a woman’s calcium intake to £20% of her true mean 95% of the time (307). Although
24-hour recalls and food records provide greater specificity for describing foods, these short-
term methods require extensive effort and resources to estimate usual intake in epidemiological
studies (308). These methods are commonly used to assess the validity of an FFQ, which is the
preferred method for estimating usual intake in large-scale epidemiological research.

2.5.2 Food frequency questionnaires
FFQs are practical dietary assessment tools and present considerable advantages in terms

of cost-effectiveness (309). FFQs can be qualitative or quantitative. A qualitative or simple FFQ
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collects information on the frequency but no additional information on portion sizes. A semi-
quantitative FFQ either specifies a portion size as part of the question on frequency, or includes
an additional question about the usual portion size for each food item (310). Many FFQs have
been developed and validated over the years, but due to cultural and geographic differences
among population groups, the validity of the FFQ is limited to the populations for which the
instrument was designed. Furthermore, the FFQ needs to reflect the current food supply and
modifications to the existing questionnaire would be required. When no FFQ has been validated
in the target population, then an FFQ can be designed de novo or researchers can use or modify
an existing questionnaire (310). For example, no FFQ designed for epidemiological research has
been validated in postmenopausal women living in Canada. The semi-quantitative FFQ used in
the CaMOS has not been previously validated and can be easily adapted to use in Canadian
postmenopausal women specifically (80, 311). This FFQ was also calcium-focused and required
significantly less time to complete than questionnaires with an extensive list of items that aim to
capture the usual intake of a variety of nutrients. A nutrient-focused FFQ may also reduce
respondent burden and subsequently be an advantage to help minimize attrition rate and missing
data. Lastly, alike other data collection methods, calcium intake estimated from an FFQ is prone
to a certain degree of measurement error. Therefore, evaluating the relative validity of the FFQ
against a reference method, such as multiple 24-hour recalls, can provide quantitative
information that will help enhance the interpretation dietary data on health outcomes (312).
2.6 Summary

Current calcium intake of over 80% of Canadian postmenopausal women from dietary
sources is below the recommendations of the EAR with an average estimated intake of 700 to

800 mg/day. Although many women have reported the use of calcium supplements, a clinical
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equipoise exists due to uncertainties related to the effect of supplemental calcium on vascular
health. Similarly, whether milk and milk products have pro-inflammatory or anti-inflammatory
properties is unclear. This literature review highlighted that there is a lack of trials examining the
effect of supplemental and dietary calcium on inflammatory markers in postmenopausal women
and the mechanism by which calcium exerts its effect on the vasculature remains to be elucidated.
Based on the proposed bi-directionality of osteoporosis and CVD, investigation into the effect of
both dietary and supplemental calcium as compared to control on biomarkers of inflammation

and bone health would allow a better understanding of the underlying mechanisms.
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Bridge Statement 1

The literature review of this thesis indicates that the dietary calcium intake of
approximately 80% of Canadian postmenopausal women remained below the EAR (1000
mg/day) over time (3, 67). Calcium intake from dietary sources is generally safe and adequate
intakes are associated with higher BMD. However, very high intakes of milk have been
associated with higher risk of all-cause and cardiovascular-related mortality in Swedish cohorts
(84, 88), but these associations were not observed in other population groups (47, 80, 83).

Although calcium supplements are economical alternatives and allow users to
compensate for the shortfall in the diet, meta-analyses suggested an association between
supplemental calcium and increased risk of cardiovascular disease (8, 9). However, the proposed
adverse cardiovascular effects have not been fully supported due to mixed findings across studies,
and there remains a lack of clinical interventional studies with vascular health endpoints as
primary outcomes.

Considering the high prevalence of osteoporosis and fragility fractures in older women,
there is an urgency to understand the benefits and risks of dietary and supplemental calcium on
extraskeletal health. No trials have been undertaken to compare the effect of dietary and
supplemental calcium on vascular endpoints as primary outcomes prospectively.

The following study explored the feasibility of dietary interventions meeting the RDA
(1200 mg/d) for calcium through dietary sources or predominantly from supplemental sources in
healthy postmenopausal women >55 y. This pilot study gathered evidence in preparation for a
larger RCT of similar design aimed to investigate the effect of supplemental and dietary calcium

on vascular and bone health in healthy postmenopausal women.
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Manuscript 1: Feasibility Study
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Abstract

Whether supplemental calcium has similar effects to dietary calcium on vascular and
bone markers is unknown. The present trial investigated the feasibility of applying dietary and
supplemental interventions in a randomised controlled trial (RCT) aiming to estimate the effect
of supplemental calcium as compared to dietary calcium on vascular and bone markers in
postmenopausal women. Thirteen participants were randomised to CaSuppl (750 mg calcium
from CaCO; + 450 mg calcium from food + 20 pg vitamin D supplement) or CaDiet (1200 mg
calcium from food + 10 pg vitamin D supplement). Participants were instructed on calcium
consumption targets at baseline. Monthly telephone follow-ups were conducted to assess
adherence to interventions (£20% of target total calcium) using the multiple-pass 24-hour recall
method and reported pill count. Measurements of arterial stiffness, peripheral blood pressure,
and body composition were performed at baseline, 6 and 12 months in all participants who
completed the trial (n=9). Blood and serum biomarkers were measured at baseline and 12
months. Both groups were compliant to trial interventions (£20% of target total calcium intake;
pill count >80%). CaSuppl participants maintained a significantly lower average dietary calcium
intake compared to CaDiet participants throughout the trial (453 (SD 187) mg/d v. 1241 (SD 319)
mg/d; P<0.001). There were no significant differences in selected vascular outcomes between
intervention groups over time. Our pilot trial demonstrated the feasibility of conducting a large-
scale RCT to estimate the differential effects of supplemental and dietary calcium on vascular

and bone health in healthy postmenopausal women.
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3.1 Introduction

