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To Mom
Thank you for always being in my corner

Also, thank youor putting up with me.
| know | can be a handful.
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ABSTRACT

Understanding the Relationship between Skin Glor, Vitamin D, and Blood
Pressure

by

Flojaune Christina Griffin

Chair: MaryFran R. Sowers

Understanding the intersection of skin color, behavioral factors and chronic
diseaseisk is important in addressing underlying causes of race/ethnic disparities in
blood pressurd.iterature suggests that vitamin D impacts the ramgiotensin system,
vascular remodeling, and insulin resistance and thus, by extension, blood pressure.
Previous research has identified that skin color is important to the cutaneous production
of vitamin D, with the higher melanin content in darker skin reducing the amount
produced from sun exposure. It is hypothesized that the high burden of hypertensive
disease among African Americans as compared to Caucasians may be due in part to low
serum vitamin D owed to darker skin color.

This dissertation extends the research about hegldted effects of vitamin D by
examining its influence on blood pressure ovetand quantifying its mediating effect

on the relationship between skin color and blood pressure. This research used data from

Xi



a populatiorbased sample of mikife African American and Caucasian women in
southeastern Michigan enrolled in the Study@fWwiends Heal th Across
(SWAN) and followed annually from 1996 to 2010.

The study found thahdependent of other variableskin color was an important
contributor to circulating serum vitamin D in rdife women over a 14ear period, with
lighter skin color associated with higher vitamin D levels and higher odds of optimal
vitamin D, defined as 75 nMindependent of race, a skin color threshold for optimal
vitamin D was identified. Additionally, vitamin D was an important correlate with
baseine systolic blood pressure in African American and Caucasian women, however the
change in vitamin D was not associated with systolic blood pressure over the study
period. No association was observed between vitamin D and diastolic blood pressure.
Therewas evidence that 11% of the relationship between skin color and systolic blood
pressure was mediated by vitamin D.

The relationshifpetween skin coloand systolic blood pressure wasdiated by
vitamin D. Establishing theffect ofvitamin D on systolicblood pressur@lentifies a
modifiable target fomterventions aimed at amelioratirfgethigh prevalence of
hypertensive disease in the United States and the disproportionate burden among African

Americans.
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CHAPTER |

Introduction

Overview

Health dispaties are the differences in incidence, prevalence, mortality, disease
burden, and health status among different population groups, often defined by
race/ethnicity, sex, educational level, socioeconomic status, or geographic location of
residence. A key fdor in health disparities is that they are created by contextual factors
and thus potentially reversible. Therefore, eliminating health disparities became a central
tenet of the Healthy People National US Public Health agéhyi@ecause of
sensitivitiesn the US to its troubling national history of racism both inside and outside
the context of health, the exploration of racial health disparities has been largely premised
on socioeconomic position, to the exclusion of obvious biological factors thadtare
reversible. The irreversible biological components of race have been avoided, even
where they may be appropriate, because historically they have been promulgated with
less than scholarly pursuits to justify discriminati(®).3) These factors givege to the
guestion: what if a key element to the etiology of health disparities is at the intersection
of unexplored biological components of race and factors such as geography and aging?

The importance of the unexplored realm of race, geography angl ragiy be
greatest for blood pressure where the racial disparity is overwhel@irg. Current
literature suggests that vitamin D measured as serum 25(OH)D plays a key role in
vascular remodeling, insulin sensitivity, and renin expression, all of wigthate blood
pressure(6-8) There is also strong evidence that the primary source of 25(OH)D in
humans is cutaneous synthesis where its production depends largely on melanin, the
contributory factor to skin colo(9, 10)Studies have determined that ithgrthe winter
season, geographic locations above and beloviaBfude north and south lack

ultravioletblue exposure which is the necessary prerequisite for 25(OH)D synthesis in



the skin,(11-14) Further, researchers have reported that the precorsatdneous

25(OH)D synthesis decreases with gd®, 16) Consolidating and synthesizing these

di sparate findings forms the basis for the
componento to understanding theisthatci al di s
African Americans, who largely have darker skin than whites, may be getting insufficient
sunlight due to geographical location and sun exposure. This, combined with insufficient
dietary intake, may generate an inadequate amount of 25(OH)D todusshdthy

regulation of blood pressure; and, this relationship may be exacerbated by the effect of

aging. This dissertation research evaluated this hypothesis longitudinally over 14 years
amongst women to determine whether there was evidence to sugporttmi s si n g
component o theory in a population that, du

hypertension and adverse cardiovascular events.

Specific Aims

The goal of this study was to characterize the effect of skin color on serum
25(OH)D and blood presseiamong women as they age using data from the Michigan
site of the |l ongitudinal Study of Womenos
of African American and Caucasian women aged23ears at the 1996 recruitment.

Aim 1: To evaluate whether loweesim 25(OH)D levels over a ¥@ar period
would be associated with increased systolic and diastolic blood pressure levels and to
determine if there was a declining trajectory for serum 25(OH)D with advancing age that
was greater for African American womtran for Caucasian women, using repeated
annual measures acquired over ay&@r period from the Michigan site of the SWAN.

Aim 2: To evaluate differences in the-yéar longitudinal trajectory of serum
25(OH)D by skin reflectance, a proxy measure of malaontentfo establish if theresi
a skin reflectance threshaldat is predictive obptimal serum 25(OH)Ddgfined as a
valueO7 5 n Mg corapard the predictive probability of race and the skin reflectance
thresholdn the Michigan SWAN population.

Aim 3: To characterize the craesgctional relationship between skin color and
systolic and diastolic blood pressure and to deitee the extent to which these
associations are explained or mediated by serum 25(@H}e Michigan SWAN

population



Public Health Importance

Previous epidemiological studies of 25(OH)D have been limited in that they
utilize selfreported racial and atic classifications in lieu of direct measurements of skin
color. (11, 13, 17, 18)Further, the existing studies that have measured skin color lack a
broad range of skin pigmentations, longitudinal data to explore changes with age, or
measures of serum @3H)D). (9, 10, 1927) The SWANcohort study was used to
assess the onset and progression of hypertension in women with respect to three
fundamental factofs age, skin color, and 25(OH)D, and to add nuance to the risk factor
profile with a greater undeestding of 25(OH)D trends. Because the population is
comprised of African American and Caucasian women, a broad range of skin colors were
available to examine the impact of coloration at all levels of the color spectrum. Further,
understanding the intergem of biological skin color, behavioral factors and chronic
disease is important in addressing the underlying cause of race/ethnic health disparities.
While it is necessary to elucidate the contribution of immutable risk factors such as skin
color to hygertension, an important contribution is deconstructing immutable factors to
find modifiable aspects such as 25(OH)D that can promote healthy blood pressure

regulation.

Background

The term Avitamin DO refers to a group
their hormonallyactive counterparts. By definition these compounds are not vitamins,
but secosteroids which arise from the cleavage of the steroid bond through ultraviolet sun
exposure. Cholecalciferol (vitamin D3), the naturally occurring form whiidhnates
from cholesterol, has a side chain equivalenttoe2hylheptang(28) Serum 25(OH)D
is largely derived from cutaneous generatieigure 1.1 illustrates the stages of vitamin
D synthesis.Provitamin D, a precursor to vitamin D3, known adefydrocholesterol
(7-DHC) is distributed throughout the epidermis and dermis, but largely concentrated in
the stratum spinosum and stratum baga!@) To begin the process, UVB exposure from
sunlight in the range of (29815 nm) serves as a catalyst to ¢baversion of DHC to
through photolysis of the-8ng bonds resulting in tacalciol (previtamin D3).
Immediately following this step, spontaneous thermal isomerization of previtamin D3

into cholecalciferol (vitamin D3) occurs via the movement of sigmablgobonds known



as a sigmatropic shift. Vitamin D3 then binds to vitamibiBding globulin and is
transported via dermal capillaries to the systemic circulation and (8@rNext, the
hepatocytes release-Bydroxylase, a liver enzyme, which hydréedgs vitamin D3,
converting it to 28hydroxycholecalciferol (25(OH)D), the circulating compound which

is assayed to estimate bodily stores. The last stage involving further hydroxylation by 1
a hydroxylase in the renal tubules, is required to conve@BJD into the primary
biologically active hormone,-25 dihydroxycholecalcifero(31)

Optimal 25(OH)D is popularly defined as serum concentrations of 25(OH)D
equal to or greater than 75 nf82-35) The classification is based on evidence that
measures alve 75 nM optimize calcium absorption grarathyroid hormone leveland
decreas¢he likelihood of rickets, osteomalacia, periodontal disease, colorectal cancer,
lower extremity dysfunction, myocardial infarction, andallse mortality(31, 34, 36
41)

Skin Color and 25(0OH)D

The origin and function of diverse skin color in the humans was largely related to
protection from sun exposur@?2) It is postulated that melanin, which causes darker
skin pigmentis protective againshe adverse effects ofttavioletblue (UVB) from
prolonged sun exposur@l3) It follows that proximity to the equator, the region with the
greatest amount of UVB yeaound, was highly correlated with skin color. Because
25(OH)D does not naturally exist in copious quantitresipost human foodstufs
notable exceptions being oily fid8hover thousands of years, humans evolved a
photosynthetic mechanism to produce cholecalciferol (Vitamin D3) from &8 .The
abatement of UVB absorption by melanin in darker pigmented populaimned the
production of 25(OH)D, but did not occlude its adequate production for bodily function
because athe high frequency afun exposure in equatorial regio#2) When human
populations emigrated from si@aharan Africa 50,000 years ago to namHatitudes,
their adaptation involved loss of skin pigmentati@h, 46) Thus, among populations
further from the equator, lighter skin prevailed because limited UVB exposure at higher
latitudes minimized the need for protection from UVB and incretisedeed to produce
more 25(OH)D with lesser UVB exposu(é7) With the rapid onset of industrialization



and globalization and more rapid shifts in population geography, the interaction of skin
color with environment altered more quickly than is acconmatestiby evolutionary
adaptation. Alterations in this relationship may have deleterious effects including
deregulation of 25(OH)D, a potential superintendent of blood pre¢&@re29)

To corroborate this hypothesis, studies have demonstrated that lskirs ad
great import in the determination of 25(OH)D status. Thelmaiéng step in 25(OH)D
synthesis is controlled by skin colofl5) Melanin in the skin competes withRDHC for
ultraviolet photons by absorbing them and thereby limiting the ahafyrovitamin D
converted to previtamin D per UVB exposure. A minimal erythemal dose (MED) of 215
J/nf, the amount of UV required to produce erythema (reddening) of a person in the
lightest skin category, can lead to a vitamin D intake from 10,@30000 IU in light
skinned individuals{48) among the darkest pigmented individuals the intake for the
same dose can be as low as 1,0@0600 IU, values-40 orders of magnitude lower than
those found among light skinned individuals. Other studies founthdyrstrong
correlations between skin color and 25(OH)D, with individuals with lighter skin having
higher measures of 25(0OH)L0, 14, 15, 49)In studies of UVB irradiation, findings
suggest that the rate of increase in 25(OH)D is higher among thesligkin tones, with
a graded responses for darker complexions. These studies found that 80% of the variation
in 25(OH)D response to UVB was attributable to UVB dose and natural skin @8pr,
and that the percentage increase in 25(OH)D among Caucasiarzd 0%, whereas
among black participants the increase was 40%).Thus, there is evidence linking
lighter skin pigmentation to more efficient production of 25(OH)D for a given UVB dose
than that in darker pigmentation. There is no evidence howeegthe rate of
conversion of provitamin D to previtamin D and subsequent steps along the 25(OH)D
cascade differs by skin color, but rather that the amount of UVB reaching provitamin D
to begin the cascade differs. Thus, research has demonstratedskiat tgfbes are able
to produce sufficient levels of 25(OH)D with appropriate, albeit distinct, exposure to
UVB. (9, 48, 50) However, research has not addressed the extent to which the
relationship between skin color and 25(OH)D changes over time. éwlality, previous
research has not addressed the extent to which other factors associated with serum

25(OH)D contribute toreduce or exacerbate the relationship between skin color and



25(OH)D. This research examined skin color and serum 25(OH)D oveyeat $eriod

in a population with variable skin colty address some of the gaps in the literature.

Factors associated with Circulating Serum 25(0OH)D

The UV irradiation primarily respoiide for 25(OH)D production igetermined
by the solar zenith ang(&ZA). SZA is the angle between the sky directly overhead and
the position of the sun. Values range fror@@, with larger values indicating a lower
position of the sun in the sky and lesser UVB absorption because UVB has to travel a
longer optical path e ngt h t o reacfli5)The eart hds BsBat d&hrCe
SZA for a location throughout the year. The largest fluctuations are experienced furthest
from the equator where the tilt of the earth has greatest bearing on the angle from the sun.
SZA becomes smallest in summer and in lower latitudes illustrating the difficulty in
achievingoptimal 25(OH)D at higher latitudes, even during summer months. Further
compounding this issue is the higher ozone in northern,avbash also serves to defie
UVB. (48) Requisite for the onset of the 25(OH)D synthesis cascade, the combination of
season and location are important in human produdé).

Dietary intake can be an important source of vitamin D if foods with high content
are consumed in geneportions(37) The only foods that naturally contain vitamin D3
are seafood, mushrooms and egg yolks. The highest concentratiatuialy occurring
vitamin D3 is foundn the fatty oils of salmon, oysters, catfish, bluefish, mackerel, trout,
sardineshalibut, tuna cod and shrim@3) The largest contributor to dietary vitamin D
is wild salmon with 1000 IU per 30z serving. Milk and multivitamins are fortified to
supplement the dietary intake and ensure adequate intake and have been demonstrated to
increase serum 25(OH)b1-53) However, the2011 Institute of Medicine
recommeadation for vitamin D intake is 400 IU/d up for infants udl& months600
IU/d for males12 months or older and females until age 70, @ddl8d for women 71
years or older(125) The fact that the 25(OH)D level in many populations, is drastically
lower than the 75 nM recommendation, combined with the observation that higher doses
have been only shown to raise vitamin D by small amounts, indicates that the current
dietary reommendation may increase serum 25(OH)D, but be too low to achieve optimal
levels.(29, 33, 54, 55)



The process of aging alters the function of many bodily processes that affect
serum 25(OH)D concentration. Of critical importance is the decreased poodotc#

DHC with age(31) It is well established there are substantive changes in the
composition and structure of the skin after age 20. Principally, the thickness decreases
linearly with age, in addition to elastic fiber structure shrinkage in theisieamd the
reduction of the epidermal papillary bod¥6, 37) There is an ageelated decline in
epidermal but not dermalBHC content. As the precursor to 25(OH)D, decreases in the
concentration in the skin reduce the net production of 25(OH)D p& Wit exposure.
Additionally, final stages of 25(OH)D synthesis involve liver and kidney enzymatic
processes which decrease in efficiency with aging. Further, the impact of dietary sources
of 25(OH)D which circumvent the initial stages of vitamin D praitbn in the skin may

be altered with age because absorption of vitamin D from food and supplements is
reduced from the gut, a result of decreased mot{#y) The aggregated effects of aging
combine to create the perfect storm of factors restrict(@B)D synthesis.

Obesity has been implicated in low serum 25(OH)D. Research has demonstrated
that 25(OH)D has an affinity for deposition in adipose tissue. Sequestration and storage
in adipose tissue decreases circulating availability in serum ardbilitg to be
converted to other metabolites including bioactive vitami{6b) However, during
states of deprivation where there is accelerated fat turnover, these stores have been
released and are associated with increasesculating serum 25(OH)DPopulation
based studies have corroborated these findings, demonstrating that irrespective of season,
individuals with higher body tacontent have lower 25(OH)D and prospective UV
irradiation studies demonstrattitht the amount of 25(OH)D measureceaftVv
radiation is lower in obese individua(8.7, 58) Because body mass index (BMI) is a
population proxy measure for body fat, the stuesults suggeshat 25(OH)D is more
strongly correlated with total body fat, not BMI, indicating a link to fatsmast body
mass.

Smoking has also been identified as a risk factor for suboptimal 25(OH)D and
bioactive vitamin D(41, 51, 59, 60)Toxicity from heavy metals such as
hydroxyquinones present in tobacco smoke affect liver function, accumulation of

cadmium in the kidney, and altered hepatic metabolism of 25(0k§D.62)



Serum 25(OH)D and Blood Pressure

There are three primary mechanisms that possibly explain the link between
25(OH)D deficiency and blood pressure: reangiotensin system, insulin resiste, and
vascular remodelind63) Each of the 25(OH)Blood pressure mechanisms relies
heavily on the discovery of a wide distribution of vitamin D receptors (VDR) throughout
diverse tissue types, especially those related to cardiovascular regulatemidition to
the relative ubiquity of VDR, the hydroxylase enzyme required to convert 25(OH)D to
bioactive vitamin D is also widely distributed, which leads to multiple systemic effects of
25(OH)D that may work in concert to affect blood pressi@4)

Renin-Angiotensin Pathwaylnactivation of VDR or the enzyme that converts
vitamin D3 to bioactive vitamin D appears to disrupt the r@mgiotensin regulatory
cascade, the primary function of which is to maintain vascular resistance and
extracellular homesiasis(65) Renin is a protease produced in the juxtaglomerular
apparatus of the nephron where it cleaves angiotensin | (Ang ) from angiotensinogen in
the liver. A converting enzyme then, in turn, converts Ang | to Ang Il which binds to
receptors andhicreases blood pressu(@)

An inverse relationship between the plasma bioactive vitamin D concentration
and blood pressure or plasma renin activity has been establisstedigs oboth
normotensive and hypertensivelividuals (66-69) Furthermore, liraviolet exposure
has been demonstrated to be inversely related to the rise of blood pressure and the
prevalence of hypertension in the general population and was also shown to have blood
pressurdowering effects(70, 71) It has also been reported thitamin D3
supplementation reduces blood pressure, plasma renin activity and Ang Il levels in
patients withhyperparathyroidisma condition caused by suboptimal 25(OH(E2, 73)

In explanation of these findings, one study found that bioactive vitansraMegative
regulator of renin expression and that disruption of the vitamin D signaling pathway leads
to deregulated elevation of renin expression; similarly, an increase in serum 25(OH)D
levels lead to suppression of renii4) Another study foundhiat plasma 25(OH)D
concentrations are inversely associated with blood pressDahl| saltsensitive rats.