Adequate intakes of calcium and vitamin D are essential for optimal bone health
throughout adulthood to prevent osteoporosis and related fractures (5, 6, 313-316). Current
Dietary Reference Intakes (DRIs) for calcium have been established by the Institute of Medicine
for women over 50 years of age — that is, the Estimated Average Requirement (EAR),
Recommended Dietary Allowance (RDA) and Tolerable Upper Intake Level (UL) are 1000,
1200 and 2000 mg/d, respectively (58). However, adequate intake of calcium can be difficult to
achieve through dietary sources alone (3, 4).

According to the NHANES (National Health and Nutrition Examination Survey) 2003-
2006 data, less than 10% of American women over 50 years of age reached an intake of 1200
mg/d of calcium from food alone (4). Similarly, over 80% of Canadian women over 50 years of
age had a calcium intake <1000 mg/d from dietary sources according to the 2004 Canadian
Community Health Survey (CCHS) (3). Thus, to ensure adequate total calcium intake for
skeletal integrity, calcium supplements are widely recommended (317, 318). Collectively, data
from North America documented that 49-67% of women aged 50-70 years and 60-65% of those
over 71 years old reported using supplements that contain calcium (3, 4).

Calcium supplementation is generally well tolerated but can be associated with mild
gastrointestinal symptoms and with renal lithiasis (7). More recently, concerns about the use of
supplemental calcium have been expressed following the publication of two meta-analyses,
which reported that calcium supplementation, with or without vitamin D, increased the risk of
cardiovascular events, in particular myocardial infarctions (8, 9). However, other analyses in
similar populations have not reported this adverse association between calcium supplementation

and cardiovascular events (10-13). On the other hand, most studies demonstrated that dietary
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sources of calcium have not been linked with cardiovascular adverse events (8, 16, 17) or have
been shown to be favorable to cardiovascular health (20-23). However, a recent report has raised
uncertainty associating milk intake with a dose-dependent higher all-cause mortality rate,
particularly cardiovascular death, in a large cohort of men and women over a 20-year period (40).

Cardiovascular disease is a leading cause of morbidity and mortality globally in women
after the age of 50 years, with coronary artery disease and stroke representing 23% and 18% of
cause of death, respectively (69, 70). In practice, early damage to the vascular system can be
assessed non-invasively and accurately by measuring arterial stiffness, a composite indicator of
vascular health that is an independent predictor of cardiovascular disease and events (319, 320).
However, limited evidence exists on the effect of either supplemental or dietary calcium intake
on arterial stiffness.

We conducted a 12-month pilot trial to determine the feasibility of controlled dietary and
supplemental interventions of a randomised controlled trial that aims to assess the effect of
supplemental calcium as compared to dietary calcium on arterial stiffness and other vascular and
bone markers in postmenopausal women. The primary objectives were to test the feasibility of
nutritional counselling on adherence to the dietary and supplemental interventions, and the
tolerability of calcium and vitamin D supplementation. The secondary exploratory objective was
to contribute preliminary evidence on the effect of dietary calcium versus supplemental calcium
on vascular and bone health markers.

3.2 Methods
Study design and population
We conducted a randomised single-blinded parallel 1-year intervention trial from May

2012 to January 2014. Healthy postmenopausal women aged 55 years and older (>3 years since
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last menstrual period) without any chronic disease were recruited through posters and local
newspaper advertisements in Montreal, Quebec, and were screened for eligibility by phone.
Exclusion criteria were established to avoid including women with clinical or subclinical
vascular impairment due to cardiovascular risk factors or cardiovascular disease. Specifically,
postmenopausal women with lactose intolerance were excluded, as were those who smoked
within the last 5 years, who had a body mass index (BMI) <20 kg/m” or >30 kg/m?, history of
diabetes, pre-eclampsia, hypertension, atrial fibrillation or atherosclerosis. Participants who had
used hormonal replacement therapy (excluding vaginal preparations) in the last 3 years,
medications to treat hypertension or hypercholesterolemia, or those known to affect bone
metabolism (systemic glucocorticoids, bisphosphonates, receptor activator of nuclear factor
kappa-B ligand (RANKL) inhibitor, selective estrogen receptor modulators, calcitonin,
teriparatide) within the past 12 months were also excluded. Those with a 10-year absolute risk of
major osteoporotic fractures >20%, computed using FRAX™ without bone mineral density
(BMD), were excluded as well (321). All participants were required to refrain from using
nutritional supplements for 2 months prior to study entry. The present trial was conducted
according to the guidelines laid down in the Declaration of Helsinki, and ethics approval was
granted by the McGill University Health Centre Research Ethics Board. Written informed
consent was obtained from all participants (GEN-11-231).

On-site visits occurred at baseline, and at 6 and 12 months after randomisation at the
same research site. Participants were asked to abstain from vigorous physical activity and alcohol
consumption for 48 hours and to fast overnight for 12 hours prior to their visit. Participants were
randomised to one of two interventions on the day of the baseline visit. A web-based patient

randomisation service (http:/www.randomizer.at) was used to generate permuted block
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randomisation in six-block intervals. The interventions were as follows: Calcium Supplement
group (CaSuppl), 750 mg calcium carbonate supplement (Euro-Cal; Euro-Pharm International
Canada Inc., Montreal, QC) + 450 mg from food sources + vitamin D supplement of 20 pg (800
IU) daily or Calcium Diet group (CaDiet), 1200 mg of calcium from food sources + vitamin D
supplement of 10 pg (400 IU) daily. While very few foods naturally contain vitamin D, the
CaDiet supplies 10 pg (400 IU) of dietary vitamin D from fluid milk and alternative plant-based
beverages enriched with calcium, which are fortified with vitamin D in Canada.

Participants randomised to the CaSuppl arm were instructed by the research dietitian to
limit their daily intake of dairy and alternative calcium-rich foods to 1 small portion (providing
approximately 150 mg per serving). Participants randomised to the CaDiet arm were instructed
to increase their intake of dairy and alternative calcium-rich foods to 3 portions a day (providing
approximately 300 mg per serving). A total daily intake of 1200 mg of calcium, which included
300 mg of calcium from other foods in the diet, such as vegetables and grains (322), was
obtained from the combination of supplementation and dietary sources in the CaSuppl group, and
through dietary sources alone in the CaDiet group. Instructions on how to estimate portion sizes
were provided at the baseline visit by the dietitian using food models and common household
items. Educational tools including the Calcium Calculator™ by the British Columbia Dairy
Foundation (323), the nutrition label reading handout by Health Canada (324), and sample
menus were provided. Participants received monthly follow-up telephone calls to monitor health
status, adverse events, and compliance to the assigned intervention.

Measurements
Measures of feasibility

The primary outcome measures for this pilot trial include participant adherence to the
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trial protocol, and compliance to trial interventions, as well as tolerability of calcium and vitamin
D supplementation. Compliance to trial interventions was defined as a mean total calcium intake
+20% of target (i.e. 1200 £ 240 mg), as per intervention assignment, and use of calcium
supplements >80%. Tolerability of supplements was assessed by reported adverse events and
acceptability of measurements was assessed by direct questioning by research personnel.
Questionnaires

Past medical history and family history of cardiovascular and bone disease were surveyed
at the baseline visit, as well as use of medications and nutritional supplements. The International
Physical Activity Questionnaire (IPAQ) (325, 326) and the Harvard-Willett Food Frequency
Questionnaire (FFQ) (327) were administered at baseline and 12 months to estimate physical
activity status and to determine nutrient intakes, respectively. Participants were asked to report
the time they spent on specific types of physical activities in the last 7 days. Metabolic
equivalents (METs) were calculated based on the activity type as per the IPAQ guidelines (328).
A trained research member administered the FFQ, which was based on the participant’s usual
intake in the last 3 months. Multiple-pass 24-hour recalls (329) were administered at each on-site
visit and at each monthly telephone follow-up. FFQ data were analysed using the Canadian
Nutrient File (CNF) 2010b to calculate energy, calcium and vitamin D intake. The 24-hour recall
data were analyzed using the Nutritionist Pro software (Axxya Systems, Stafford, TX) to
calculate dietary calcium and vitamin D intakes and monitor adherence to the dietary
interventions. Supplementation compliance was assessed by reported tablet count during
monthly follow-up calls, and by verification of reported tablet count upon return of supplement
bottles. General health status, use of new medications and nutritional supplements were also

surveyed during monthly follow-ups.
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Anthropometric measurements

Height, weight, waist and hip circumferences were measured at each visit using standard
practices. Standing height was measured to the nearest 0.1 cm using a wall-mounted stadiometer
(Seca 242), and weight was measured to the nearest 0.1 kg in light clothing without shoes (Tanita
TBF-310; Tanita Corp.). Waist circumference was measured to the nearest 0.5 cm at the
midpoint between the lower costal margin and the iliac crest according to Health Canada
guidelines (330). Hip circumference was measured to the nearest 0.1 at the level of the
symphysis pubis and the greatest gluteal protuberance based on the protocol followed by Health
Canada, the Canadian Standard Test of Fitness, 3" Edition (331).
Vascular measurements

Peripheral resting blood pressure was measured using the automated BpTRU device
(BpTRU Medical Devices Inc.), according to the Canadian Hypertension Education Program
guidelines (332). Arterial stiffness assessments were performed with the participant in a supine
position after 10-minute rest in a quiet, temperature (20£1°C) and humidity (60+5%) controlled
environment (Vascular Health Unit, McGill University Health Centre, Director: Dr.
Daskalopoulou — co-author). Applanation tonometry (SphygmoCor, AtCor Medical) was used to
measure carotid-femoral pulse wave velocity (cfPWV), the gold standard measurement assessing
central arterial stiffness, as well as carotid-radial PWV (crPWV), which is a measure of
peripheral stiffness. Specifically, cfPWV and crPWV were measured in triplicates (and averaged
out) using a high-fidelity micromanometer on the tip of a hand-held tonometer (SPC-301; Millar
Instruments), which was applied over the carotid and femoral (or radial) arteries, and a 3-lead
electrocardiogram. To minimize variability between replicate measurements, we discarded PWV

measures that had consecutive readings with a difference that was >0.5 m/s (333). PWV
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measures with individual-site (carotid or femoral) electrocardiogram (ECG)-pulse transit time
standard deviations greater than 5% and overall standard deviation greater than 10% were
discarded and the measurement was repeated. PWV with a heart rate difference between the
carotid and femoral site of more than or equal to 5 beats per minute were also rejected, and the
measurement was repeated. Only high-quality measurements were accepted. After measuring the
distance between the recording sites, the PWV was calculated [PWV=distance (m)/transit time
(s)] (334-338). To minimize the effect of the circadian cycle, assessments were performed at the
same time in the morning at each visit (see Supplementary Table 3.1).
Biomarkers