(75)



Insulin Resistance Pathwalisulin resistance, characterized as the inability of
circulating insulin to stimulate the uptake and metabob$glucose by muscle, is a
metabolic abnormality that may be an etiologic factor in the pathogenesis of
hypertension(7) In the normal fasting state, plasma glucose decreases from an increase
in plasma insulin. This balance lessens the ingukdiated ptake and metabolism of
glucose by insulirsensitive cells in the ventromedial hypothalamus. The low levels of
glucose stimulate the inhibitory pathway between the hypothalamus and the brain stem,
resulting in decreased sympathetic nervous system activaonversely, the
hyperglycemia and hyperinsulinemia associated with insulin resistance, deactivates the
inhibitory pathway, resulting in increassgmpathetic nervous system actiyity
contributingto hypertension by stimulating the heart, vasculatocekédneysBoth
animal and human studies have demonstrated that 25(OH)D is essential for normal
insulin secretion(76, 77) 25(OH)D is associated with the biosynthetic capacity of
cells in the Islets of Langerhans and accelerates the conversionrautiroto insulin in
the pancreag78) Human studies have demonstrated a positive association between
25(OH)D and insulin sensitivity and appropriateell function; suboptimal 25(0OH)D
has similarly been associated with insulin resistance and dysfoaldiioell activity.

(79)

Vascular Remodeling Pathwalyt addition to the pancreas, VDRs are prevalent
among vascular smooth muscle cells (VSM8D) In the rat model, bioactive vitamin D
suppresses thymidine (a substance used in proliferation studnessure the amount of
incorporation into the cell medium and thus cell reproduction) uptake and propagation in
VSMCs.(6) Bioactive vitamin D was also found to suppress the mitogenic effect of
epidermal growth factor (EGF) on VSMC proliferation by blockthe ability of
mitogens to trigger signal transduction pathways that lead to mi®%)sEvidence that
bioactive vitamin D inhibits the growth of VSMCs in vitro, gives plausibility to the
theory that 25(OH)D deficiency allows the continued growtl ®MCs by activating
EGF which leads to a decreased lumen and increased blood pré&2)irae
importance of genes regulating VDR has also been implicated in the relationship between
25(OH)D and blood pressur@3, 84) Because VSMCs and endothelial séiave
VDRs, they have the ability to convert 25(0OH)D to 1,25(¢H)Additionally, there is



substantiation that 25(OH)D deficiency triggers secondary hyperparathyraalism
maintain serum and body calcium by mobilizing calcium from bone. High parathyroid
hormone affects blood pressure by leadmupsulin resistance and by causing an
autoimmune response. The inflammation resulting from the release of myocytes in the
endothelial cells causesscular remodeling64)

Observations from epideoibgic studies have given credence to the plausibility
of these mechanistic pathways. The National Health and Nutrition Examination Survey
(NHANES I111) found that systolic and diastolic blood pressure were lower for
participants in the lowest 25(OH)D quiles compared to the highest, a relationship
which was exacerbated by a@€.) Further evidence was found in a study of plasma
25(OH) D and the risk of incident hypertens
Health Study which found that 25(OH)D levels wareersely and independently
associated with the risk of developing hypertension. When evaluated continuously, this
amounted to an 8% increase in odds of hypertension for every 12.5 nM increase in
25(0OH)D. Studies have also determined that vitamin D dietad supplement intake is
inversely associated with the risk of hypertengg. 86) These findings have prompted
a clinical recommendations to increase 25(0OH#7-90) However, all studies have not
yielded similar results. Some studies have beamlerto establish an association
between serum 25(OH)D and blood pressure or between vitamin D intake and blood
pressure.(91-95) These disparate findings merit further study to understand this
relationship(96) This study will examine the relationsHygtween serum 25(OH)D and
blood pressure over at tgear period in a populatiemased cohort of mitife women to

contribute to the understanding of this relationship.

Skin Color and Blood Pressure
Hypertension occurs more often in African American adbks in white or
Hispanic American adults. In national stugji@mong African American men and
women, the prevalence of hypertension is 40.6 and 43.5% respectively; among white men
and women (the population group with the lowest prevalence) the propisr23.6 and
28.5% respectively(1) In relation to these groups, African Americans tend to have
hypertension earlier in life, experience greater severity, have less success in achieving

target control levels with treatment, and have higher rates of presrdeath from
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hypertensiofrelated complications, such as coronary heart disease, stroke, and kidney
failure. (97) Conversely, however, African Americans are more likely to be aware of
elevated blood pressure levels and to be treated for the con@fiohge is an important
factor in hypertension, with the prevalence and disparities in hypertension being greatest
in persons over the age of 55; women comprisetiwds of hypertension cases in this

age grap and the black prevalenbecomes twdold higher than whiteg98)

The potential influence of social and psychological factors on the risk of
hypertension within the US black community has been explored in relation to the
communitydés history and culture. The socio
disprgoortionately experienced by blacks in the US underscores an epidemiologic model
in which poor health is associated with a chronic struggle to achieve and maintain valued
social and personal goa(®9) Persistent stress is specifically associated withdrig
blood pressure and also compounds blood pressure ele&i0n101)Mechanistically,
chronic stress may cause hypertension through the continual elevation of cortisol which
stimulates sympathetic nerve activity and causes sensitivity to epinephdne
norepinephrine resulting in vasoconstriction related to regulation by renin expression.
(102)

Other risk factors for hypertension have been explored including behavior and
diet,(103)body sizg104)and salt processing,05)socioeconomic positio(1,06, 107)
neighborhood compositiofd,08)and genetiq26, 109) However, few factors have
successfully accounted for the racial hypertension dispariy) Alternatively, social
support structures in the black community, including the church and the exfianaéy
networks, serve as stress buffers which ameliorate the impact of blighted circumstances
and lower the risk of hypertensiqid11) Efforts to achieve the twin goals of lowering
blood pressure therapeutically and preventing the onset of hypenérsie thus been
shaped by social and cultural context of African Americans and social and psychological
processes associated with hypertengi#@)

Despite these efforts, inadequate progress has been made toward the eradication
of the racial disparityn hypertension(5) Because of the continuing unexplained racial
variation in hypertension, it has been proposed that the high burden of hypertensive

disease among African Americans may be due in part to low serum 25(OH)D via darker
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skin color. Some studs have examined skin color and blood pressure and found that
darker skin color is related to higher blood pressure irrespective atpelfted racial
classification(20-27) These studies have not, however, examined the extent to which
the associatiobetween skin color and blood pressure is due to mediation by serum
25(OH)D. Figure 1.2 displays an overview of the mechanisms and influential factors in
the relationship between skin reflectance, serum 25(0OH)D and blood prégssre.
research seeks totexd the current body of knowledge ¢cntributing to our

understanding of the relationships between skin color and 25(0OH)D, between 25(0OH)D
and blood pressurand byevaluating evidence to explain one of the mechanisms by

which skin color exerts its effeon blood pressure.

Public Health Significance

The exploration of skin color and environment has largely been examined in the
context of anthropology and evolution. In the discipline of epidemiology, the importance
of skin color as a prominent etiologactor began with studies of skin cancer. Previous
research has focused on the relationship between skin color and 25(OH)D with very little
examination of other health implications. It is of great import to understand the
intersection of biological skinolor and context as it relates to the risk of chronic disease,
a concept that is central to identifying the underlying causes of race/ethnic health
disparities. In this capacity, it may be necessary to conceptualize race/ethnicity as a
crude proxy mease for constructs beyond socioeconomic position and culture. Blood
pressure is a precipitating factor in cardiovascular disease mortality, which is the leading
cause of death in the United Stai@g. Thus, determining detailed risk factors that may
influence 25(0OH)D and subsequently blood pressure can provide substrate for public
health actions to mitigate the risk of adverse cardiovascular events.

Overview of Study Population and Data Collection
This study used data from one of the seven sites oftthe 8y of Womends
Across the Nation (SWAN)112) SWAN is an ongoing mukethnic, multisite
longitudinal communitybased study of middlaged women begun in 1996. Community
based samples were recruited at seven study ¥ipssignti and InkstenMichigart

Boston, MassachusettdackensackiNew JerseyChicago, lllinois Pittsburgh,
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PennsylvanialLos Angeles, CalifornisandAlameda and Contra Costa County,
California). The Michigan sample was recruited as a populiésed sample developed
from the census in two communities. Michigan SWAN study population was recruited
using a twestage desigwith different criteria for inclusion at each stage. In the first
stage, conductad 1995, potential Michigan SWAN enrollees were identified feom
censs of 24,283 households located in census tracts assoeitdtgd/o suburban
communities (Ypsilanti and Inkster) near Detroit. This census idedtgiigible women,
aged 4055 yearsresiding in the preselected census tracts, by telephone (86%
contacs) or inperson contact (75%) and resulted in the successful-seati®nal

interview of 2621 (65%) of these eligible women. The list of succes#ftdigviewed
women in the first stage served as the samfdarge for identification of women eligible
for enrollment irthe longitudinal cohort (second stage). For the Michigan site, Caucasian
and African Americans women were recruited in a sampling ratio of 40:60.

Women eligible for the longitudinal cohort study were ageicb22/ears with
intact uterusnot using hormones, had a menstrual period in the previous three months
(premenopausal or early perimenopausal) and were either African American or Caucasian
by seltdefinition. A longitudinakohort of 543 (72% of those eligible from the first
stage) woren (325 AfricarAmerican; 218 Caucasiawgs enrolled in MichiganThis
number was reduced in the first follaypyear to reduce study costs, but in the fifth
follow-up, 62 enrolleewith baseline data were-recruited.

This study will be located in woem at the Michigan SWAN site who patrticipated
anytimefrom 19962010. In 2010, 405 (75%) women were available for contact and data
collection. Measurements of the initially recruited cohort may have been unavailable
because women were deceased (n=28}ttefollow-up (n=58), refused participation
(n=32), were unable to complete the examination (n=38) or participated via telephone in
lieu of a clinical visit (n=22). Cohort retention was similar by race. African American

women still comprised 60% of tlaetive participants in 2010.

Study Population Rationale
The Michigan SWAN site population resides atM2ndicating a minimal solar

zenith angle (SZA) near 2@uring summer months and a maximum SZA near 70
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during winter months, sufficient to preclud®/B exposure for the duration of winter.

(14, 48) Additionally, the regional burden of cardiovascular disease morbidity and
mortality is high in Michigan. According to the Centers for Disease Control and
Prevention, between the years 206, the Michign ageadjusted cardiovascular

disease death rate for women aged 35 years and older was 409 per 100,000, exceeding
the national rate of 351 per 100,00013) The Michigan SWAN site population is

comprised of African American and Caucasian women, ansttatimspecific death

rates in Michigan for these groups (580 per 100,000 and 387 per 100,000) also exceeded
the national rates of (479 per 100,000 and 341 per 100,000) respectively. The geographic
location of this research strongly influences its imgace in examining the influence of

skin color on the prevalence of suboptimal 25(OH)D and its relationship to blood

pressure as women age.

Collection and Management of Skin Color and Serum 25(OH)D Data

During the 20022010 annual study visi865 (90.1%)f enrolled women had
skin color measured with reflectance. A questionnaire was developed to gather
additional data about participant sun exposure, sunscreen use, and vitamin D
supplementatioand approved by the University of Michigan Institutional Revisavard
(Appendix). The questionnaire was validated in previous vitamin D studies and clinic
staff was trained for administration. The skin reflectance protocol and questionnaire
were approved by the University of Michigan Institutional Review Boarda Da
collection began in May 2009 and was completed in June 200®minimize datantry
errors, data were doubly entered into Epi Indosvwon6 and imported t&tatistical
Analysis SystemsSAS) version 9.Zor data management and data analysis.

To addess the specific aims, we added 25(OH)D assays and digital reflectance
measures of skin color to the 2010 data collection cycle in the Michigan SWAN cohort.
Specimens of serum from 2010 and freezer archives were assayed for 25(OH)D. The
25(0OH)D assays foeach woman were performed on specimens collected in years 1, 2, 3,
5,6,7,8,9, 10, and 14. At corresponding time points, blood pressure and measures of
additional covariates were related to the 25(OH)D datao assessments of skin color,
natural (eken at a notJV exposed site) and facultative (taken at a UV exposed site)

were measureth 20092010 using digital reflectance. Because measures of natural skin
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color are presumed to be immutable, they were linked to the aforementioned blood
pressure leels and 25(0OH)D assay results from all data collecgigars. Comparing to
natural skin color to facultative skin color provides an assessment-gfdd\from recent
sun exposure; measures of {1@n skin color may vary over time and are only used in
crosssectional analyses for year ¥ depiction of the annual data collection scheme for

each variable is available in Table 1.

M easurements

Skin Color:Skin color was measured in this study by exposing areas of the skin to
controlled light and measuring thenount of light reflected. Reflectance was measured
on a 0100 scale with 0 indicating no reflectance and 100 indicating complete reflectance;
reflectance is higher in persons of lighter skin color and lower for persons of darker skin
color. This measureas performed using a narrow band PhotoVolt® digital reflectance
meter which approximates melanin content in the skin based on the amount of light
reflected into the instrumen(tl14)

Measures were taken with subjects at rest, away from direct sunligtalcéhol
wipe as used to clean the area prior to measurement to remove any dirt, topical
medications or cosmetics. Natural skin reflectance, representing geneétiballiyed
skin color at a nowJV exposed siteyasmeasured in the inner upper arm. Reative
skin reflectance, a measure of the skin color at a site modified by UV expoasre,
measured at the glabella, the area between the eyebrows at the center of the forehead.
(14) The operator held the probe perpendicular to the skin area avoapngsding the
skin with pressure. Measurements were taken in duplicate and the correlation between
the first and second reflectance readings for skin reflectance has been determined to be in
excess of 0.95, demonstrating the precision of this megddk.

All reflectance measures are reported on the L* index scale using the Commission
Il nternati onal doEcl airage (CIE) L*a*b* sys
darkness axis and is highly correlated with the melanin index IR93, p<0.001] in
populations with a wide range of skin color values, demonstrating construct validity.
(116)

25(0OH)D: Phlebotomy has been performed at each subject visit. Serum has been

separated using a refrigerated centrifuge wigetmirhour of collectionvith minima
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exposure to light and stored-8) C awaiting laboratory analyses. There is
documentation of date, time of day, relation to time of menses, and fasting status. Serum
25(OH)D was measured using automated chemiluminescence immunoassay (CLIA) by
Heartlar Assays in Ames, 1A to measure-Bgdroxycholecalciferol (25(OH)D). The
efficacy of this technique in comparison to other methods has been previously described.
(117) Measures of serum 25(0OH)D were reported in nanomolar (nMg. aEsay has a
7.5 nM limit of detection, an 8% intrassay coefficient of variation (CV), and an 11%
inter-assay CV. Optimal 25(OH)D is defined as a serum measure greater than or equal to
75 nM.

Blood pressureAt each SWAN participant visit, an examiner has measured
blood pressre twice in the right arnm millimeters of mercury (mm Hg)sing a mercury
column sphygmomanometer with a cuff bladder encircling at least 80% of the arm. Four
cuffs are available to allow appropriate selection for the arm size of individual women.
Themeasurement was taken after the subject rested in a seated position for a minimum of
five minutes and each measurement is separated by a minimum of two minutes. Subjects
were positioned with feet on the floor and arm supported at heart level. Sysiotic bl
pressure (SBP) was defined as the commencement of sound at Korotkoff phase 1;
diastolic blood pressure was defined as the cessation of sound at KorotkefbphEse
duplicate measures weageraged for analysis

The operational definition of hypertsion according to the Seventh Report of the
Joint National Committee on Prevention, Detection, Treatment and Control of High
Blood Pressure is a blood pressure level greater than 140mm Hg SBP or 90 mm Hg DBP
or persons currently receiving antihypertensgherapy.(118) Antihypertensive
medication use was obtained via selport and verified by observation of medication

containers at the examination.

Covariate Measurement
Additional variables for whicla priori knowledge indicates confounding or effect
modification of the relationship between the exposures and outcomes of interest were
measured and included in statistical modeling where appropriate. These variables include

age, race, smoking status, body mass index (Bhily fat supplement and dieta
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vitamin D intake UV season, sun exposure, sunscreen use, education, employment,
financial hardship, and study retention.

Age was calculated to 0.1 precision by subtracting the examination date from the
participantds dat e obyselfidentifidation durR@recauitmera s det
as either African American or Caucasiandichotomous measure of tobacco use in the
12 months preceding the visias selfi reported at each annual visit and treated as a
time-varying covariate.

Height incentineters ¢m) and weight irkilograms kg) were measured at each
examination and used to calculate Body Mass Index (BMI) in kd#MI values of 30
kg/m? or greater are classified as representing obesity.

Body fat percentage was assessekilograms (kg)with bioelectrical impedance
in which the greater transmission speed of electrical current in muscle tissue and fluids is
compared to the slower conduction by fat tissue.

The use and dosage of vitamin D dietary supplements or multivitamin
supplements containg vitamin D was assessed annually and treated as time varying
covariate. The amount of dietary vitamin D intake was assessed at three examinations
(baseline and follovups 5 and 9and reported in international units (IU§ing the
National Cancer Ingtte food frequency questionnaire and provisional vitamin D data
from the United States Department of Agriculture. Dietary information was combined
with vitamin D values from supplements during years when both variables were
collected.