Fasting blood samples were collected between 7.00 and 10.00 hours at baseline and final
visits to minimize any variation owing to biological rhythms of most biomarkers. Ionized
calcium was analysed within 30 minutes of sampling at the Division of Biochemistry at the
Montreal General Hospital (MGH) with the ABL 800 series blood gas analyzer (Radiometer
America), with an intra-individual % CV of 2.8% based on internal quality controls for ionized
calcium. Remaining blood samples were separated into plasma and serum fractions, and stored at
-80°C until further analysis. Measurements of total cholesterol, high-density lipoprotein
cholesterol (HDL-C), triacylglycerol (TAG), apolipoproteins Al (apo-Al) and B (apo-B), and
high sensitivity C-reactive protein (hsCRP) were performed with a Synchron LX Systems
(Beckman Coulter Inc., California, USA) at the end of the trial period in one single batch at the
MGH. The intra-assay % CV was 0.7% for total cholesterol, 0.6% for TAG, 1.5% for HDL-c,
0.9% for apo-Al, 1% for apo-B, 0.9% for hsCRP. Low-density lipoprotein cholesterol (LDL-C)
was calculated using the Friedewald equation (339). Plasma total 25-hydroxy vitamin D

(25(OH)D) and PTH concentrations were measured using an autoanalyzer (Liaison, DiaSorin,
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Ontario, Canada) with an intra-assay coefficient of variation of 4.1% and 3.6%, respectively. All
25(OH)D and PTH measurements were performed at the School of Dietetics and Human
Nutrition of McGill University, which participates in the international Vitamin D External

Quality Assessment Program (http://www.deqgas.org) and obtained a certificate of proficiency for

2011-2015 (Director: Dr. Weiler — co-author). Accuracy of the methodology for vitamin D
assays was assessed by the use of the National Institutes of Standards and Technology (NIST)
Standard Reference Material (SRM 972a, Level 1 and Level 2). Accuracy of Liaison controls
were 94.4-100.4% for 25(OH)D and 96.5-97.8% for PTH.
Online feedback survey

Following completion of this pilot trial, all participants were invited to complete an

online feedback survey “Participation in Pilot Calcium Study: Feedback Survey” anonymously

using the Lime Survey application (http://www.limesurvey.org). The survey aimed to evaluate
the acceptability of the trial interventions, participant satisfaction with the dietary modifications,
supplement regimen, trial visits and procedures, as well as monthly contacts with the dietitian.
The survey included an open-ended question for the participants’ feedback on the strengths and
limitations of the trial design.
Statistical analyses

Summary statistics were computed for baseline characteristics, presented as mean and
standard deviation for normally distributed continuous variables, or count and percentage for
categorical variables. Chi-squared test was used to test for differences in proportions.
Independent student #-tests were used to compare the differences in mean intakes of dietary
calcium and vitamin D at 1-6 months, 7-12 months, and at 12-months between the two

intervention groups. Independent student z-tests were also used to compare the differences in
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blood pressure, anthropometric measurements, physical activity, vascular and bone biomarkers at
12 months and over time. Within and between-group differences over time in cfPWV were
examined using repeated measures ANOVA, as per intention-to-treat analysis. Due to the
exploratory nature of the trial and small sample size, no multiple-testing correction was
performed (340). Significance was set at P<(0.05. All statistical analyses were performed using
the statistical software package SPSS version 22 for Windows (SPSS Inc.).

3.3 Results

The Consolidated Standards of Reporting Trials (CONSORT) flowchart depicting
participant selection process is demonstrated in Figure 3.1. Thirteen women were enrolled in the
trial between July 2012 and February 2013 at a mean age of 63.2 (SD 6.6) years, BMI of 24.6
(SD 2.9) kg/m?, systolic blood pressure 111.1 (SD 13.0) mmHg, and diastolic blood pressure of
71.3 (SD 10.1) mmHg. Seven participants were randomised to the CaSuppl group and 6
participants to the CaDiet group. In total, 3 participants withdrew from the trial and 1 was lost to
follow-up. Dropout rates were similar between groups. Of the 4 participants who did not
complete the trial, 1 withdrew from the trial when her family doctor initiated her on anti-
hypertensive medication within 2 months following randomisation; her blood pressure at
randomisation was within normal limits. We were unable to ascertain her blood pressure as she
did not return for on-site visits and we were unsuccessful in contacting her physician.

No differences in baseline characteristics were observed between the two groups in age,
anthropometric variables, physical activity level, nutrient intake including calcium and vitamin D,
or vascular variables (Table 3.1). The only statistically significant difference between groups
was a higher reported family history of stroke in the CaSuppl group (P=0.03).