Assignment to onef two proxies for season of data collection was based on the
average monthly UV index for southeast Michigan. Data collected between April 1 and
September 30 was assigned to a high UV category based on monthly UV index average
values of five or highemvhereas measures taken between October 1 and March 31 were
grouped into a low UV category because the UV index average values were four or
lower, with most months averaging zero. In data analysis, this measure was treated as a
time-varying covariate. Togimate sun exposure, participants were asked to report the
average number of hours spent in the sun daily during warm weather, the parts of the
body typically exposed to sunlight during warm weather, and if they used sunscreen with

a sun protective fact¢6PF) of 15 or greater.
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Estimates of various constructs of socioeconomic position were evaluated with
measures of education, employment and financial hardship. The highest level of
education completed was assessed at recruitment in 1996 and is reparted a
dichotomous variable. Women reporting their highest level of completed education as
college or posgraduate studies were grouped and compared to women reporting less
than high school, high school, or pdsgh school as their highest level of comptkt
education. Current employment was assessed at each study visit. An annual interview
guestion about the difficulty in paying for necessities in the preceding 12 months (food,
shelter and health care) was used as avianging dichotomous indicator oihfancial
hardship.

To account for the potential impact of cohort retention on study findings, study
participation variable was created to compare deceased women or enrollee® with O
visits in the past five years to the active cohort of participants3agtiisits during the
same time period. This dichotomous variable was included in longitudinal modeling with

repeated measures

Analytic Approach

Analyses began with univariate and frequency estimations for continuous and
categorical variables, respectiyeAll continuous variables were evaluated for normality
and log transformations were performed where appropriate to meet model assumptions of
normality and constant variandeng transformed means and regression model parameter
estimates were back trangined in the results and discussion to ease interpretation. Log
transformed means were back transformed by taking théogntif the log transformed
mean and half of the log transformed standard error squared. When the response variable
was log transformd, taking the ardog of the estimate, subtracting 1 and multiplying by
100 yielded the percentage increase in the response variable associated withia one
increase in the explanatory variable. When both the response and explanatory variables
were bg transformed, the parameter estimate was interpreted as the percentage increase
in the response variable associated with a 1% increase in the explanatory vétit®je.

We statified descriptive measuréy variables of interest, namely race category,
serum 25(OH)D status, or hypertensive treatment where appropriatsquzine tests

were used to evaluate differences in categorical variables bgtratmstratification
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vari abl es; Fi sherds exact test whacatiooused to
vari ables that result itestwasmsedtbdetermihdifthei zes .
means of continuous variables diffeteetween the strata of binavgriables, whereas

the KruskalWallis test was used to compare metmghreestratun variables. Measures

of association are reported withvplues or 95% confidence intervals (CI); univariate

statistics are reported with standard deviations (BDxtatistical tests performed were

twosi ded and significance was defi neg at U=/
completed using SAS v9.2.

Statistical Power
The Michigan SWAN sample is a closed cohort with no new recruitment;
thereforethe sarple size was fixed at the onset of this study. Using the SAS gimpower
procedure, we calculated power for each aim based on the known sample size and
estimated effect size from previous literature. For all models in all aims tested, there was

80% power omore to detect a minimum effect size of (120)

Longitudinal Repeated Measures Data Analyses

Mixed effects modeling was used to estimate the associations between variables
over time while accounting for correlated errors within individuals over thmaixed
model is used to account for the two distinct variable effects, those that change within
subjects over time and those that are invariant. Linear mixed models were fit to include
time (linear) and timesquared (quadratic) random effects variabiegresenting linear
and curvilinear trajectories over the study period. Regression analyses began with
bivariate models of a single set of independent and dependent variables with later
adjustment for potential confounders in multivariate models. Vasatéze selected for
inclusion in final models with consideration for a priori hypotheses and statistical
associations observed in the data. We used the spatial power covariance structure to
account for correlated errors in closely spaced measuremertts accbunt for
unequally spaced time points. This structure has homogenous variances and correlations
decline exponentially with increasing distance from the first measure, indicating constant
measurement variability over time, with correlation betweeasuees decreasing as they

get further apart. The spatial power covariance function has the form:
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(Equation 1)Co vi ( U0 & % &,

where gdijigs t he di stance in time between ti mes

that measures the liaeassociation between the errors measured 1 unit of time apart.
Because the time variable representing study visit was an integer, this covariance
structure reduces to the fagtder autoregressive structure. Shuare tests were used to
compare the2 log likelihood ratios of nested and full models, characterize model fit, and
determine appropriate covariance structure.

Longitudinal mixed effects models were used to address Aims 1 and 2. In Aim 1,
separate models were employed to evaluate whethems25(OH)D was associated with
systolic and diastolic blood pressure and to determine if mean serum 25(OH)D changed
over time and if that change was different for African American and Caucasian women.
The models of systolic and diastolic blood pressordrolled for potential confounders
including baseline age, body fat percentage, smoking status, hypertensive treatment,
length of hypertensive treatment, and serum 25(OH)D by treatment status. The model for
25(OH)D controlled for baseline age, raceamtin D intake, anthypertensive
medication use, length of hypertensive treatment, body fat percentage, UV season,
smoking status, and study participation. For Aim 2, a linear mixed model was used to
evaluate the trajectory of serum 25(OH)D by skin réflece. This model also included
baseline age, UV season, body fat percentage and vitamin D supplement use. The
longitudinal linear mixed effects models for Aims 1 and 2 were of the following form:

(Equation 2 Yj =Dbg + bitime; + boXjj + baXj*time;; + b + bistime; + g;
where timg is the [ linear time point for thé"fwoman and Xis the value of a covariate
for the I" woman at time j. Y are the values of the outcome variable for thedman at
time j; b is the intercepth; (time) coefficient estimates the annual linear change in the
outcome variable. Thie, (covariate) coefficient estimates the mean change in the
outcome associated with a unit change in a covariate. A signibgaoefficient is
interpreted as a difference laseline outcome measure according to level of the
covariate only if there is a correspondimgnteraction. Otherwise, th® can be
interpreted as the association between the covariate and the outcome at any time over the
study period.bs (Xj*time;) estimates the longitudinal linear change in the covariate per

year (slope); a negative beta coefficient for this interaction term indicates a decrease in
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the outcome variable with increases in time and the covariate, whereas a positive beta
coefficient indcates an increase in the outcome over the same conditionsj; e b
random intercept term to account for correlated errors in repeated measures from the
same woman (which results in deviation of the intercept of woman i from the population
interceptbg) and kitime; is the random slope term to account for correlated errors in
repeated measures over time from the same woman which results from deviation of the
slope of woman i from the population sldpg ande; is the independent (random)
measuremergrror.

An additional goal of Aim 2 was to examine the risk of optimal 25(OH)D by skin
reflectance. To address this aim, longitudinal repeated measures logistic regression was
performed for the dichotomous optimal 25(OH)D outcome variable. This madabfv
the following form:

(Equation 3 Logit Y; = bg + bitime; + boXj; + b + birtime; + g;
where the outcome is binary (1=Yes/0=No); therefore a repeated measures logistic
regression model similar to the longitudinal linear mixed model was asststre
appropriate model specifications. The outcome (LogitsYinterpreted as the risk of
outcome in'f subject over the 14 year study period. The coeffidiefis the overall
effect of a covariate on the incidence of optimal 25(OH)D over timasadg for the
random and fixed effects of the other covariates. The exchangeable covariance structure
was used to account for correlated errors in the logistic regression model. This structure
involves equal variances for random effects and one commowigaicovariance and
was chosen because the dichotomous serum 25(OH)D status for the same individual

appeared to be equally correlated, regardless of the distance between responses.

CrossSectional Data Analyses
In Aim 2, logistic regression was performiddetermine the association between
skin reflectance and optimal 25(OH)D, to establish a relevant skin reflectance threshold
for optimal 25(OH)D, and to compare the predictive probability of race and the skin
reflectance threshold. Covariates, including Uan reflectance, age, UV season,
sunscreen use body fat percentage and vitamin D supplement use, were included in the

model. The logistic regression model was of the form:
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(Equation 4 Logit Y =bg+ b1 X + e

Thefoddois the probability of an evextivided by the probability of a nen
event, assuming that only two outcomes are possible. In logistic regression, the logits,
the natural logs of the odds, of the unknown binomial probabilities are modeled as a
linear function of the Xusing maximum likehood estimation(121) The regression
parameters (b)) are estimated by maxi mum | i
generalized linear models. The maximum likelihood estimates can be computed
numerically by using iteratively reweighted least squaresiThet er pr etjati on of
parameter estimate is as the additive effect on the log of the odds for a unit change in the
covariate. Positive regression coefficients indicate an increase in the probability of the
outcome whereas negative coefficients indicatkecrease. The magnitude of the
regression coefficients indicate the strength of the association;-aereaiegression
coefficient means that that risk factor has little influence on the outcome probability.

Receiver operator characteristic (ROC) csrweere used to assess the adequacy
of the skin reflectance in predicting optimal serum 25(OH)D by plotting sensitivity
against one minus specificity. The summary statistic for the ROC curve is the area under
the ROC curve (AUC) which was used to deterniimeeasuring skin reflectance had a
higher probability of identifying optimal serum 25(OH)D than would have occurred by
chance (0.5); a perfect prediction would yield and AUC of {122) The nonparametric
approach was used to compare the AUC for RO@es with different covariate€l23)

For Aim 3, linear regressiamsing ordinary least squares estimaticas used to
characterize the independent relationships between skin reflectance, serum 25(OH)D and
blood pressure and to determine the degree dfatien by serum 25(OH)D in the
relationship between skin reflectance and blood pressure. Confounders included in the
models were age, body fat percentage, smoking status, financial hardship, anti
hypertensive medication use, sunscreen use, and vitamipdesentation. The model
fit, as estimated by the variation in the outcome explained from the inatodedates,
wasassessed with thmefficient of determinatioR? statistic. The linear regression
models were of the form:

(Equation5) Y =bp+ b X +e
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whereb; is the mean change in the outcome variable Y associated witimia dhange in
the covariate X. The model assumes linearity of the relationship between X and Y and
independence, constant variance and a normal distribution of the E&irs.

Mediation is a means of identifying an intermediate variable (25(OH)D) that is
both caused by the explanatory variable (skin reflectance) and also affects the response
variable (blood pressure) aedplains (in total or in partjow the skin reflectare affects
blood pressure. The direct effect of skin reflectance is its immediate effect on blood
pressure; the indirect effect of skin reflectance is the effetood pressurehat
operates through serum 25(OH)D; and the total effect is a combiwdtioa indirect and
direct effectsA powerful test for mediation requires that there exists a primary effect to
be mediated (i.e. a test of the total effect rejects the null hypothesis of no association) and
that the indirect effect is significant in theedicted direction.The Preacher and Hayes
measure of indirect effects uses bootstrap resampling to calculate the quantity difference
between the parameter estimates for the total effect and the direct effect in order to
examine the underlying contribati of 25(OH)D in the association of skin reflectance
and blood pressurél24)Bootstrappings accomplished by taking a large number of
samples (we used 1126) and computing the indirect effect in each sample. In traditional
testing of the indirect patlhe distribution is usually skewed, failing to meet model
assumptions of normality. The bootstiggproach to characterizing mediation avoids
reliance on assumptions of normality in the distribution of the mediation statistic because
it is based on an emqal estimation of theampling distributionthereby providing a
more robust estimation of varianc€his test also is also more readily applied to smaller

samples because it avoids reliance on laayaple theory.

Summary and Chapter Overview
This disgrtation extends the current health disparities literature by providing an
objective measure of skin color using reflectance in the examination of associations with
serum 25(OH)D and blood pressure. Additionally, the availability of annual repeated
measues of serum 25(0OH)D and blood pressure in a popukiésed cohort of miife
women allowed us to examine the trajectory of changes over time, reducing temporal

ambiguity and questions of dose response, to strengthen arguments for causality.
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Chapter lldescribes the tepear trajectories of systolic and diastolic blood
pressure in relation to the change in serum 25(OH)D over the same period. This chapter
also describes the tgmar trajectory of serum 25(OH)D comparing African Americans to
CaucasiangComparing selfeported race to skin color, Chapter Il examines whether the
14-year trajectory of serum 25(OHJ)D differs by skin reflectance, establishes a
longitudinal risk of suboptimal 25(OH)D by skin reflectance, and compares the predictive
probability for suboptimal serum 25(OH)D between a skin reflectance threshold and
selfreported race. In Chapter IV, the relationship between skin reflectance, serum
25(OH)D and blood pressure were examined to understand the mediation effect of serum
25(OH)D. Lasly, the primary research findings, significance to public health and clinical
practice, and future research directions are presented in Chapter V.
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Figure 1.1. Stages of Vitamin D Synthesis
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Figure 1.2. Schema for therelationship between Skin Reflectance, 25(OH)D, and Blood Pressure
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Figure 1.3 Michigan SWAN Annual Variable Data Collection
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CHAPTER Il

The Longitudinal Trajectory of Serum 25(OH)D in Relationship to Blood Pressure

in women at the midife

Abstract

The presence of vitamin D receptors in the cardiovascular system suggests that
circulating vitamin D [25(OH)D] may contribute to blood pressure regunatit has
been suggested th2b(OH)Dis afactor inblood pressure regulati@ndlow 25(0CH)D
owed to darker skin among African Americamtributes to the ofterreported race
differences in hypertension between Africdmericans and Caucasians. This study used
repeated annual measures of serum 25(OH)D and blood pressure acquired between 1996
and 2007 in 543 participants of the Study
(SWAN)-Michigan site to examine the longitudinal trajectory of vitamin D and blood
pressure and to determine if the-grar trajectory of vitamin D differed for African
Americanand Caucasian women. Higher baseline serum 25(OH)D was associated with
|l ower baseline systolic -012dp@024andCagcasiari r i ¢ a
w o0 me n-0.08fp=0.01)] but no relationship was observed for baseline diastolic blood
pressure. Annual change in serum 25(OH)D over the-year follow up period was not
associated with systolic or diastolic blood pressure. Baseline serum 25(OH)D values
were 45% lower in African American women compared to Caucasian women
(p<0.0001), however the ammllchange in serum 25(OH)D was 2% higher (p<0.0001)]
for African American women than for Caucasian women. The results of this study
suggest the importance of achieving recommended levels of serum 25(OH)D in early
adulthood to modulate the likelihood dbbd pressure increases with age and the need
for targeted interventions to racial groups at differential risk for vitamin D deficiency.

Introduction
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Vitamin D may be influential in blood pressure regulation due the vitamin D
receptors found throughout thardiovascular system which control renin expression,
insulin resistance, and nervous system activdtieh). In crosssectional and prospective
epidemiologic studies, African Americans have lower serum 25(OH)D &\&etaeasure
of t he bodyotsd thaniCauasian, 7Dt hastbeen suggested that low
levels of 25(OH)D are a factor in hypertension and contribute to the refpemted race
differences in hypertensidg-10)

It is well-documented that African Americans are differentially impabted
hypertension compared to Caucasians. The prevalence of hypertension among African
Americans is twefold higher than Caucasians and tends to occur earlier in life with
greater severity. AfricaAmericans have less success in achieving target coevwasl
with treatmen(11, 12) African Americans also have higher rates of premature death
from hypertensiosrelated complications, such as coronary heart disease, stroke, and
kidney failure(13)

Numerous mechanisms have been the object of extensiadlese identify
causal factors in the race disparities associated with hypertension. Some of these include
cortisol and stres$14, 15)behavior and digtl6) body sizg(17) and salt processing.8),
socioeconomic positiof1,9, 20)neighborhood composiin,(21) and genetiq@2, 23)
However, few factors have successfully accounted for the racial hypertension
disparity(24) Because of the continuing unexplained racial variation in hypertension, it
has been proposed that African Americans, who gendrallg darker skin than
Caucasians, experience hypertension more frequently because of diminished dermal
conversion of fhydroycholesterol to 25(OH)D. This, in combination with inadequate
dietary vitamin D intake, a higher prevalence of smoking, and hgkealence of
obesity may lead to an environment whereby 25(OH)D levels are insufficient to sustain
adequate regulation of blood pressure. The impact of these factors may be exacerbated
by increasing age.

Using repeated annual measures acquired ovetyadQperiod, we evaluated if
lower serum 25(OH)D levels over time would be associated with increased systolic and
diastolic blood pressure levels and if this inverse relationship between 25(OH)D and

blood pressure would become more pronounced averyear follow-up period We
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further evaluated if the trajectory for serum 25(OH)D in women atlif@idvould decline
with advancing age and if that the rate of the decline would be greater for African

American women than for Caucasian women.

Study Population

This study uses data from the Study of
(SWAN) Michigan site. SWAN, begun in 1996, is an ongoing raitinic, multisite
longitudinal communitybased study of health and the menopause transition in middle
aged women. Thevo-stage design used to generate the study population at the
Michigan SWAN site has been describéb) In the first stage, study personnel
contacted adults in 24,283 residences located in 40 Census tracts of Ypsilanti and Inkster,
MI to identify thosehouseholds that included women ageeb®0years. In those
households with ageligible women, health interviews were conducted (n=2621 women)
to provide crossectional health information and to generate a list of women eligible for
participation in théongitudinal study. Women were eligible for the longitudinal study
(the second stage) if they were aged5Ryears, had an intact uterus and at least one
ovary, were not using reproductive hormones, had a menstrual period in the 3 months
prior to intervew and selidentified as either African American or Caucasian. The
Michigan SWAN site recruited 543 women, and by design, in a 60:40 ratio of African
American to Caucasian women.

At the tenth annual followap (2007), 431 (80%) women were available for
contact and data collection. Between 1997 and 2007, 18 (3%) women had died, 57 (11%)
had been lost to followp, 27 (5%) of women refused participation, and 10 (2%) were
unable to complete the examination. This analysis is based on serum 25(OH)D data from
specimens acquired during annual visits from examination yezuandl 510.

Written informed consent was obtained annually from all participants, and
approval for the conduct of the study was obtained from the University of Michigan

Institutional ReviewBoard.

Study Measures
Per protocol, blood pressure was measured twice in the right arm using a mercury

column sphygmomanometer. The participant rested in a seated position for a minimum
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of five minutes with feet positioned on the floor and arm suppottbdat level. The

two measures were separated by a minimum of two minutes and the results averaged for
reporting. Systolic blood pressure (SBP) was defined as the commencement of sound at
Korotkoff phase 1; diastolic blood pressure (DBP) was defind¢ldeasessation of sound

at Korotkoff phase 5. This report uses as its operational definition of hypertension a
blood pressure level greater than 140mm Hg SBP or 90 mm Hg DBP or current use of
antihypertensive therapy, consistent with the Seventh Reptbr¢ dbint National

Committee on Prevention, Detection, Treatment and Control of High Blood Pressure.
(26) The use of prescription artiiypertensive medication was intervievaessessed at

each data collection time point. The report of antihypertensivécatemh use was
corroborated by observation of medication containers at examination.

Blood was drawn annually and then separated using a refrigerated centrifuge
within an hour of collection. Seruradminimal exposure to light andasstored at
80 C awating laboratory analyses. Serum 25(OH)D was measured singularly using
automated chemiluminescence immunoassay by Heartland Assays in Ames, IA. The
assay has a 7.5 nM limit of detection, an 8% Hasaay coefficient of variation (CV), and
an 11% interasgy CV. Optimal vitaminDi s def i ned as serum 25( Ol
nM, insufficiency i noM,andstaminDaléficiency cofsis® & an d
values <25:M.

There were 3001 data points with concurrent serum 25(OH)D and blood pressure
measuresSerum 25(OH)D was measured at least once in 498 (92%) of participants.
Serum 25(OH)D data may be unavailable because women did not have phlebotomy (loss
to-follow-up, telephone interview in lieu of a clinical visit, or deceased) or the volume
collectedwas inadequate to permit archival storage. Among women with at least one
serum 25(0OH)D measure, 224 (45%) ha@l & nual 25(OH)D measures from serum,;

172 (34.5%) had-5 annual 25(OH)D measures from serum, and 102 (20.5%)-Aad 1
annual 25(OH)D measure®im serum.

To examine the impact of differential cohort retention on study findings, we
included an indicator for study participation and retention in the statistical models.
Inactive cohort members, which included enrollees who are deceased orAwikit3 in
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the past five years, were compared to members of the active cohort of participants with 3

5 visits during the same time period.

Covariate Measurement

Height in cm and weight in kg were measured at each examination and used to
calculate Body Mss Index (BMI) in kg/fh Body fat percentage was assessed with
bioelectrical impedance in which the greater speed of electrical current conduction in
muscle tissue and fluids is compared to the slower conduction in fat tissue. A
dichotomous measure ofttacco use in the 12 months preceding the wiag selfi
reported at each annual visit and treated as auangng covariate. The amount of
dietary vitamin D intake was assessed at three examinations (baseline andifidlbw
and 9) using food listsdm the National Cancer Institute food frequency questionnaire,
whereas the use of vitamin D dietary supplements was assessed annually. Vitamin D
intake was dichotomized to compare women with intakes of <400 IU per day to those
withinta k e s O 4 OyQaccording o ¢he Foddaand Nutrition Board recommended
daily intake in place at the time of analysis. (37)

Assignment to one of two proxies for season of data collection was based on the
average monthly UV index for southeast Michigan. Data collectivdelea April 1 and
September 30 was assigned to a high UV category based on monthly UV index average
values of five or higher, whereas measures taken between October 1 and March 31 were
grouped into a low UV category because the UV index average valuetoweoe
lower, with most months averaging zero. In data analysis, this measure was treated as a
time-varying covariate with high UV as the referent group.

Current employment was assessed at each study visit. An annual interview
guestion about the diffidty in paying for necessities in the preceding 12 months (food,
shelter and health care) was used as avianging dichotomous indicator of financial

hardship.

Statistical Analysis
Analyses began with univariate and frequency estimations for contiandus
categorical variables, respectively. The blood pressure variables were examined for

normality to satisfy model assumptions; no transformations were required to meet these
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assumptions. Vitamin D was log transformed to address the skewed distribution i
calculating mean vitamin D or modeling thegéxory of vitamin D over timelLog

transformed data are presented in tables, but were back transformed to ratio measures for
ease of interpretation. We examined baseline variable distributions by raegehgpve
treatment status and vitamin D status. -&iare tests were used to evaluate if
categorical variables differed by race or
used to compare categorical variables by serum 25(OH)D categoriesebetamsll cell

Si zes. T-tes was tisaddcedetérrairse if the means of continuous variables
differed by race or hypertensive treatment, whereas the KrUgahils test was used to
compare means according to the tHmee| variable representirggdequacy of serum

25(0OH)D. Measures of association are reported withlpes or 95% confidence

intervals (Cl); univariate statistics are reported with standard deviations (SD).

Mixed effects modeling was used to estimate the associations betweetegariab
over time while accounting for correlated errors within individuals over time. To account
for correlated errors in closely spaced measurements we used the autoregressive
covariance structure. Gkuare tests were used to compare2Heg likelihoodratios of
nested and full models, characterize model fit, and determine appropriate covariance
structure. Linear mixed models were fit to include time (linear) andsop@red
(quadratic) random effects variables, representing linear and curvilineatdregs over
the tenyear study period. In initial evaluations, the quadratic term {Squared),
representing rate of change, was not statistically significant and therefore was not
included in final models for serum 25(OH)D or BP. Variables were seldot inclusion
in final models with consideration for a priori hypotheses and statistical associations
observed in the data.

To describe the change in serum 25(OH)D over theéan study period, the
linear mixed models included baseline age, racemiitdd intake, anthypertensive
medication use, length of hypertensive treatment, body fat pereght&gseason,
smoking statusstudy participationand time To characterize the raspecific change in
SBP and DBP with serum 25(0OH)D, data were steatifiy race.Covariatedor the
blood pressure moddsincludingserum 25(OH)Dbaseline age, body fat percentage,

current smoking status, hypertensive treat@amith significant pvalues demonstrating
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a longitudinal association with blood presswuvereincluded in the final models as main

effects or in an interaction with the time variable.

The linear mixed models for blood pressure were of the following form:

BR; = bo + bltime.j + bzxij + ngij*timeij + bo + hltime.j +gj

where timg is thej" linear time point for the"lwoman and Xis the value of a
covariate (i.e., serum 25(0OH)D) for tH&vioman at time j. BPare the values of blood
pressure (systolic or diastolic) for tf&oman at time jby is the blood pressure
intercept,b; (time) coefficient estimates the annual linear change in blood pressure. The
b, (covariate) coefficient estimates the mean change in blood pressure associated with a
unit change in a covariate such as serum 25(OH)D. A signitcardgefficient is
intempreted as a difference in baseline BP according to level of the covariate only if there
is a correspondinbs interaction. Otherwise, th® can be interpreted as the association
between the covariate and BP at any time over thgaanstudy.bs (X;*ti me;)
estimates the longitudinal linear change in the covariate per year (slope); a negative beta
coefficient for this interaction term indicates a decrease in blood pressure with increases
in time and the covariate, whereas a positive beta coefficieichied an increase in
blood pressure over the same conditions. Tdis la random intercept term to account for
correlated errors in repeated measures from the same woman (which results in deviation
of the intercept of woman i from the population intetd®{) and kitime; is the random
slope term to account for correlated errors in repeated measures over time from the same
woman which results from deviation of the slope of woman i from the population slope
b,, ande; is the error.

All statistical testperformed were twsided and significance was defined at

U=0.05. Data management and anal yses were

Blood Pressure Characteristics
At baseline, 23% of the population reported benegted for hypertension (Table
2.1). The mea SBP { SD) and DBP{ SD) were 1299 18) and 761 12) mm Hg in

women treated for hypertension in comparison to 15§ and 699 9) mm Hg for
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women without treatment. Women being treated for hypertension were, on average,
slightly older, had higheBMI and body fat percentages, and were more likely to report
financial hardship in the previous year.

At baseline, 28% of African American women reported being treated for
hypertension compared to 17% of Caucasian women. In the untreated, the mean SBP
value in African American women was 12016) while the mean SBP in Caucasian
women was 111°(14) mm Hg. DBP values for untreated African American women
were not statistically distinguishable from Caucasian women, beirfgIQ) (nm Hg and
68 (° 9) mmHg respectively. There were no statistically significant differences in BP
among treated African American and Caucasians; in Affaerican women, the mean
SBP and DBP were 131 @0) and 779 12) mm Hg whereas among Caucasian women
the values were 124 12) and 749 10) mm Hg.

Ten years after the baseline assessment, the prevalence of treated hypertension in
the population had doubled to 48%. Among these women, the mean SBP and DBP were
130 ¢ 22) and 749 12) mm Hg. Among untreated women, theial difference in SBP
first observed at baseline remained in 2007 (African American°128)( Caucasian 113
(° 17) mm Hg). Nevertheless, intergroup comparisons were observed in 2007. While
there were no significant differences in SBP among treatedafsf American women and
Caucasian women at baseline, 10 years later treated African American women had
significantly higher SBP values [132 24)] than treated Caucasian women [1194)

mm Hg].

Serum 25(OH)D Characteristics

At the 1996 baseline, ¢hmean serum 25(OH)D levél §D) was 28.4°(18.4)
nM. Overall, 44% of women were classified as vitamin D deficient (<25 nM); 50% were
vitamin D insufficien (O 25 and <75 nM):; and, 6% of wa
optimalv i t ami n DCompgaigdbto woMeén with optimsérum 25(0H)D levels at
baseline, women classified as being vitamin D insufficient or deficient at baseline had
higher body size meages including BMI and body fat percentage (Tdblg. Women in
the vitamin D insufficiency or deficiency categories had lower dietary and supplement

intakes of vitamin D, were more likely to have had their clinic visit during the winter, to
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be current smokers, to report greater financial hardship in the previous 12 months, and to
selfidentify as African American.

Serum 25(OH)D levels were not statistically distinguishable according to anti
hypertensive use (p=0.5). However, serum 25(0OH)D values diffareace (Tabl@.1).

The mean9 SD) 25(0OH)D levels at baseline among African American and Caucasian
women were 21.6°(11.9) and 42.2°(23.9) nM, respectively. Only one African
American woman was classified as havapgimalserum 25(OH)D; 37% of Afdan
American women were classified as being insufficient and 62% were classified as
vitamin D deficient. In contrast, among Caucasian women, 14% were classified as
having optimal vitamin D69% as vitamin D insufficient, and 17% as vitamin D
deficient. Te years later in 2006, the meanSD) 25(0OH)D levels among African
American and Caucasian women were 34.57.8) and 50.4°(23.7) nM. At year 10,
African American women experienced 6% adequacy, 69% insufficiency and 15%
deficiency, whereas among Casigan women there was 25% adequacy, 69%
insufficiency, and 7% deficiency.

Table2.2 depicts the association between theyé@r serum 25(0OH)D trajectory
and baseline age, race, vitamin D intake,-Aggiertensive medication use, length of
hypertensive treatent, body fat percentage, UV season, smoking status, and study
participation. While the mean serum 25(OH)D increased over thgetrobservation
period, there was not a statistically significant increase in serum 25(OH)D after
adjustment for the longidinal effect other variables (p=0.65). Using the back
transformed ratio measures of association for the log transformed serum 25(OH)D
measure, we observed different serum 25(OH)D trajectories in African American and
Caucasian women. Though African Amarcwomen had baseline serum 25(0OH)D
measures 45% lower than those for Caucasian women, compared to Caucasian women,
the linear increase per year in serum 25(OH)D levels was 2% higher among African
American women. Additionally, compared to women not beiegtéd for hypertension,
serum 25(OH)D was 1% higher for every additional year spent on treatment.

Additional factors associated with lower serum 25(OH)D at baseline were older
age at baseline, higher body fat percentage, and vitamin D intake < 400 lloyd&iy

season, smoking, and inactive study participation. Smoking and vitamin D intake <400
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IU/day were associated with an annual decrease in serum 25(OH)D over time compared
tonons mokers and those with vitaminlobUVi nt ake:
season visits had an annual increase in serum 25(OH)D over teateperiod

compared to women with visits during the high UV season.

Associations of Serum 25(OH)D and Blood Pressure

Higher baseline serum 25(OH)D was associated with lower SRirg African
American and Caucasian women not being treated for hypertension. For every 1 nM
higher baseline serum 25(OH)D, baseline SBP was 0.12 mm Hg lower for African
Americans and 0.08 mm Hg lower for Caucasians. However, the longitudinal effect of
serum 25(OH)D was not related to SBP (Tab&). There were no statistically
significant baseline or longitudinal relationships between serum 25(OH)D and SBP or
DBP in African American or Caucasian women irrespective of hypertension treatment

status.

Discussion

In a tenyear longitudinal cohort study we found that higher serum 25(OH)D was
associated with having lower SBP in both African American and Caucasian women who
were not undergoing hypertensive treatment. This study is the first poptiased
study to identify that the relationship between BP and serum 25(OH)D is not observed
among women using artiiypertensive medication. This is consistent with other studies
that suggest serum 25(OH)D may play a role in renin expression, vascular remodeling, o
sympathetic nervous system activati(¥-29) The absence of associations in treated
women suggests that hypertensive treatments which target sodium and calcium channels,
the reninangiotensiraldosterone system, and the sympathetic nervous systemdever
the normal biological processes which link circulating 25(OH)D with blood pre&giye.

The identification of vitamin D receptors in cardiovascular tissue motivated
research on serum 25(OH)D and blood pressure; this relationship gained credence
becaus many of the factors associated with hypertension afaators of serum
25(OH)D inadequacy. Observational studies have provided support of a relationship
between serum 25(OH)D and blood pressure, however reports of conflicting results are

often explaied by differences in study population, sample size, serum 25(0OH)D
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classification, and measurement tim{dg, 30, 31)A missing factor in identifying
serum 25(OH)D as a contributing factor to blood pressure is temporality. To our
knowledge this study ige first longitudinal study characterizing annual changes in
serum 25(OH)D and blood pressure over time in a single population to establish the
temporal sequence of events and the magnitude of changes within the population. Our
findings confirm the crossectional relationship between serum 25(OH)D and SBP in
women not receiving hypertensive treatment. While increases over {peaestudy
period were observed for both serum 25(OH)D and blood pressure, changes in serum
25(OH)D were not associated withanges in SBP. Further, there was no observed
association between serum 25(OH)D and DBP, which is consistent with previous null
findings from crossectional studie€, 32)

The series of nine annual assays of serum 25(OH)D oveyadt(period allowed
for the characterization of the longitudinal change in serum 25(0OH)D. Unexpectedly,
serum 25(0OH)D, increased over the-tayar follow up period and older age was
associated with a linear increase in higher serum 25(OH)D. While the higher mean
values witholder age and total mean increase over the study period were modest, it is
noteworthy in that it is antithetical to expectations generated from previous studies which
suggest that solar and dietary vitamin D production decrease with age due to changes in
sun exposure and skin composition, hepatic and renal function, and motility of {8 gut.
33-37) A possible explanation for this observation is that 40% of women in this study
reported vitamin D supplementation of at least 400 IU/day in 2006, a stéliistica
significant increase from the 26% reporting this level of supplementation at baseline.
Furthermore, at each time period where supplement and vitamin D intake was assessed
(baseline, years 5 and 9) older women had higher supplementation than youmger, wo
though the lack of annual measures may also account for the null finding for the linear
change variable. Notably, even the 2011 Institute of Medieic@mmended daily
intake of600 IU/day may require years to rectify tissue levels of deficigi38y.42)
While vitamin D supplementation may have succeeded in elevating circulating levels of
serum 25(OH)D and curtailing the expected-egjated decline in serum 25(OH)D, the
majority of the study population still failed to achie2&OH)D levels hat @uld be
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classified as optimgl © 7 5 The BiEcrease in smoking prevalence may also
contribute to the slight increase in serum 25(OH)D.

The increase in serum 25(OH)D levels over time was greater among African
American women compared to Caucasian wonferevious studies have demonstrated
that the predominant mechanism for vitamin D production is skin exposure to solar
ultravioletblue (UVB){(38) melanin diffuses UVB and slows the rate of vitamin D
synthesis, resulting in higher vitamin D deficiency amdatckerskinned
populationg39-41) This study does not have annual measures of UVB exposure thereby
precluding inferences about the dermal production of serum 25(OH)D. However, we
observed the mean dietary vitamin D intake significantly increased iceAfAmerican
women over time whereas no such increase was observed for Caucasian women. Whether
this observation reflects a greater knowledge and awareness about the emerging health
benefits of vitamin D supplementation among ifiel African American woren is
unknown; however, medical and public health practitioners should provide reinforcement
for this practice.

Among women treated for hypertension, serum 25(OH)D is not associated with
blood pressure. In women without hypertensive treatment, serunt5(&ppears to
have a consistent correlation with SBRch that irrespective of small changes over time,
serum 25(0OH)D at miife correlates witfSBP. Because the mean increase in serum
25(OH)D in this population was small (approximately 10 nM overeghgear follow
up) it may be of a lesser biological consequence to BP than achieving vitamin D
adequacy or other more rapidly changing factors associated with BP, including body size.
The strength of the associations between BP and serum 25(OH)D atéasatinined
with no statistically significant impact of increasing 25(OH)D trajectory on BP over ten
years, suggest that the most powerful public health impact for BP can be achieved by
establishing practices to assure that women acloiptimal serum 25(OBD levels in
early adulthood.