In all, nine participants completed all telephone follow-ups and on-site visits. Dietary
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data derived from the multiple-pass 24-hour recalls indicated that both the CaSuppl group and
the CaDiet group participants were within 20% of their calculated calcium intake target over the
trial period (94-113% and 96-116%, respectively). The calculated average dietary calcium intake
from the multiple-pass 24-hour recalls indicated that the CaSuppl group had significantly lower
mean intakes (480 (SD 292) mg/d at 1 month, 400 (SD) mg/d at 6 months and 600 (SD 93) mg/d
at 12 months) than the CaDiet group (1380 (SD 437) mg/d at 1 month, 1269 (SD 188) mg/d at 6-
months and 1019 (SD 323) mg/d at 12 months) (P<0.05, Figure 3.2). During the 12-month
intervention, the CaSuppl group had a significantly lower intake of dietary vitamin D at 6 months
(1.54 v. 11.8 pg) (P<0.05). The 12-month average total calcium intake (dietary + supplemental
calcium) in the CaSuppl group was 1124 mg/d v. 1242 mg/d in the CaDiet and we found no
significant differences (P=0.13). When we compared the usual dietary calcium intake data
derived from the Harvard-Willett FFQ, there was a significant between group difference at 12-
months (P=0.04). However, the mean dietary calcium intake was 761 (SD 277) mg/d in the
CaSuppl group and 1187 (SD 232) mg/d in the CaDiet group. Mean dietary vitamin D intakes
derived from the FFQ method at 12-months were 3.42 (SD 1.50) pg/d and 10.43 (SD 4.28) pg/d
in the CaSuppl and CaDiet groups, respectively. Overall adherence rate to calcium supplements
was 85% in the CaSuppl group and adherence rate to vitamin D supplements was 98% in both
groups. None of the participants reported adverse events from supplements.

We found no significant differences in body weight, BMI, waist circumference, waist-to-
hip ratio or physical activity level between the intervention groups at 12 months and no
significant within-group change over time was observed (P>0.05).

Following the 12-month intervention, no significant differences in blood pressure or

vascular health biomarkers were found between groups or within-groups over time (Table 3.2).
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We observed that the systolic blood pressure was higher in the CaSuppl group compared to the
CaDiet group at 12 months, though not reaching statistical significance (P=0.05). Systolic blood
pressure values were normal in both groups at 12 months. Similarly, we observed a mean
increase of 8.6 mmHg in diastolic blood pressure in the CaSuppl group v. a mean increase of 1
mmHg in the CaDiet group, but the between group change over time was not statistically
significant (P=0.07); diastolic blood pressure values were normal in both groups at 12 months.
Arterial stiffness measurements were completed with a mean duration of less than 45 minutes
with each participant at each visit without adverse reactions. No between-group differences in
cfPWYV or crPWV were observed over time (Figure 3.3). A significant increase in crPWV was
observed between 6 and 12 months in the CaDiet group (P=0.03).

Plasma lipid concentrations did not differ significantly between the CaSuppl and CaDiet
following the 12-month intervention (Table 3.2). No significant difference in change over time
between groups was observed with the exception of HDL-C, for which there was an increase of
0.20 mmol/l in CaSuppl and a decrease of 0.15 mmol/l in CaDiet (P=0.02). Levels of apo-Al,
apo-B, and hsCRP did not differ significantly between intervention groups. No between group
differences at 12 months were observed in markers of bone health, including ionized calcium,
25(OH)D, PTH, and phosphate. There was a decrease in ionized calcium of 0.03 mmol/l
(P=0.007) and an increase of 0.57 pmol/l in PTH (P<0.001) between baseline and end of trial in
the CaDiet. A mean decrease of 3.70 nmol/l in 25(OH)D level was also observed in the CaDiet
group, but this was not statistically significant (P= 0.33) (Table 3.3).

Responses from the online survey (n=8) showed that all participants found the adherence
to daily supplementation easy. While only 25% of the CaDiet group reported having difficulty

meeting the daily dietary calcium target of 3 portions of dairy and alternatives, all of the
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participants from CaSuppl group found it challenging to adhere to the dietary restriction of 1
small portion of calcium-rich food a day. Reasons provided by CaSuppl participants
encountering difficulties included “not being able to eat some favorite foods” or had to “reduce
some of the regularly consumed foods significantly”. One participant felt that “it was difficult to
measure some foods” to adequately report the portion consumed during telephone follow-ups.
Overall, all participants felt adequately informed on how to modify their intake of dietary
calcium from the baseline nutritional education session and the monthly follow-ups.

3.4 Discussion

Our pilot trial demonstrated the feasibility of conducting a large-scale randomised
controlled trial to estimate the effect of supplemental calcium as compared to dietary calcium on
vascular and bone health in postmenopausal women. In particular, we demonstrated that the
combination of an initial in-person nutritional counselling session and monthly telephone follow-
ups was effective to ensure participant adherence to the dietary aspects of the trial protocol.
Participants felt that the monthly contacts with the dietitian were efficient to help them maintain
the proper dietary calcium intake throughout the trial. In addition, we were able to demonstrate
the feasibility in conducting the visits and comprehensive set of vascular tests without adverse
reactions or unforeseen problems.