This study has strengths which generate confidence in the results. For the first
time, a populatiofbased study has been conducted which includes annual assays of
serum 25(OH)D over a teyear period. Because of the larganber of assays and high

retention rate, the study population is of sufficient size to examine additional covariates
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of interest. Further, this population includes African American and Caucasian women
allowing for discernible differences in serum 25(OH)id blood pressure among these
women. We stratified analyses on hypertensive treatment use recognizing its
overwhelming impact on blood pressure levels relative to the modest effects that would
have been expected of vitamin D.

Our study has some limitatis. Cohort studies are vulnerable to the bias
generated by los®-follow up; however, this study was largely successful in minimizing
the potential bias with high retention. Because of the concern that lost participants may
not be missing completely eindom we used data prior to censoring to account for the
impact of differential loss on study findings. Another limitation is that all variables of
interest were not assessed annually. Of particular interest are measures of vitamin D
dietary and suppleemt intake which were asked intermittently. Because the observed
effects largely occurred at baseline, additional measures will likely not affect the validity
of observed associations. In this populati@sed study, the number of study
participants wittoptimalvi t amin D (O 75 nM) was smal |,
burden of low serum 25(OH)D in these women above tfiepagallel. The small
number of women achieviraptimallevels combined with a small mean increase in
serum 25(OH)D (10 nM in ten years) miagve generated an environment in which it
was difficult to detect subtle increases in serum 25(OH)D to clinically significant changes

in blood pressure over time.

Perspectives

This study found an inverse effect of baseline 25(OH)D and systolic blood
presure among African American and Caucasian women not receiving pharmacologic
hypertensive treatment. This longitudinal cohort study also found that the change in
serum 25(0OH)D over time was not associated with blood pressure irrespective of
hypertensive gatment status. Given the prevalence of vitamin D inadequacy (<75 nM) in
this population was 94% at baseline, the results of this study suggest the importance of
achieving recommended levels of serum 25(OH)D in early adulthood to modulate the
likelihood of BP increases with age. Future studies should be powered to examine
longitudinal trajectories of blood pressure among early adult women from various racial

groups with a weltepresented spectrum of serum 25(OH)D values at baseline. Given
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the population brden of hypertension and vitamin D deficiency, efforts to further
characterize the timing and dosage of dietary and behaintealentions should be

component of hypertension research.
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Table 2.1 Baseline (19961997) Population Characteristics by Hpertensive Treatment Status and SelReported Racial
Category: Michigan SWAN

Hypertension Treatment Sel-Reported Race Vitamin D Status

African Deficient Insufficient Optimal
Independent Variable No Yes American  Caucasian p <25nM 25 O nN O75nM p
N 340 102 254 188 170 194 23
(%) (76.9%) (23.1%) (57%) (42.5%) (43.6%) (50.1%) (5.9%)
% African American 54.1% 68.6% - - 84.7% 44.3% 4.4% *
Systolic Blood Pressure (mm Hg) 116 #15 129+ 18 123 +18 113 +14 * 122 + 17 118 + 17 104 +13  *
Diastolic Blood Pressure (mm Hg) 69+9 75+12 72+£11 699 * 72 +10 70+11 68 9
% Anti-hypertensive treatment - - 27.6% 17.0% * 24.3% 24.4% 4.4%
25(0OH)D (nM) 28.5+19.2 28.1°15.7 21.6+11.9 42.2°239 * 155+54 41.6 £12.8 90.7 £10.8 *
Dietary Vitamin D (1U) 137 +120 141° 125 117+102 169° 140 * 111+ 94 154 +140 199 +138 *
Supplement Vitamin D (IU) 116 + 169 104° 166 104+ 164 127 173 87 + 153 127 + 175 181 +189 *
% of visits during hgh UV 56.8% 57.9% 50.0% 66.5% * 38.5% 62.7% 82.6% *
Age (years) 47.0+£27 478+28 471+29 472+26 46.8+2.8 47527 48.0+29 *
Body Mass Index (kg/m2) 314+75 349+75 324+77 32.0+75 335+8.2 31.6+7.0 26.2+50 *
Percentage Body Fat (kg) 40.0+85 42.6+8.6 41.4+89 395+80 * 42.1+8.6 40.0+8.5 341+71 *
% Current Smoker 23.3% 30.4% 29.2% 20.1% * 32.7% 20.7% 17.4% *
% Currently Employed 75.6% 68.6% 70.9% 77.8% 76.2% 73.2% 73.9%
% FinanciaHardship 44.9% 51.3% 50.6% 39.9% * 54.7% 38.3% 34.8% *
Categorical data for the hypertensive treatment and race were compared usftigéhe t and conti nuous dat a -teseCategodcal dgtador thedvitamia D catggories
were compared using Fisheroés exact test -Waldtetthe continuous data were compared usi

*p<0.05
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Table 2.2 Baseline effect and tefyear linear change in log transformed serum 25(OH)D

Baseline Effect

Linear Change

IndependentVariables b SE p b SE p
Baseline Age (years) 0.01 0.01 0.10 0.0008 0.0009 0.38
Percentage Body Fat (kg) -0.006 0.002 0.003 -0.0002 0.0003 0.56
African American -0.60 0.05 <0.0001 0.02 <0.0001 <0.0001
Vitamin D Intake -0.15 0.04  0.0002 -0.006 0.006 0.91
UV season -0.19 0.03 <0.0001 0.01 0.005 0.03
Current Smoker -0.05 0.05 0.32 -0.01 0.006 0.03
Study participation -0.12 0.05 0.02 - - -
Hypertensive Treatment -0.03 0.03 0.36 0.01 0.005 0.03

AAfrican Amer i caent, MUN tSaerd sno Do ,l nfyGwRrarregntci $ad k eorn®, a
Treatmento are dichotomous categorical

AHIi gh UV Sesamoker o,iNbActi veo, and

variabl es wi

AUntreatedo.

AStudy Partici pat idyadiswa atimdaeying covaréite.r et roact i v




Table 2.3 Model Coefficients from Linear Mixed Models with Systolic and Diastolic Blood Pressure as the Dependent
Variable stratified by Self-Reported Racial Category

09

Systolic Blood Pressure Diastolic Blood Pressure
Baseline Effect Linear Change Baseline Effect Linear Change

Independent Variables b SE p b SE p b SE p b SE p
African American

25(0OH)D (nM) -0.12 0.05 0.02 -0.01 0.01 0.37 -0.003 0.03 0.94 -0.002 0.005 0.65

Baseline Age (years) 1.1 0.42 0.01 -0.11 0.05 0.31 0.06 0.23 0.81 -0.05 0.03 0.07

Percentag Body Fat (kg) -0.09 0.11 0.43 0.004 0.02 0.82 0.03 0.06 0.64 -0.01 0.009 0.19

Current Smoker 4.3 24 0.01 -0.51 0.32 0.11 0.57 1.3 0.6 -0.20 0.18 0.27

Hypertensive Treatment 2.6 15 0.09 0.28 0.26 0.28 1.4 0.89 0.12 -0.11 0.15 0.46

25(0OH)D & Hypertensive Treatmer 0.09 0.08 0.27 -0.01 0.01 0.24 047 1.7 0.78 0.21 0.28 0.46
Caucasian

25(0H)D (nM) -0.08 0.03 0.02 -0.002 0.005 0.65 -0.01 0.03 0.79 -0.004 0.004 0.30

Baseline Age (years) 0.90 0.41 0.03 -0.04 0.05 041 0.34 0.26 0.19 -0.05 0.03 0.11

Percentage Body Fat (kg) 0.26 0.11 0.03 -0.02  0.02 0.12 0.16 0.08 0.04 001 0.01 0.46

Current Smoker 7.1 2.5 0.006 -0.60 0.35 0.09 1.1 1.7 051 -0.23 0.24 0.34

Hypertersive Treatment -0.16 15 0.92 -0.35 0.27 0.20 -060 1.0 0.56 -0.12 0.18 0.49

25(0OH)D & Hypertensive Treatmel 0.23 0.07 0.10 -0.03 0.12 0.20 -2.8 25 0.25 -0.37 0.44 0.40

ACurrent smokero and fAhypert en dvanableswitheeteremeccategoriesof ranolei andruotreatet cespectivela t e gor i c a
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CHAPTER 1lI

Skin cdor and serum 25(OH)D over al4-year period in women at midlife

Abstract
Previous research has identified that skin color is important to the cutaneous

production of vitamin D, with the higher melanin content in darker skin associated with
lower circulating vitamin D levels. Howevegesearch has not addressed if skin color is
associated with changes in vitamin D over time. Further, little work has been done to
guantify the impact of skin color on the risk profile for contemporary definitions of
optimal vitamin D. This research repothe longitudinal changes in vitamin D over a
14-year period in relation to skin reflectance, a proxy of dermal melanin content, and
evaluates the skin reflectance threshold that was predictive of concurrent optimal serum
25(0OH)D.

Longitudinal data frm 19962010 in 543 women (60% African American
and 40% Caucasian) aged-82 at baseline enrolled at the Michigan site of the Study of
Womendés Health Across the Nation (SWAN) we
approximation of melanin content, was measuusing the PhotoVolt® 57& where the
lowest reflectance score is 0, the darkest possible value, and 100 is the lightest or highest
reflectance. Vitamin D was assayed as 25(OH)D in serum; the optimal value was defined
asO75 nM. Longitudinal linear ankbgistic regression modeling for repeated measures
were used to relate annual serum 25(OH)D measured over time to skin color, adjusting
for covariates including time varying measures of body fat percentage, age, season of
visit, smoking status, and vitamD intake. Logistic regression and receiver operator
characteristic (ROC) curves were used to evaluate and identify predictability of the
association between natural skin color and optimal serum 25(OH)D.

The baseline (1996) serum 25(OH)D was 2% higheevery oneunit
higher skin reflectance (p=0.0001). Women with lower reflectance measures had a 0.1%
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greater rate of change in serum 25(OH)D than women with higher skin
reflectance(p=0.001).

The 14year odds of optimal serum 25(OH)D (<75 nM) were 13@hér for
every higher unit in skin reflectance [Odds Ratio 1.13, 95% Confidence Interval 1.08,
1.18].ROC curve analyses revealed that the skin reflectance threshold that optimizes
sensitivity and specificity for optimal serum 25(OH)D is a score of 55, 8d#o of
African American women and all of the Caucasian women having values above this
value. The AUC statistic indicates that skin reflectance has a higher probability of
correctly predicting optimal serum 25(OH)D than chance alone [AUC 0.66, 95%
Confidence Interval 0.58.73], however, the single factor with the greatest predictive
ability was vitamin D supplementation [AUC 0.75, 95%CI 60780].

Skin color is an important contributor to circulating serum 25(OH)D in
mid-life women over a 14ear perial, with higher skin reflectance associated with
higher 25(OH)D levels and higher odds of optimal 25(0OH)D. Independent of race, the
skin reflectance threshold for optimal vitamin D was identified. An unexpected finding
was the strength of the associatidivilamin D supplementation with optimal 25(OH)D

and with the change in 25(OH)D over time.

I ntroduction

Emerging research indicates that vitamin D has a preventive impact on an
expanding number of diseases and conditions including cardiovascular disease,
periodontal disease, colorectal cancer, loasdremity dysfunction, and atlause
mortality, in addition to its previouslknown relation with rickets in children and certain
types of osteomalacia in adu(tis4) Defining the pathobiological roles for ainin D in
relation to multiple health outcomes has generated renewed interest in characterizing
factors that influence vitamin D production and vitamin D deficiency.

Vitamin D, a secosteroid measured as serushyZisoxycholecalciferol
(25(OH)D), is produed in the skin or can be ingested through dietary infakén the
skin, ultraviolet blue (UVB) exposure from sunlight converts subcutaneous 7
dehydrocholesterol (DHC) to previtamin D3 and thence to cholecalciferol.
Cholecalciferol is the sole souroédietary vitamin D and the predominant source of

vitamin D in nutritional supplements. Once produced or consumed, cholecalciferol is

68



transported to the liver where it is enzymatically converted blyy2lsoxylase to
25(0OH)D(6, 7)

Because the skin is aimary source of 25(OH)D, skin coloration is an important
factor in the cutaneous production of 25(OHH).Melanin, the pigment of darker skin,
is protective against the adverse effects of ultravioliee¢ (UVB) damage from
prolonged sun exposure. Howeyvthe abatement of UVB absorption by melanin
decreases the amount DHC converted to previtamin D, thereby ultimately reducing
the amount of 25(OH)D produced by the s@n10) Furthermore, solar exposure to
UVB is largely determined by seasonalitydageographic location. Locations further
from the equator provide less UVB exposure due to higher solar zenith angles (SZA) and
the associated changes in season. Lower SZA, the angles between the sky directly
overhead and the position of the sun, arebat latitudes closer to the equator and
during summer months because of the tilt of the gadth.Because UVB is absorbed at
wavelengths between 2-815 nm, higher SZA during the winter season decreases or
precludes the UVB exposure required for 25(DHbyoduction. Compared to darker skin
color, there is evidence linking lighter skin color and higher serum 25(OH)D for a given
UVB dose(12) Though there is evidence that the amount of UVB absorbed by the skin
differs by melanin content, there is no ende of a different rate of enzymatic
conversion of DHC to 25(0OH)D(13, 14)

It follows that lower serum 25(OH)D levels have been observed among
individuals with darker skin color and among individuals living at higher latitudes, and
that these effects acumulativg12, 1517) Recent evidence suggest that optimal
circulating 25(OH)D levels are values greater than or equal to 78nbM&20) In a
population of Boston women aged-20 years, the mean value of plasma 25(OH)D
ranged from 30.8 41.6 nM inAfrican American women compared to 60.85.4 nM in
Caucasian womef21) In a similar study of reproductivelyged women evaluated in
NHANES, African American women had a mean vitamin D value of 44.2 nM, with
42.4% experiencing levels below 37.5 nM,rayiously suspected threshold for
deficiency. In contrast, the mean vitamin D in Caucasian women was 82.5 nM with only

4.2% of women having levels below 37.5 (R2)
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Other factors affecting circulating serum 25(OH)D levels may include older age,
cigarete smoking, high body fat mass, and low dietary consumiok3)Decreases in
gut motility, renal function and skin thickness with older age, the introduction of toxins
which alter hepatic and renal function with smoking, and the affinity of 25(OH)D for
sequestration in adipose tissue may explain these relatiorigh%27) Among
African Americans, a higher prevalence of smoking and obesity, combined with the
higher melanin content of darker skin may lead to lower serum 25(OH)D.

It is notable, howear, that while skin color is on average darker for African
Americans than Caucasians, there is overlap in skin color between the two groups.
Because of the correlation between skin color and vitamin D production in the skin,
classifying people by race mdts in a distinction that while culturally appropriate, fails to
account for differences in skin color that do not differ by race and may be biologically
important. Examining skin melanin content, race, and other contributory factors will
allow for a grater understanding of contributing factors to circulating 25(OH)D levels.

This report extends the current research on skin color and 25(OH)D using
repeated serum 25(OH)D measures from the M
Health Across the Nation. Thieport addresses two major questions 1) Does thead
longitudinal trajectory of serum 25(OH)D differ by a skin reflectance, a proxy measure of
melanin content; and 2) Is there is a skin reflectance threshold, independent of self
reported race, thas ipredictive of optimal serum 25(OH)D defined as a vaiienM?

Study Population

Data are from the Study of Womends Heal
Michigan site. SWAN, begun in 1996, is an ongoing rreittinic, multisite longitudinal
communitybased study of health and the menopause transition in raddiivomen.
The twostage design used to generate the study population at the Michigan SWAN site
has been describ€@8) In the first stage, study personnel contacted adults in 24,283
residences located in 40 Census tracts of Ypsilanti and Inkster, Mntiifyddose
households that included women ageeb80years. In those households with-agigible
women, health interviews were conducted (n=2621 women) to generate a list of women
eligible for participation in the longitudinal study and to provide blasaith information.

Women were eligible for the longitudinal study (the second stage) if they were dged 42
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52 years, had an intact uterus and at least one ovary, were not using reproductive
hormones, had a menstrual period in the 3 months prior toiemeand seHidentified as
either African American or Caucasian. The Michigan SWAN site recruited 543 women,
and by design, in a 60:40 ratio of African American to Caucasian women.

This report is based on assays for serum 25(OH)D data in specimeng@cquir
during annual examinations in year8,1510, and 14 and a single time quantitative
measurement of skin color in year 14 (2010) at the Michigan SWAN site. Written
informed consent was obtained annually from all participants, and approval for the study

was obtained from the University of Michigan Institutional Review Board.

Study Measures

Skin Color ReflectanceReflectance was measured using a narrow band
PhotoVolt® 577A digital reflectance meter. The instrument measures the amount of
light reflectal by Tristimulus filters in amber, blue, and green. During measurement, the
light probe was positioned perpendicular to the skin without depressing the skin.
Duplicate measures were taken for each color filter while women were seated and away
from directsunlight(29) All reflectance measures are reported on the L* index scale
using the Commission International do6éEcl ai
measures the lightnesisrkness axis and is highly correlated with the melanin index [R
= 0.93 p<0.001] in populations with a wide range of skin color va(363.

Skin reflectance is measured on-a@ scale with 0 indicating light absorbance
and no reflectance (darkness) while 100 indicating no light absorbance and complete
reflectance (lightneg. Natural skin reflectance, representing genetically inherited skin
color, was measured on the inner upper arm, alidexposed site. Facultative skin
reflectance, a measure of natural skin color modified by UV exposure, was measured at
the glabellathe area between the eyebrows at the center of the forét®adhe
difference between natural skin reflectance and facultative skin reflectance is an
approximation of sun exposure, reported as UV Tan reflectance. Larger UV Tan
reflectance values inditagreater sun exposure and a lower reflectance measures for the
sunexposed forehead.

Skin reflectance was only measured in 2010. Because of this, natural skin

refl ectance, henceforth referenced as nski
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and included as a part of longitudinal repeateshsures analyses for 192610. In
contrast, UVTan reflectance could vary with time and is only included in analyses for

data collected concurrently in 2010.

Serum 25(OH)D .Blood was drawn annually anken separated within an hour of
collection using a refrigeratexéntrifuge. Serum haahinimal exposure to light andas
stored at80 C awaiting laboratory analyses. Serum 25(OH)D was measured singularly
with an automated chemiluminescence immunoassayri{eie@ Assays, Ames, I1A). The
assay has a 7.5 nM limit of detection, an 8% Hasaay coefficient of variation (CV), and
an11%intemssay CV. Optimal wvitamin D is defin
nM.(3, 1820)

In 2010, 405 (75%) women were avéail for contact and data collection and
reflectance was measured in 365 (90%) of these participants. Measurements of the
initially recruited cohort may have been unavailable because women were deceased
(n=28), lostto-follow-up (n=58), refused participati (n=32), were unable to complete
the examination (n=38) or participated via telephone in lieu of a clinical visit (n=22).
Cohort retention was similar by race. African American women still comprised 60% of
the active participants in 2010, consistent whih 1996 baseline.

Serum 25(OH)D was measured at least once during tyedrfollow up period
in 503 (93%) of the participantsAmong women with at least one serum 25(OH)D
measure, 211 (42%) hadl® annual 25(OH)D measures, 124 (25%) h&dannual
25(OH)D measures, 73 (14%) ha® Bannual 25(OH)D measures, and 95 (19%) hdd 1

annual serum 25(OH)D measures.

Covariate Measurement
Height and weight were measured at each examination and used to calculate Body
Mass Index (BMI). BMI values of 30 kgfror greater are classified as obese. Body fat
percentage was assessed with bioelectrical impedance in which the greater speed of
electrical current conduction in muscle tissue and fluids is compared to the slower

conduction in fat tissue.
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An annual intenew question indicating the presence or absence of difficulty in
paying for necessities in the preceding 12 months (food, shelter and health care) was used
as a timevarying indicator ofinancial hardshipA dichotomous measure of current
tobacco use (yasv) was self reported at each annual visit and treated as avangng
covariate.

The use of vitamin D dietary supplements or multivitamin supplements containing
vitamin D was assessed annually and treated as a time varying covariate, while the
amount d dietary vitamin D intake was assessed at three examinations (baseline and
follow-ups 5 and 9) using the National Cancer Institute food frequency questionnaire and
provisional vitamin D data from the United States Department of Agriculture. Dietary
information was combined with vitamin D values from supplements. A proxy variable
for season of data collection was based on the average monthly UV index for southeast
Michigan. Data collected between April 1 and September 30 was assigned to a high UV
categorybased on monthly UV index average values of five or higher, whereas measures
taken between October 1 and March 31 were grouped into a low UV category because
the UV index average values were four or lower, with most months averaging zero. In
data analysisthis measure was treated as a tiragying covariate with low UV as the
referent group.

To estimate sun exposure in 2010, participants were asked to report the average
number of hours spent in the sun during warm weather, the parts of the body typically
exposed to sunlight during warm weather, and if they used sunscreen with a sun
protective factor (SPF) of 15 or greater.

To account for the potential impact of cohort retention on study findings, study
participation variable was created to compare deceaseten or enrollees with-2
visits in the past five years to the active cohort of participants whithi8its during the
same time period. This dichotomous variable was included in longitudinal modeling with

repeated measures.

Statistical Analysis
Analyses began with univariate and frequency computations for continuous and
categorical variables, respectively; univariate statistics are reported with standard

deviations (SD). Serum 25(OH)D was examined for normality to satisfy modeling
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assumptions and lagansformed to address the skewed distribution. Log transformed
parameter estimates were back transformed in discussion to ease interpréiation.
examination of correlation betweeen skin reflectance and UV Tan reflectance was
performed; absent evidenog&collinearity, both variables were included in cross
sectional modeldvieasures of association are reported withajues or 95% confidence

intervals (Cl).

Cross Sectional Analytic Approach

Logistic regression modeling was used to evaluate the assadiiween skin
reflectance and optimal serum 25(OH)D, dichotomized at 75 nM in 2010. Covariates,
including UV Tan reflectance, age, UV season, sunscreemhodg fat percentage and
vitamin D supplement use, were included in the model. Receiver opehnatacteristic
(ROC) curves were used to assess the adequacy of the skin reflectance in predicting
optimal serum 25(OH)D by plotting sensitivity against one minus specificity. The
summary statistic for the ROC curve is the area under the ROC curve (Au) was
used to determine if measuring skin reflectance had a higher probability of identifying
optimal serum 25(OH)D than would have occurred by chance (0.5); a perfect prediction
would yield and AUC of 1.¢31) The nonparametric approach was used topgare the
AUC for ROC curves with different covariat)

Longitudinal Repeated MeasuresAnalytic Approach

Longitudinal linear mixed effects modeling was used to quantify the association
between skin reflectance, assumed to be invariant over timehaddyear trajectory of
25(OH)D. Models included a linear time variable, representing the linear trajectory over
the study period. The quadratic effect of time (fiveas examined, but omitted from
final models due to the absence of statistical associaFor linear models, the
independent variable coefficients are interpreted as the difference in baseline 25(OH)D
according to the variable levels and the coefficients for interaction terms with time
estimate the association between the variablesaadf 25(OH)D changd.o account
for correlated errors in closely spaced measures, we used thadiestautoregressive

covariance structure.
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Repeated measures logistic regression modeling was used to examine changes in
the likelihood of optimal serums20H)D(a categorical variable) over the 14 year follow
up in relation to the skin reflectance as a continuous variable. The exchangeable
covariance structure was used to account for correlated errors in the logistic regression
model. For the logistic regssion models, parameter estimates can be interpreted as the
association between the variable and serum 25(OH)D at any time overybaristudy.

Covariates (i.e. including skin reflectance, baseline age, UV season, body fat
percentage and vitamin D suipment use) having demonstrated longitudinal associations
with serum 25(OH)D were included in the final models. All statistical tests performed
weretwes i ded and significance was defined at

were completed using SAB.2.

Population Characteristics

The average{ SD) age of cohort participants was 392(8)years. The mean
skin reflectance was7.0 (£ 10.3n the inner upper arm. Facultative reflectance on the
forehead was slightly darker 52:8710.9).At the 1996baseline, the mean serum
25(OH)D level £ SD) was 28.4% 18.4) nMand by 2010 the population mean had risen
to 43.4 ¢ 32.8)nM (p<0.0001). At baseline, 6% of the population had optimal vitamin
Dlevels, defined as O 75 nM, but by 2010 th

In 2010, while half of women reported taking a vitamin D supplement, only 3/4 of
the users reported the supplement dosage, which averagedt18{IU per day.
Approximately 56% bthe cohort conducted their annual visit during the high UV season
and 36% reported regular use of sunscreen with an SPF rating of 15 or higher.

Current tobacco use was reported among 20% of study participants and 49%
reportedfinancial hardship The nean BMI was 34.1# 8.6) kg/nf and 63% of the
population were classified as obese. The mean body fat percentage for this population
was 44%. (Tabl&.1)

There was overlap in skin reflectance measures for African Americans (range:
16.577.9) and Caucasiaffiange 58.975.9).(Figure 3.). However, the mean (+ SD)
skin reflectance for African Americans was lower [51.2 + 8.9], whereas for Caucasians it
was 65.6 (x 6.7) (p<0.0001). African American women also had lower mean serum
25(OH)D values (38.3 + 24.8\W) than Caucasians (53.6 = 37.4 nM), (p<0.0001).
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African American women reported less use of vitamin D supplements (45% versus 63%
p=0.0008) and sunscreen (28% versus 48% p=0.0002) than Caucasian women. There
was no difference in BMI, body fat percentagioking status, dinancial strairby self

reported race category.

Cross-Sectional Associations

In 2010, the odds of optimal serum 25(OH)D (75 nM) were 5% higher for every
1-unit higher skin reflectance value[1.05, 95% CI 11028]. After adjustmenif UV
Tan reflectance, age, body fat percentage, vitamin D supplement use and sunscreen use,
the odds of optimal 25(OH)D were 6% higher for every unit higher skin reflectance.
(Table3.2). UV Tan reflectance, age and UV season were not associated witH)26(O
status. Vitamin D supplementation, lower body fat percentage, and reported use of
sunscreen, were consonant with optimal 25(OH)D levels.

Figure3.2 shows the ROC curve and AUC statistics for 1) skin
reflectance, 2) vitamin D supplementation, 3) skiflectance and vitamin D
supplementation, and 4) the full model including skin reflectance, vitamin D
supplementation, UV Tan reflectance, age, high UV season, body fat percentage, and
sunscreen use. All models demonstrated a greater predictive pitglibbi chance,
demonstrated by the AUC statistic and confidence intervals that excluded 0.5. The two
variables with the greatest independent predictive probability were skin reflectance [0.66,
95% CI 0.580.73] and vitamin D supplementation [0.75, 95%(10-0.80]. Together
these variables comprised the majority of the predictive probability of the model [0.81,
95%CI1 0.750.86]. The predictive probability for optimal 25(OH)D was greatest for the
full model [0.84, 95% CI 0.79.89].

Adjusted for other avariates, the skin reflectance threshold that optimized
sensitivity and specificity for the optimal vitamin D level was 55. At the skin reflectance
threshold of 55, the sensitivity was 73% and specificity was 82%. The adjusted odds of
having optimal serm 25(OH)D were 4 times higher among women with skin reflectance
O 55 [ 4. 0-8.2] than%on@h witl skifl reflectance measures below 55. Among
the African American women, 31% had skin

the Caucasian women had skin reflectance vali#s (Figure3.1). Caucasian women
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were3 times as likely to have optimal 25(OH)D [2.8, 95% CF3.8]. The odds ratio
for the skin reflectance threshold at 55 and optimal 25(OH)D is higher than that for self

reported race and optimal 25(OH)D, however, the confidence intervals overlapped.

Longitudinal Repeated Measures Associations

Skin reflectance was associated with baseline serum 25(OH)D; for evemibne
higher skin reflectance, baseline serum 25(0OH)D was 2% higher (p<0.00@he uhit
lower skin reflectance was associated with a Ogtéater annual increase in serum
25(OH)D (p=0.001).

Vitamin D intake wasssociatedavith 9% higher serum 25(OH)D at baseline and
with a 2% greater increase in 25(0OH)D over time. (T&88& High UV season and
lower body fat percentage were consisteith\Wwigher baseline serum 25(OH)D but were
not consistent with the change in serum 25(OH)D over time. There was no baseline
effect of age on serum 25(OH)D, but increasing age was related to increases in serum
25(0OH)D.

In longitudinally examining naturakin reflectance in relationship to the repeated
measures of the clinical threshold for optimal vitamin D (75 nM) during the 14 year study
follow up, we find that the Xear odds of optimal 25(OH)D increases by 13% for every
unit increase in skin refleatae [OR 1.13, 95%CI 1.08.18].(Table 3.4). Among
women taking vitamin D supplements, the odds of optimal 25(OH)D were 19 times
higher than those not reporting vitamin D supplementation [19.2, 95%Cb8.&8B
Additionally, lower body fat and high UV ason were related to optimal 25(OH)D
status. Baseline age was not significantly associated with tiedr4odds of optimal
25(0OH)D.

Discussion
Uniquely, this study examined the relationship between skin reflectance and
longitudinal serum 25(0OH)D. Highekin reflectance was related to higher 25(OH)D
values and higher overall odds of having optimal vitamin D levels. Over thedat4
study period, lower skin reflectance, however, is associated with a greater annual increase
in 25(0OH)D. This study also qutified the importance of skin reflectance by identifying

the skin reflectance threshold for the current optimal serum 25(OH)D level. While this
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threshold level in skin reflectance was somewhat consistent withepelfted racial
category, th&1% discodancebetween skin reflectance and racial category suggested
that 25(OH)D status is an important corollary of skin melanin content irrespective-of self
identified racial category. Lastly, while the importance of skin reflectance was
guantified, we alsolwserved the importance of vitamin D supplementation on 25(0OH)D
status and the contribution of supplementation to the change in 25(OH)D levels over
time.
Several previous studies have addressed the relationship between skin color and
serum 25(0OH)D using cessectional data. A Canadian study found that natural skin
color (measured at the inner upper arm) and vitamin D intake were associated with serum
25(0OHD)(15) A prospective trial of UVB irradiance also found a positive csesgional
correlation betweaenatural skin color value and 25(OH)D levels at bas€li@gWhile
most crosssectional studies have confirmed that darker skin color (measured with
reflectance or melanin index) is associated with lower serum 25(OH)D, the importance of
skincolortoths r el ati onship has recently been cha
suggest that individuals with low baseline serum 25(OH)D and high baseline cholesterol
have similar increases in serum 25(OH)D with the same UVB dosage irrespective of
natural skin cadr.(33) These findings were based on a one week observation and the null
finding for natural skin color and serum 25(OH)D may be due to short follow up time.
The longitudinal finding that higher skin reflectance was associated with higher
25(0OH)D valuesand higher odds of optimal 25(OH)D over time extends the cross
sectional findings and identifies the long term effects of higher skin reflectance on
optimal 25(0OH)D levels. Notably, the change in serum 25(OH)D over tyeddperiod
was greater for womemith lower skin reflectance. This may be driven by the increase
in supplementation observed over the course of the §toihy26% reporting
supplementation at baseline to 52% in 2@0Q0, a process which bypas#es rate
limiting UV dependent pathwaf@) alternatively, the greater increase among women
with lower reflectance may support speculation that low baseline levels produce greater
increases in 25(OH)D with UVB exposyi@s)
The geographic location of this research strongly influences its ianmain

examining the influence of skin reflectance on serum 25(OH)D as women age. The
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Michigan SWAN site population resides at 42°N indicating a minimal SZA near 20°
during summer months and a maximum SZA near 70° during winter months, sufficient to
predude UVB exposure for the duration of the extended wigitey.15)In this
population, the absence of statistical associations with UV Tan reflectance (an
approximation of sun exposure) may reflect the overall low UVB exposure and limited
sun exposure obsgeed among women at mide in our geographic region. Only 30% of
women reported more than 2 hours of daily sun exposure and more than 90% reported
covering most of their body surfaces during sun exposure. Furthermore, because UV Tan
reflectance was oplmeasured once during the study period, we cannot account for
seasonal variation in exposed skin color or its change over time.

It is noteworthy that the single factor with the greatest predictive ability for
optimal vitamin D was vitamin D supplementst. Research had suggested that the
Food and Nutrition Board vitamin D recommendation was too low to show measurable
differences in vitamin D, especially in relation to optimal circulating vitamin D l€®els.
23) Although the majority of the populatidrad suboptimal 25(OH)D throughout the
study and supplement dosage was not available for all study visits, the significant
difference in serum 25(OH)D associated with the-sasbrt of supplementation gives
credence to the viability of supplementationgiewat low doses) in increasing serum
25(0OH)D and helping to achieve optimal levels. Our findings suggest that in a population
where dermal sun exposure is low or negligible, voluntary use of vitamin D
supplementation is the most important predictor ofregkiserum 25(OH)D fowomen
of all skin reflectance values

Compared to women with visits during the low UV season, high UV season was
associated with higher serum 25(OH)D in the longitudinal analyses. Because SPF ratings
of 15 or higher block 99% of theutaneous absorption of UVA and UVB, we expected to
see an inverse relationship between reported sunscreen use and serum 28OH)D.
Unexpectedly, reported sunscreen use corresponded to higher serum 25(OH)D in our
study population. However, the reportexe of sunscreen was primarily observed among
individuals reporting ample sun exposure. Though sunscreens provide protection from
UVA and UVB, selfreported sunscreen and its SPF levels is not adequate to identify if
UVB absorption is occluded and dernpabduction of 25(OH)D curtailed.
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Using selfidentified race as a proxy for skin color is only partly justified by our
study data. Women setfassifying as African American comprised the entirety of those
with darkest skin color values and Caucasian®weproportionately represented among
those with the lightest skin color values. Though the odds ratio for optimal 25(OH)D and
the skin color threshold was higher than the odds of optimal 25(OH)D and race, the 95%
confidence intervals for the two estiraatoverlapped. Skin color (reflectance) and race
were correlated, however, using race without consideration for skin color incorrectly
classified 31% of the population as high risk for suboptimal serum 25(OH)D. The
appropriate assessment of risk has irtggd consequences for members of racial and
ethnic groups with wider ranges of skin reflectance values. Assuming homogeneity of
risk within racial categories fails to deconstruct the components of race that correspond
with outcomes of interest. In thase of 25(OH)D, culture may influence diet and sun
exposure habits, but should be considered in conjunction with biological skin color in
determining the likelihood of optimal vitamin D status.

This study has strengths and limitations. Although cohodiesiare vulnerable
to the bias generated by lessfollow up, this study was largely successful in
minimizing the potential bias with high retention among both African American and
Caucasian womemetaining the 60:40 recruitment rat®ecause of the ogern that lost
participants may not be missing completely at random, we used data prior to censoring to
account for the impact of differential loss on study findings and observed no difference in
effect in our longitudinal models. Some variables of egewere not assessed annually.