Preliminary results from this pilot trial did not show any differential effects of calcium
supplementation as compared to dietary calcium on arterial stiffness nor on vascular health
biomarkers. There was a significant increase in crPWV from 6 to 12 months in the CaDiet group.
These observations may suggest an increase in peripheral stiffness, but have no clinical
significance on aortic stiffness, which is the gold standard of arterial stiffness (341). It is

noteworthy that the values of vascular health markers (cfPWV and blood pressure) were well
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within normal limits in our study group, at all time points (342, 343). However, the results have
to be interpreted with caution given the small sample size.

The rigorous design of our trial differentiates it from other randomised controlled trials
that investigated the effect of calcium supplements on vascular and bone health. None of the
previous trials controlled for dietary intake of calcium despite the reported administration of
1000 to 1200 mg/d of elemental calcium to treatment groups (11, 98, 316, 344, 345). In our trial,
a dietitian evaluated baseline calcium and vitamin D intake and provided early nutritional
education to each participant at the initiation of the trial to ensure a total daily intake of 1200 mg
calcium either from dietary sources alone or predominantly from calcium supplements. The
regular monthly follow-ups allowed close monitoring of protocol adherence and further
counseling to ensure adherence to the trial protocol. We observed a high compliance of 85% to
calcium supplements, while comparable trials reported compliance rates between 59% and 85%
(11, 98, 316, 344, 345). We also observed that the rigorous design of our pilot trial was effective
in helping achieve the target dietary calcium in each group at monthly follow-ups. However, the
CaSuppl average dietary calcium intake estimated from the Harvard-Willett FFQ at 12-months
was above the assigned calcium target (761 v. 450 mg/d). This observed difference may be a
result of over-reporting by one participant during the final visit. Given the small sample size, the
mean value is expected to be influenced by one single result. Furthermore, a calcium-focused
FFQ may likely be less challenging conceptually for the participant, reduce the respondent
burden, and increase the accuracy of dietary calcium intake. Milk and dairy products were most
often consumed by the participants in this feasibility trial to meet their intervention targets.
Although the Harvard-Willett FFQ includes a section to assess the intake of milk and dairy

products, it does not discriminate soft or semi-soft cheeses from firm or hard cheeses. Similarly,
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this semi-quantitative FFQ does not include calcium-rich items that are currently commonly
consumed, such as Greek yogurts, beverages enriched with calcium, canned salmon with bones,
pizza, and mixed dishes prepared with milk or dairy products. Given the popular consumption of
these listed items by the participants in our feasibility trial, a short comprehensive calcium-
focused semi-quantitative FFQ may improve the estimation of usual dietary calcium intake, and
likely decrease respondent burden.

Thus far, observational and ancillary studies have investigated the possible relationship
between calcium supplements and cardiovascular events following the publication of a meta-
analysis of calcium intervention trials (8) and a secondary analysis of the Women’s Health
Initiative (WHI) calcium/vitamin D supplementation study’s dataset (9). More specifically,
Bolland et al. demonstrated an increased risk of myocardial infarction in individuals who
received calcium supplements alone (8) (hazard ratio [HR] 1.31, 95% CI 1.02-1.67) or with
vitamin D (9) (HR 1.21, 95% CI 1.01-1.44) based on self-reported and verified myocardial
infarctions. In contrast, a recent meta-analysis of published and unpublished data from
randomised controlled trials of women only by Lewis et al. demonstrated an absence of
increased risk of coronary heart disease (RR 1.02, 95% CI 0.96-1.09) or all-cause mortality
(relative risk [RR] 0.96, 95% CI 0.91-1.02) from calcium supplements with or without vitamin D
in elderly women (14). Yet, the evidence remains conflicting, which may be due to the primary
investigated endpoint of randomised controlled trials not being related to cardiovascular risks
and an oversight on the assessment of dietary calcium intakes (12-14, 102, 346).

Observational studies suggest an association between higher serum calcium
concentrations and carotid artery plaque thickness (347), increased risk of myocardial infarction

and stroke (348) in older men and women. An increase in total serum calcium level of 0.1
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mmol/l has been reported to be associated with 23% higher odds of abdominal aortic
calcification in postmenopausal women (349). Furthermore, it has been previously shown that
ionized calcium concentrations increase acutely following supplementation with 1000 mg of
calcium supplement (350, 351), though whether these observed changes are maintained with
chronic calcium supplement use is unknown. Reid et al. speculate that the increase in serum
ionized calcium concentrations may lead to a sequence of events contributing to the acceleration
of vascular disease by calcium supplementation. They hypothesised that the pathogenic pathway
leading to progressive arterial calcification is via a loss of inhibition of mineralisation due to
increased complexing of ionized calcium with pyrophosphate (101), reduced inhibition of
arteriosclerotic signaling in vascular smooth muscle cells due to decreased PTH levels (102), and
increased binding to calcium-sensing receptors on vascular smooth muscle cells and platelets
(101). Increased arterial stiffness and impaired endothelial vasodilator function resulting from
high circulating levels of ionized calcium associated with calcium supplementation could also
lead to vascular damage (102). However, Burt et al. examined the acute effect of 1000 mg of
calcium citrate on arterial stiffness in adults 50 years of age and older and found no significant
change in PWV 3 hours following supplementation (351).