Of particular interest were measures of UV Tan reflectance and sun exposure, which
were only assessed at year 14 in 2010. Because recent literature has questioned the role
of skin color and sun exposure in the low seru©O2HD consistently observed in darker
skinned populations, the absence of these measures precludes their consideration in our
analyses. Though we obtained proxy measures for solar UVB exposure and amount of
skin surface area exposed to sun, without a oreasf UVB exposure, important

guestions remain about the rate of 25(OH)D production in darker populations and the
overall importance of skin color to the overwhelming burden of low vitamin D

throughout the world.
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The study has important strengths. They&dr study period provides unique data
supporting the importance of skin reflectance to changes serum 25(OH)D over time and
the likelihood of optimal 25(OH)D. Because this study includes women with a wide
range of skin reflectance values, we were ablietermine that race is a relevant proxy
for skin color, but is subject to misclassification, resulting in overestimation of risk for
suboptimal 25(OH)D in a racial group with a wide range of skin reflectance values. The
location of this study helps estah the relevance of dietary and supplement vitanin
and thevitamin Dfrom cutaneous productiorin Michigan, where cutaneous 25(OH)D
production is limited seasonally, the importance of skin color and supplementation must
be considered concurrently.h& populatiorbased study sample increases confidence
that the results can be applied to similaajed women in Michigan and locations with
similar climates and sun exposure behaviors.

Overall, the study findings suggest that skin reflectance is an tiampor
contributor to circulating serum 25(OH)D in rdiée women over a 14ear period, with
higher reflectance values increasing the likelihood of optimal levels. Notably, vitamin D
supplementation emerged as an essential factor in achieving optimal)Zbi{iOtHis
population of Michigan women. The results also suggest that race can be useful in
identifying highrisk groups; however, optimally race classification be used in
conjunction with the quantitative assessment of skin color. Future researath felvosl
on elucidating factors associated with cutaneous 25(OH)D production including
cholesterol levels, the nature and type of adiposity and skin color to determine their
competing influence on circulating serum 25(OH)D and to develop appropriatetgdailo

sun exposure and supplementation recommendations in public health messages.
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Table 3.1. Michigan SWAN year 14 study population characteristics

Variable N (%) Mean + SD
Skin Reflectance 57.0+10.3
UV Tan Reflectance 42+50
25(0OH)D nM 43.4+32.8
Vitamin D Intake (IU) 1291 + 1478
% Vitamin D supplement use 189 (51.8%) -

% Visits during High UV Season 221 (55.5%) -

% Sunscreen use 127 (35.5%)

Age (years) 59.0+2.8
Percentage Body Fat (%) 44.0 £ 10.2
Body Mass Index (kg/m2 34.1+8.6

% African American
% Current Smoker

% Financial Hardship

240 (60.3%)
74 (19.5%)
181 (48.5%)

Skin reflectance approximates melanin content in the inner upper arm. UV Tan Reflectance, an estimate |
exposure, is the differencetween the reflectance measure in the inner upper arm and forehead. Values ra

from 0 (darkest) to 100 (lightest).
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Table 3.2. Odds Ratio estimates for optimal serum 25(OH)n year 14

Odds Ratio Estimates

95% Wald
Variable Point Estimate Confidence Limits
Skin Reflectance 1.06 1.02 1.10
UV Tan Reflectance 0.97 0.90 1.05
Age (years) 1.01 0.90 1.12
Percentage Body Fat (kg) 0.95 0.91 0.98
UV Season 0.75 0.40 1.41
Sunscreen Use 1.94 1.04 3.60
Vitamin D Supplement Use 8.5 3.98 18.1

Skin reflecance approximates melanin content in the inner upper diviiTan Reflectance, an estimate of sun
exposure, is the difference between the reflectance measure in the inner upper arm and forehead. Values
0 (darkest) to 100 (lightest).

AUV Sasaslichotomous categorical variable comparing High UV Season to the referent category Low
Season.

Sunscreen Use and Vitamin D Supplement Use are
referent category fAnoo
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Table 3.3. Longitudinal Linear Mixed Effects Parameter Estimates modeling the change in log transformed serum 25(OH)D
during study years 114

Population-Average Fixed Effects

Baseline Effect Rate of 25(OH)D Change
Independent Variables b SE p b SE p
Skin Reflectance 0.02 0.003 <0.0001 -0.001 0.0002 <0.0001
Baseline Age (years) 0.004 0.008 0.59 0.002 0.0004 <0.0001
Percentage Body Fat (kg) -0.008 0.002 0.001 0.0003 0.0003 0.28
Vitamin D Supplement Use 0.09 0.03 0.006 0.02 0.004 <0.0001
UV Seaon 0.18 0.04 <0.0001 -0.01 0.004 0.02
Current Smoker -0.10 0.06 0.09 -0.0004 0.006 0.95

Skin reflectance approximates melanin content in the inner upper arm.  Values range from 0 (darkest) to 100 Sighteskpctance
was measured onceidhg year 14 visit only.

UV season is a dichotomous categorical variable comparing High UV season with reference category Low UV season.




Table 3.4. Repeated measures logistic regression populati@pecific estimates
modeling the lorgitudinal probability of optimal serum 25(OH)D during study years
1-14

Population-Average Odds Ratio Estimates

Point 95% Wald
Independent Variable Estimate Confidence Limit
Skin Reflectance 1.13 1.08 1.18
Baseline Age (years) 1.07 0.91 1.25
Percentag Body Fat (kg) 0.89 0.85 0.93
Vitamin D Supplement Use 19.2 6.83 54.1
UV Season 3.51 1.41 8.71
Time (years) 1.58 1.44 1.74

Skin reflectance approximates melanin content in the inner upper arm.  Values range f
(darkest) to 100 (lightest)Skin reflectance was measured once during year 14 visit only.

UV season is a dichotomous categorical variable comparing High UV season with refere
category Low UV season.

Vitamin D Supplement Use is a dichot @mo
the referent category finoo
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Figure 3.1. Skin reflectance distribution by selfreported race
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Figure 3.2. Receiver Operator Characteristic Curve Overlays for Optimal Serum
25(0OH)D at year 14

ROC Curves for Comparisons
1.00
0.75
=
=
% 0.50
=
k)
5]
0.25 4
0.00
T I I I I
0.00 0.25 0.80 0758 1.00
1 - Specificity
ROC Curve (Area)
Full Model
— — — Skin Reflectance &Yitamin D Supplement Use
— - — Yitamin D Supplement Use
—— — 5kin Reflectance
— —-—- Chance
ROC Association Statistics
Mann-Whitney
95% Wald
ROC Model AUC SE ConfidenceLimits
Full Model 0.84 0.03 0.79 0.89
Skin Reflectance & Vitamin D Supplement Use 0.81 0.03 0.75 0.86
Vitamin D Supplement Use 0.75 0.02 0.70 0.80
Skin Reflectance 0.66 0.04 0.58 0.73

Full Model includesskin reflectance, vitamin D supplement use, UV Tan reflectance, age, high UV season, body fat
percentage, and sunscreen use.
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CHAPTER IV

Serum 25(OH)D mediates the relationshifpetween Skin Color and Blood Pressure

among Women in Michigan

Abstract

In an effort to understand risk factors for hypertension, serum 25(OH)D has been
evaluated for potential influence in blood pressure regulation through the 25(0OH)D
receptors in the cdiovascular system and associated with control of renin expression,
insulin resistance, and nervous system activation. It is hypothesized that the high burden
of hypertensive disease among African Americans may be due in part to low serum
25(OH)D owed to drker skin color. Using data from miide women in Michigan, this
study examined skin coloration in relation to systolic and diastolic blood pressure,
considering whether these associations were explained or mediated in part by serum
25(0OH)D levels.

Datawere acquired from 405 women (60% African American and 40%
Caucasian) aged 356 enr ol |l ed at the Michigan site o
Across the Nation (SWAN) in 2002010. Melanin content was approximated with
measurement of skin reflectance, whealues ranged fromT00. Higher skin
reflectance scores corresponded to lighter skin color and lower scores corresponded to
darker skin color. Vitamin D was assayed as 25(OH)D in serum. Blood pressure was
measured twice in the right arm using a mgyaolumn sphygmomanometer and the two
values averaged. Linear regression modeling was used to assess whether independent
relationships exist between skin color, 25(OH)D and blood pressure, adjusting for
covariates including age, financial hardship, smglstatus, difficulty paying for

necessities, anhiypertensive medication use, sunscreen use, and vitamin D
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supplementation. A bootstrap resampling method was used to estimate the indirect effect
of skin color on blood pressure that was mediated by s2B{@®H)D.

Adjusted for confounders, significant independent relationships were observed
between lower skin reftéance and lower serum 25(OH)D [0.01, p=0.00&yer serum
25(OH)D andhigher systolic blood pressur®[04, p=0.004]and lower skin reflectece
and higher sstolic blood pressure(.003, p<0.0001]Variation in skin reflectance
accounted for less of the variation in systolic blood pressure after controlling for serum
25(OH)D. The bootstrappinrgased mediation statistic().0003, 95% C10.0010, -
0.0001]indicated that 11% of the total effect of skin reflectance on systolic blood
pressure is mediated through serum 25(OH)D. While skin reflectance was a significant
correlate with diastolic blood pressure (DBP), there was no evidence of mebdiation
serum 25(OH)D with DBP.

The relationship between skin color and systolic blood pressure is mediated by
serum 25(OH)D. Establishing the indirect effect of serum 25(OH)D on systolic blood
pressure helps to target public health interventions aimed abaatiely the risk of
hypertensive disease and health disparities.

I ntroduction

Racial disparities in hypertension between African Americans and Caucasians
have long been recognized and their elimination is a public health goal in the United
States. (1)In the US populatiom 2009 the prevalence of hypertension was 43.5% in
African American women whereas among Caucasian women (the population with the
lowest US prevalence) the proportion was 28.626 Furthermore, in relation to
Caucasians, African Amieans have an earlier age at onset, greater severity, less success
in achieving target control levels of hypertension with treatment, and higher rates of
premature death from hypertensiatated complications. (3) Age is also an important
factor in hypetension, with the prevalence and disparities in hypertension being greatest
in persons over the age of 55. In this age group, women comprighitd® of
hypertension cases and the African American prevalence rate becordetdtivgher
than Caucasian§4) In an effort to address the disparate burden of hypertensive disease,
national programmatic goals and funding have emphasized the importance of research

identifying contributory factors in hypertension.
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Vitamin D is a factor of interest in blood psese regulationln crosssectional
and prospective epidemiologic studies, African Americans have lower serum 250H)D
a measure of t he OobhlanGadcasiansi (3, Glighenserm st or e s
25(OH)D may be central to the regulation of blood presthwough its control of renin
expression, insulin resistance, and nervous system activatidf) £kin coloration is an
important factor in the production of 25(OH)D because the skin is a primary source of
25(OH)D. (12) In the skin, ultraviolet blue (UB) exposure from sunlight converts
subcutaneous-@ehydrocholesterol {DHC) to 25(0OH)D. Melanin, the pigment
determining skin color, slows the absorption of UVB which decreases the amount of 7
DHC thereby reducing the production of 25(OH)D. (13, i4pllows that compared to
darker skin color, there is evidence linking lighter slotoc and higher serum 25(OH)D.
(15-18) The high burden of hypertensive disease among African Americans may be due
in part to low serum 25(OH)D via darker skin cold9-21)

Previous research has mainly focused on the relationship between skin color and
serum 25(0OH)D with very little examination of other health implications. Some studies
examined skin color and blood pressure and found that darker skin color is related to
higher blood pressure irrespective of selborted racial classification. (Z8) These
studies, however, have not examined the role of 25(0OH)D as an important mediator in the
skin color and blood pressure relationship. While it is necessary to etuthéa
contribution of immutable risk factors such as skin color to hypertension, an important
contribution is deconstructing immutable factors to find modifiable aspects that can
promote healthy blood pressure regulation. Understanding the contribL86(0iH)D
to the relationship between skin color and blood pressure is a priority because circulating
vitamin D levels are modifiable with dietary supplementation and sun exposure among
women of all skin colors. Using data from niiid women in Michiganthis study
examined if skin color was associated with systolic and diastolic blood pressure, and if

these associations were explained or mediated in part by serum 25(OH)D levels.

Study Population
Data are from the Study of(SWdmends Heal
Michigan site. SWAN, begun in 1996, is an ongoing rrettinic, multisite longitudinal
communitybased study of health and the menopause transition in raddiwomen.
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The data for this study were generated at the Michigan SWAN site whosstatge

design used to generate the study population has been described/d@@n were

eligible for enrollment in the longitudinal cohort in 1996 if they were agé&2gears,

had an intact uterus and at least one ovary, were not using reproductiveésyinexd a
menstrual period in the 3 months prior to interview andidelftified as either African
American or Caucasian. The Michigan SWAN site recruited 543 women, and by design,
in a 60:40 ratio of African American to Caucasian women.

This report idased on a quantitative measurement of skin color, assays for serum
25(OH)D, and blood pressure measurements acquired from annual examinations
occurring between May 2009 and June 2010 at the Michigan SWAN site. 1+22009
405 (75%) women enrolled dtd 1996 baseline were available for contact and data
collection. Measurements became unavailable because women were deceased (n=28),
lost-to-follow-up (n=58), refused participation (n=32), were unable to complete the
examination (n=38) or participated &lephone in lieu of a clinical visit (n=22). Cohort
retention was similar by race. African American women still comprised 60% of the
participants.

Written informed consent was obtained from all participants and approval for the

study was obtained frothne University of Michigan Institutional Review Board.

Study Measures

Skin Color ReflectanceReflectance was measured using a narrow band
PhotoVolt® 577A digital reflectance meter. The instrument measures the amount of
light reflected by Tristimulusilters in amber, blue, and green. During measurement, the
light probe was positioned perpendicular to the skin without depressing the skin.
Duplicate measures were taken for each color filter while women were seated and away
from direct sunlight.(31)All reflectance measures are reported on the L* index scale
using the Commi ssion International doEc!l ai
measures the lightnessrkness axis and is highly correlated with the melanin index [R
= 0.93, p<0.001] in popations with a wide range of skin color values. (32)

Skin reflectance is measured on-adD scale with a 0 score indicating total light
absorbance with no reflectance (the darkest skin color) while a score of 100 indicates no

light absorbance and completflectance (the lightest skin color). Natural skin
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reflectance, representing genetically inherited skin color, was measured on the inner
upper arm, without UV exposure. (15)

Serum 25(OH)D.Blood was drawn and then separated within an hour of
collecion using a refrigerated centrifuge. Serum was collected with minimal exposure to
light and stored a80 C awaiting laboratory analyses. Serum 25(OH)D was measured
singularly with an automated chemiluminescence immunoassay (Heartland Assays,
Ames, IA). The assay has a 7.5 nM limit of detection, an 8%-assay coefficient of
variation (CV), and an 11% intaissay CV. Optiml vitamin D is defined as serum
25(OH)D value3) O 75 nM. (33

Blood PressurePer protocol, blood pressure was measured twice in the right arm
using a mercury column sphygmomanometer. Prior to measurement, the participant
rested in a seated positicor fa minimum of five minutes with feet positioned on the floor
and arm supported at heart level. The two measures were separated by a minimum of
two minutes and the results averaged for reporting. Systolic blood pressure (SBP) was
defined as the commenoent of sound at Korotkoff phase 1; diastolic blood pressure
(DBP) was defined as the cessation of sound at Korotkoff phase 5. The use of
prescription anthypertensive medication was sedfported at the study visit and

corroborated by interviewer obseation of medication containers at examination.

Covariate Measurement

Height and weight were measuraanuallyand used to calculate body mass index
(BMI) as weight (kg)/height (). BMI values of 30 kg/fhor greater are classified as
representing obesit Body fat percentage was assessed with bioelectrical impedance in
which the greater transmission speed of electrical current in muscle tissue and fluids is
compared to the slower conduction by fat tissue. Measures of fat mass have been
demonstrated to Heetter correlates with serum 25(OH)D and blood pressure and will
therefore be used in regression models:33Ythe use of the BMI variable will be
restricted to the description of the population.

The highest level of education completed was assessecraitment in 1996 and
is reported as a dichotomous variable. Women reporting their highest level of completed

education as college or pagtaduate studies were grouped and compared to women
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reporting less than high school, high school, or{bagi sclool as their highest level of
completed education. An interview question indicating the presence or absence of
difficulty in paying for necessities in the preceding 12 months (food, shelter and health
care) was used as an indicator of financial hardshigichotomous measure of current
smoking was selfreported.

The use and dosage of vitamin D dietary supplements or multivitamin
supplements containing vitamin D was assessed. Using the average monthly UV index
for southeast Michigan, data collectedvibetn April 1 and September 30 was assigned to
the high UV season based on monthly UV index average values of five or higher;
measures taken between October 1 and March 31 were grouped into the low UV season
because the UV index average values were folovegr, with most months averaging
zero. To estimate sun exposure, participants were asked to report the average number of
hours spent in the sun during warm weather, the parts of the body typically exposed to
sunlight during warm weather, and if they usedscreen with a sun protective factor
(SPF) of 15 or greater.

Statistical Analyses

Data management and analyses were completed using SAS v9.2. Univariate and
frequency computations were examined for continuous and categorical variables,
respectively; uniariate statistics are reported with means and standard deviations (SD)
for continuous variables with counts and percentages for categorical variables. We
examined variable distributions by race. Categorical data for the race categories were
comparedusig fthestc and continuous data -tesere com
Blood pressure variables and serum 25(OH)D were examined for normality to satisfy
linear regression model assumptions and were log transformed to address the right
skewed distribtion. Log transformed parameter estimates were back transformed in the
results and discussion to ease interpretation. When the response variable was log
transformed, taking the adbg of the estimate, subtracting 1 and multiplying by 100
yielded the parentage increase in the response variable associated witFuaibne
increase in the explanatory variable. When both the response and explanatory variables
were log transformed, the parameter estimate was interpreted as the percentage increase

in the respnse variable associated with a 1% increase in the explanatory variable. (40)
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All statistical tests performed weretvgoi ded and signi ficance was
Measures of association are reported withajues or 95% confidence intervals (CI).