Arterial stiffness, as measured by the ‘gold-standard’ cfPWYV, is an overall indicator of
vascular health and is strongly associated with the development of atherosclerosis at different
sites of the arterial system and cardiovascular disease and events (319, 320, 352, 353). An
increase in cfPWV by 1 m/s corresponds to an adjusted risk increase of 14%, 15% and 15% in
total cardiovascular events, cardiovascular mortality, and all-cause mortality, respectively (352).
Using this gold standard measure, dairy food intake has been shown to have a favorable effect on

arterial stiffness, as well as overall cardiovascular profile and reduced mortality (74, 75, 77, 354).
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However, the evidence regarding the effect of calcium in the form of supplements on arterial
stiffness is less consistent. When administered to healthy volunteers, calcium citrate (single oral
dose of 1000 mg, measurements at times 0, 60, 120 and 180 minutes) was observed to cause an
acute increase in total and ionized calcium (by an average of 0.10 and 0.06 mmol/l, respectively)
and a decrease in PTH (351). However, the acute increase in calcium was associated with
reduced arterial wave reflection, which in the long-term may reduce cardiovascular risk (352). In
an acute loading cross-over trial, 600 mg of calcium citrate and 600 mg of calcium from dairy
products did not produce any differential effect on arterial stiffness in young healthy subjects 2 h
after each challenge (355). In our pilot trial, calcium supplements did not affect blood pressure,
cfPWV, or ctPWYV differently than dietary calcium throughout the 12-month intervention.

The effect of calcium supplementation on serum lipids is inconsistent in the literature.
Some studies report that supplemental calcium may cause beneficial changes in circulating lipids
(356, 357), whereas several studies found no effect (358-361). In contrast, calcium
supplementation as compared to placebo for 12 months improved the lipid profile in a
randomised controlled trial of postmenopausal women, and this improvement was still observed
at the 3-year follow-up (362). Dairy foods have been reported to have either neutral or beneficial
effects on blood lipid profile (29-32). In contrast, supplemental calcium in the form of calcium
carbonate did not exert such an effect on blood lipid concentrations (361). Herein, we observed
an increase in HDL-C in the supplement intervention group but no other change in blood lipid
profile. An increase in HDL-C concentration following calcium supplementation has been
reported in the literature (356, 363, 364), and may likely be a result of the complexing of fatty

and bile acids by calcium in the intestinal tract (356, 365).
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Although our trial provides enough information to ascertain the feasibility of a larger
randomised controlled trial, it is limited by its small sample size and therefore prevents
conclusions regarding effects of the calcium interventions on vascular parameters. Although we
experienced a dropout rate of 30% (4/13 participants), in keeping with other randomised
controlled trials of calcium interventions (344, 362, 366), there were no differential dropout rates
between the trial groups. Motivational interviewing techniques and participant satisfaction
should be emphasized immediately following intervention initiation to improve participant
retention as this pilot trial shows that the first months were critical times for dropout. An
adequately powered clinical trial is warranted to effectively elucidate the effect of supplemental
calcium on vascular health in postmenopausal women, and is currently underway by our group
(ClinicalTrials.gov number, NCT01731340). Given that we have modified the procedures based
on the online feedback survey of participants after the completion of the pilot trial, we anticipate
a lower dropout rate in our ongoing randomised controlled trial.

In conclusion, the findings of this 12-month pilot trial indicate that both diet
modifications and supplemental interventions were associated with high compliance and
tolerance, demonstrating the feasibility of the interventions. Although limited by a small sample
size, the results suggest that following this 12-month intervention, supplemental calcium does
not exert a different effect than dietary calcium on vascular or bone health markers in healthy
postmenopausal women. Nevertheless, the current state of uncertainty warrants further research
to assess the effect of supplemental versus dietary calcium on the development of cardiovascular
disease and whether this effect is mediated through established cardiovascular markers. In this
context, results of an adequately powered randomised controlled trial will facilitate the

development of public health recommendations regarding calcium supplementation. Building on
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our findings of the feasibility of the trial interventions, a randomised controlled trial is currently

ongoing by our group.
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Table 3.1 Baseline characteristics of thirteen participants by intervention group
(Mean values with standard deviations; number of participants and percentages)

CaSuppl CaDiet
Characteristics (n=T7) (n=6)
Mean SD Mean SD P

Age (years) 65.0 4.2 60.8 8.5 0.26
Caucasian (n, %) 4(57.1) 5(83.3) 0.31
Menarche age (years) 13.0 1.4 12.5 1.87 0.59
Menopause age (years) 49.3 5.8 47.5 6.8 0.62
BMI (kg/m?) 24.6 2.8 24.6 3.33 0.10
Waist circumference (cm) 80.8 8.4 81.7 8.11 0.85
Hip circumference (cm) 97.8 7.9 98.6 2.4 0.80
Waist to Hip ratio 0.83 0.03 0.83 0.07 0.98
Blood pressure

Systolic (mmHg) 114 16 108 8 0.38

Diastolic (mmHg) 70 13 73 5 0.71
Arterial stiffness

cfPWV (m/s) 7.68 1.4 7.87 2.2 0.85

crPWV (m/s) 7.67 0.8 8.16 1.4 0.43
iCalcium (mmol/1) 1.26 0.3 1.27 0.3 0.56
25(OH)D (nmol/1) 60.2 25.2 63.4 36.0 0.85
PTH (pmol/l) 3.30 1.18 2.62 1.19 0.33
Family history (n, %)

Osteoporosis 4(57.1) 2 (33.3) 0.39

Coronary artery disease 4(57.1) 2(33.3) 0.39

Stroke 4 (57.1) 0 0.03

Dyslipidemia 3(42.9) 5(83.3) 0.14

Hypertension 3(42.9) 5(83.3) 0.14

Diabetes 3 (42.9) 2(33.3) 0.73
Physical activity (MET-min/week) 3320 1502 6044 6150 0.33
Dietary intake (per d)*

Energy (kJ) 10496 2717 9471 2378 0.49

Calcium (mg) 1054 317 1170 127 0.42

Vitamin D (pg) 15.6 10.2 12.3 2.22 0.47

CaSuppl, Calcium Supplement group; CaDiet, Calcium Diet Group; cfPWV, carotid-femoral pulse wave velocity; crPWV, carotid-
radial pulse wave velocity; iCalcium, ionized calcium; 25(OH)D, 25-hydroxyvitamin D; PTH, parathyroid hormone; MET-min/week,
Metabolic Equivalent minutes per week.

*Dietary data derived from the Harvard-Willett semi-quantitative food frequency questionnaire.



Table 3.2 Changes in blood pressure and vascular health biomarkers from baseline to the end of the trial (12 months)
(Mean values and standard deviations)

CaSuppl CaDiet
Baseline 12 months Baseline 12 months
P (CaSuppl v. P (ACaSuppl v.
Mean SD Mean SD Mean SD Mean SD CaDiet at 12 mo) ACaDiet)
cfPWYV (m/s) 8.25 1.09 8.70 1.80 8.71 2.08 7.30 1.10 0.24 0.16
crPWV (m/s) 7.45 0.82 7.60 0.90 8.55 1.45 8.60 0.90 0.13 0.93
SBP (mmHg) 113.6 18.8 125.0 15.0 103.8 6.8 104.0 9.0 0.05 0.10
DPB (mmHg) 67.4 14.1 76.0 14.0 70.8 5.1 70.0 6.0 0.46 0.07
Cholesterol (mmol/l) 5.39 1.02 5.78 0.51 6.14 0.38 6.10 0.84 0.50 0.38
TAG (mmol/1) 0.93 0.56 1.22 0.87 0.88 0.28 0.80 0.38 0.40 0.20
HDL-c (mmol/l) 1.78 0.77 1.98 0.81 1.99 0.53 1.84 0.41 0.76 0.02
LDL-c (mmol/l) 3.19 0.98 3.25 0.61 3.00 1.95 3.90 1.04 0.28 0.27
Apo Al (g/l) 1.31 0.75 1.76 0.33 1.65 0.35 1.59 0.28 0.45 0.11
Apo B (g/l) 1.04 0.33 1.07 0.26 1.17 0.24 1.20 0.32 0.55 1.00
hsCRP (mg/l) 1.68 1.71 0.76 0.49 0.33 0.15 0.38 0.24 0.19 0.21

cfPWV, carotid-femoral pulse wave velocity; crPWV, carotid-radial pulse wave velocity; SBP, systolic blood pressure; DBP, diastolic blood pressure; TAG, triacylglycerol, HDL-c, high-density

lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; Apo, apolipoprotein; hsCRP, high-sentivity C-reactive protein
A before and after intervention comparisons
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Table 3.3 Changes in ionized calcium, 25(OH)D, and PTH from baseline to the end of the trial (12 months)
(Mean values and standard deviations)

CaSuppl CaDiet
(n=5) (n=4)
Baseline 12 months Baseline 12 months P (CaSuppl v. P (ACaSuppl v.
Mean SD Mean SD Mean SD Mean SD CaDiet at 12 mo) ACaDiet)
iCalcium (mmol/l) 1.25 0.04 1.26 0.03 1.28 0.03 1.25 0.03 0.65 0.06
25(0OH)D (nmol/1) 54.1 26.6 63.6 13.9 82.8 22.0 79.1 254 0.28 0.23
PTH (pmol/l) 3.50 1.33 2.89 0.72 2.27 0.29 2.84 0.29 0.93 0.06
Phosphate (mmol/l) 1.30 0.16 1.27 0.11 1.23 0.26 1.29 0.17 0.86 0.49

iCalcium, ionized calcium; 25(OH)D, 25-hydroxyvitamin D; PTH, parathyroid hormone.
A, Before and after intervention comparisons
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Supplementary Table 3.1 Methods: schedule of visit and follow-up assessments*

Baseline 1- to 5-month+ 6-month 7- to 11-month+ 12-month Post-trial

On-site visit ° ) °
Telephone follow-up ° °
Dietary education ° ) ° ° °
Questionnaires

Medical history °

IPAQ ° °

FFQ ° °

24-hour recall . ) ° ° °

General health status ° ° ° °

Feedback survey °
Anthropometry ° ° .
Vascular assessments

Blood pressure ° ° °

Arterial stiffness ° ° °
Blood samples ° °

IPAQ, International Physical Activity Questionnaire; FFQ, food frequency questionnaire.
*See methods for details of the procedures
TAssessments were completed at monthly intervals.



58 individuals screened

Figure 3.1 Consolidated Standards of Reporting Trials (CONSORT) Diagram depicting the
flow of participants.

45 excluded
+ 32 did not meet inclusion criteria
+ Bone medications (n 15)
+ Hypertension {(n 7)
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+ Other (n 7)
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