Linear regression was used to characterize the independent relationships between
skin reflectance, serum 25(OH)D and blood pressure and to determine the degree of
mediation by serum 25(OH)D in the relationship between skin reflectance and blood
pressure. Medtion is a means of identifying an intermediate variable (25(OH)D) that is
both caused by the explanatory variable (skin reflectance) and also affects the response
variable (blood pressure) and helps explain how the skin reflectance affects blood
pressure.The direct effect of skin reflectance is its immediate effect on blood pressure;
the indirect effect of skin reflectance is the effect that operates through serum 25(OH)D;
and the total effect is a combination of the indirect and direct effects. ThehBreamd
Hayes measure of indirect effects uses bootstrap resampling to calculate the quantity
difference between the parameter estimates for the total effect and the direct effect in
order to examine the underlying contribution of 25(OH)D in the assogiafiskin
reflectance and blood pressure. (41) Bootstrapping creates multiple subset samples of the
data whose approximate sampling distributions are used to estimate the indirect effects.
This approach to characterizing mediation avoids reliance omasisns of normality in
the distribution of the mediation statistic because it is based on an empirical estimation of
the sampling distribution and thereby providing a more robust estimation of variance.

Figure4.l illustrates the Baron and Kenny relatb criteria for evaluating
mediation. (42) Serum 25(OH)D functioned as a mediator if, while controlling for
confounders, the following criteria were met: 1) variation in skin reflectance values
significantly accounted for variation in serum 25(OH)D (thpa2) variation in serum
25(0OH)D significantly accounted for variation in blood pressure (b path), 3) variation in
skin reflectance significantly accounted for variation in blood pressure (c path), and 4)
variation in skin reflectance accounted for lebthe variation in blood pressure when
controlling for serum 25(OH)D (the ¢ path
path). The indirect effect of skin reflectance on blood pressure that was mediated
through serum 25(OH)D was measured as theymtaof the a and b paths, which is

equi valent to the difference between ¢ and
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with a difference of 0 demonstrating total mediation, that all of the effect of skin
reflectance on blood pressure operates thr@sg@®H)D.
Selection of confounding variables for each model was based on biological
significance; however, confounder selection for the models estimating the total (c path)
and direct (cd path) effects of skin refle
Potential confounders included age, body fat percentage, smoking status, financial
hardship, anthypertensive medication use, sunscreen use, and vitamin D
supplementation. To estimate variation explained by the model, the adjdstadis

reportel.

Results

Descriptive characteristics of the study population are shown in Fdble
according to seiffeported race category. The average age of women was 59 years and
body size measures were similar for African American and Caucasian women. The mean
BMI was approximately 34 kg/mthe mean body fat percentage was approximately
44%, and 63% were classified as obese. Current tobacco use was reported by 23% of
African American and 15% of Caucasian study participants. Completion of a college
degree ohigher was reported by 17% of African American women and 37% of
Caucasian women. There was no statistically significant difference between African
American and Caucasian women according to reported financial strain.

Blood pressureMean blood pressumeasures differed by race category. SBP
and DBP (+ SD) were higher among African American women [132D} and 76 (+ 11)
mm Hg] than Caucasian women [121 (x 16) and 71 (+x 10) mm Hg]. Hypertensive
treatment was also higher among African Americans (61&6) #mong Caucasians
(42%).

Vitamin D. The mean serum 25(OH)D was 38t324.9)nM for African
Americans and 53.6:(37.5)nM for Caucasians; 18% of African Americans and 39% of
Caucasians had opti mal vitamin Dghifewerel s, d
African American women (45%) than Caucasian women (63%) reported taking a vitamin
D supplement, only 3/4 of these users reported the supplement dosage, and this did not
differ significantly between the race categories. Approximately 55% of wamtssth
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race groups conducted their annual visit during the high UV season when 25(OH)D is
produced from skin exposure to sunlight, and reported regular use of sunscreen with an
SPF rating of 15 or higher was 28% among African Americans and 48% among
Caucasians.

Lower mean skin reflectance was observed for African Americans £8.2) as
compared to Caucasians (6&.3.2)with the distribution of skin reflectance values by
selfreported race category seen in Figliz Skin reflectance and race werorrelated;
women selidentifying as African American comprised the entirety of those with the
darkest skin color values and Caucasians were disproportionately represented among
those with the lightest skin color values. Despite this correlation, 31be @ffrican
American population had skin reflectance values equal to or higher than the Caucasian
women in the study.

Mediation relationships.Table4.2 displays the results of the linear regression
models evaluating the Baron and Kenny relational @ifer mediation. Differences in
skin reflectance values significantly accounted for differences in serum 25(OH)D,
demonstrating a positive relationship between the explanatory variable and the mediator
(a path). For every ongnit higher reflectance vag, serum 25(OH)D was 1% higher
(p=0.002).

Likewise, as shown in Tabk2, there was also evidence of a relationship
between the mediator and the response variables (b path). Differences in serum 25(OH)D
significantly accounted for differences in syatdlood pressure (SBP). For every 1%
higher serum 25(0OH)D, SBP was 0.04% lower (p=0.008). It follows that compared to the
population mean serum 25(OH)D of 43.4 nM, a serum 25(OH)D value 100% higher
(86.8 nM) was associated with 4% lower SBP. Notal@gys 25(OH)D was not
significantly associated with diastolic blood pressure (DBP). There was also statistical
evidence of a relationship between the explanatory variable and the response variable (c
path). Differences in skin reflectance scores sigmfigaaccounted for differences in
SBP and DBP. For every ommit higher skin reflectance value, SBP was 0.3% lower
(p<0.0001) and DBP was 0.2% lower (p=0.001). This corresponds to 17% lower SBP
and 11% lower DBP when comparing the lightest skin refhegtaralue (73.9) to the
darkest value (16.5).
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Lastly, there was evidence that the relationship between the explanatory variable
and one of the response variables decrease
The association between skin reflectaand SBP was attenuated after controlling for
serum 25(0OH)D. For every oamit higher skin reflectance value, SBP was 0.2% lower
(p=0.008) when controlling for serum 25(OH)D. The parameter estimate for serum
25(OH)D was significant in this model, indiaagi that the relationship with systolic
blood pressure persists in the presence of skin reflectance, indicated that 25(OH)D is
acting as a mediator.036, p=0.01]. The adjusted fr this model indicates that the
included variables account for 12.5%tloé total variation in SBP (p<0.0001). The
significant Preacher and Hayes bootstrapping mediation stafiSi@03 (95% C#
0.0010,-0.0001) indicates that skin reflectance exhibits an indirect effect on SBP
mediated through serum 25(OH)D; this effect1s1% of the total effect of serum
25(0OH)D. The small magnitude of the bootstrap statistic considered with the significant
parameter estimate of skin reflectance in the linear regression model suggests that that
only part of the relationship between skaflectance and systolic blood pressure is
mediated through serum 25(OH)D.

Other statistically significant confounders included age, financial hardship, and
use of hypertensive treatment. Being one year older was associated with 0.7% higher
SBP (p=0.04 experiencing financial hardship was associated with 4% higher SBP
(p=0.03), and use of hypertensive treatment was associated with a 6% higher SBP
(p=0.002).

Though there was a relationship between skin reflectance and DBP, neither the
bootstrapping sitistic nor the comparison of the b path and c path regression models
provides any evidence of mediation by serum 25(OH)D.

Discussion
This study examined the potential mediation of serum 25(OH)D between skin
reflectance and systolic and diastolic bloodgsure in a population of mide women in
southeastern Michigan. Results demonstrated an association between skin reflectance
and serum 25(OH)D and an association between serum 25(OH)D and systolic blood
pressure after controlling for confounders. Use25(0OH)D partially mediated the

relationship between skin reflectance and systolic blood pressure, with 11% of the effect
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of skin reflectance resulting from serum 25(OH)D. These outcomes support the
conclusion that part of the relationship between sk&larand systolic blood pressure
acts through serum 25(OH)D. Though skin reflectance was associated with diastolic
blood pressure, no relationship was observed between serum 25(OH)D and diastolic
blood pressure, with and without adjustment for skin redlem.

These study findings appear to be in concert with other findings that skin
reflectance may act through two different mechanisms to affect blood pressusi(26)
color is an i mportant part of oneb6s cul tur
prominent role in social position and stress; additionally, differences in skin reflectance
affect physiologic processes such as 25(OH)D production. Because of the overlap in
skin reflectance values for African Americans and Caucasians observedsiudlyis
population and the importance of skin reflectance to systolic and diastolic blood pressure,
our study findings suggest that there is value in examining skin reflectance independent
of selfreported race when attempting to understand the mechanighay &t racial and
ethnic health disparities.

The Michigan location of this research strongly influences its importance in
examining the relationship between skin reflectance, serum 25(OH)D and blood pressure
in mid-life women. Hypertension is a conbiuting factor to cardiovascular morbidity and
mortality, theburden ofwhichis high in Michigan. According to the Centers for Disease
Control and Prevention, between the years 22006, the Michigan agadjusted
cardiovascular disease death rate perd@women aged 35 years and older was 409
per 100,000 women, exceeding the national rate of 351 per 100,000 women. (43) The
Michigan SWAN site population is comprised of African American and Caucasian
women, and the stratuspecific death rates in Michag for these groups (580 per
100,000 and 387 per 100,000) also exceeded the national rates of (479 per 100,000 and
341 per 100,000) respectively. In addition, this study population resides at 42°N, and
during the extended winter, the tilt of the earthvprés the absorption of UVB
wavelengths, resulting in no cutaneous production of 25(OH)D. (15, 44) This population
also has limited sun exposure habits; only 30% of women reported more than 2 hours of

daily sun exposure during warm weather in 2@090 anl more than 90% of the women
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reported covering most of their body surfaces during their sun exposure, precluding
25(OH)D production.

Our study findings extend preliminary findings from previous research in
southeastern Michigan. The 1978 Detroit studgnafried blacks, aged Z% years,
used a four point skin color rating system and reported that darker skin color was
associated with higher blood pressure in men and women, though sampling effects in the
lightest skin color category caused this relatigm$b be norsignificant for women(22)

Skin color was not associated with blood pressure, possibly due to the minimal variation
in skin color assessable by visual inspection among those with European afégptry.

The Detroit Study included a youngerpulation, examined black and white populations
separately, did not employ reflectance to measure skin color, and did not attempt to
identify a mechanism for the observed association between skin color and blood pressure.
However, this research is impantébecause it was the first to highlight the potential
importance of skin color to blood pressure among Michigan residents and also suggest
the importance of physiologic components due to the interrelationship between pigment
and hormone systems, which lude 25(OH)D production.

Previous studies of skin color and blood pressure support our finding that skin
reflectance is related to systolic and diastolic blood pressure. A Bolivian study of skin
color and blood pressure found that skin reflectance and:@gethe most important
predictors of variability in SBP and that body fat percentage had the least influence. (25)
Investigators had hypothesized that the relative affluence of the darker skinned Bolivians
compared to the lighter skinned Bolivians wontut reflect the disparity in blood
pressure observed between Blacks and Whites in the US. Although dark skin in the
Bolivian population was not associated with negative social status, darker skinned
persons had higher blood pressures and hypertensiosixuwases as prevalent (7.9%
versus 1.3%) thatihe lighter skinned Bolivians, implying that the effect of skin color on
blood pressure may operate through socioeconomic position and unmeasured biological
factors such as 25(OH)D.

Studies conducted in sdw#astern Puerto Rico, (26) reported no evidence
of an association between darker skin reflectance and higher blood pressure. Instead,

they found that darker "ascribed color", a cultural consensus describing skin coloration in
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southeastern Puerto Rico, whoderated by socioeconomic position, was a strong
predictor of higher blood pressure. The authors hypothesized that this interaction,
resulting in greater importance of color as socioeconomic position increased, arises from
more pernicious racism in ndte and upper class contexts and results in darker
individuals experiencing more frequent frustrating social interactions as their social
position improves. While our measure of financial strain was a significant correlate with
SBP, our findings differeth the importance of skin reflectanae a correlate with SBP,

with skin reflectance emerging as an independently important correlate of SBP in the
Michigan SWAN population, irrespective of measures of socioeconomic position.
Notably, the Puerto Rican styg@opulation resides at 17°N in an equatorial clime with
relatively ubiquitous UVB and ample sun exposure, which is in stark contrast to the
environment in Michigan. The Puerto Rican population was also yousqgesi?5-55

years, resulting in a lower praence of high blood pressure than the Michigan

population aged 566.

In CARDIA, (27) higher skin reflectance was associated with lower systolic blood
pressure. Lighter skinned African Americans experienced a decrease in SBP with
increasing income, wineas darkeskinned African Americans experienced an increase
in SBPwith increasing income. For the SWAN study, finanstshin wasa significant
parameter in the statistical modéisweverthere was no statistical evidence of
moderating effects of SEbh skin reflectance. We spdate that thislifference reflects
the similar economic strain in the African American and Caucasian women at the
Michigan SWAN site.

A mediating effect of serum 25(OH)D on SBP was observed, which is important
because elevaleSBP drives the prevalence of hypertension. (46) It is postulated that
lower serum 25(OH)D causes elevation of blood pressure through increases in renin
expression, insulin resistance, and nervous system activ@atidfi) Establishing that
11% of the #ect of skin reflectance on SBP operates through serum 25(OH)D allows us
to target 25(0OH)D as small, butmodifiable intermediate that caontribute to
prevening unhealthy elevation of SBP amulnering the burden of hypertension.

There was no observegsociation between serum 25(OH)D and DBP, which is

consistent with results of other studies that have examined this relationship. (19, 47)
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Given the absence of a statistically significant direct relationship between 25(OH)D and
DBP, it is not surprisinghat there was no evidence that serum 25(OH)D mediated the
relationship between skin reflectance and DBP. Research suggests that SBP increases
with agerelated increases in peripheral resistance and/or arterial stiffness whereas these
two factors contribte to DBP in opposite ways; thusly, similar agéated changes have
differing consequences for SBP and DBER8) Thus, while serum 25(OH)D may not

play a direct role in DBP, it may be correlated with peripheral resistance and arterial
stiffness, explaimg the observed association with SBP and the inconsistently observed
association with DBP. Additional studies should examine and confirm these proposed
mechanisms.

This study has numerous strengths and limitations. It is a populssed study
of African American and Caucasian women at-fiflelin Michigan. The high retention
rate affords confidence that data from the study is representative of the base population
from which it was drawmnd the generalizability of results to similar populatioriis
study includes quantitative measures of skin reflectance, serum 25(OH)D, blood pressure
and important confounders allowing for the estimation of desired mediation effeets.
crosssectional nature of this data limits the estimation of temporal sfiectbserved
associations and dosesponseThough this studpnly uses data from 2062010 only,
measures from previous years allow us to more accurately identify and estimate
measurement error. However, the study does not include diverse socioeconomic
measures, perceptions of skin color and social status, or lifetime change in social position
that have been hypothesized to be additional mediators in the relationsk2., @5 50)

The low modeR? (12.5%) suggest that missing or unmeaspa@@metersnay have
reduced the model fitNotably, available measures of financial strain and education did
not demonstrate significant effects (not shown).

Skin color has a biological and sociocultural impact on health. This study
guantifies the effect of skireflectance on systolic and diastolic blood pressure as well as
the indirect effect that is mediated through serum 25(OH)D. The results suggest that
interventions which include vitamin D supplementation or increased sun exposure may
be useful in lowering @arisk of elevated systolic blood pressure among all women, but

should optimally be used in conjunction with skin reflectance to target women at greatest
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risk for low serum 25(OH)D and high systolic blood pressure. Future research should
focus on elucidag other factors associated with cutaneous skin reflectance and systolic
and diastolic blood pressure to gain a greater understanding of potentially modifiable
factors that are contributing to ralcend ethnic health disparities.
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Table 4.1. Michigan SWAN study population characteristics by selreported race, year 20092010

L0T

African American Caucasian
Variable N(%) Mean = SD N(%) Mean + SD  p-value
Age (years) - 58.8+2.9 - 59.3+2.7 0.09
Percentage Body Fat (%) - 44.3+10.5 - 43.5+9.7 0.44
Body Mass Index (kg/m2) - 342+85 - 33.9+86 0.72
% Current Smoker 52 (22.6%) - 22 (14.8%) - 0.06
% Completing College 38 (16.5%) - 57 (36.5%) - <0.0001
% Financial Hardship 118 (52.2%) - 63 (42.9%) - 0.08
Systolic Blood Pressar(mm Hg) - 132 + 20 - 121+ 16 <0.0001
Diastolic Blood Pressure (mm Hg) - 76 +11 - 71+10 <0.0001
Hypertensive Treatment 141 (60.8%) - 64 (42.4%) - 0.0004
Serum 25(0OH)D nM - 38.3+24.9 - 53.6 £37.5 <0.0001
% Optimal 25(OH)D (<75 nM) 39 (17.9) - 54 (38.9%) - <0.0001
% Vitamin D supplement use 101 (44.9%) - 88 (62.9%) - 0.0008
Vitamin D Intake (1U) - 1190 £ 1422 - 1409 £+ 1541 0.39
% Sunscreen use 61 (27.9%) 66 (47.5%) 0.0002
Skin Reflectance - 51.2+8.9 - 66.2+3.2 <0.0001

Categoical data for the race categories were compared usirgfthe st an d
Skin reflectance approximates melanin content in the inner upper arm. Values range from 0 (darkest) to 100 (lightest).

The ciodpl eting coll egeo

includes

women who

continuous

reported
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compl etin
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Table 4.2. Associations between skin reflectance, serum 25(OH)D and blood pressure, controlling for confounders

Response Variable

Serum Systolic Diastolic
25(0OH)D Blood Pressure Blood Pressure
Model  Explanatory Variable b p-value b p-value b p-value
a path  Skin Reflectance 0.01 0.002
b path  Serum 25(0OH)D -0.035  0.004 -0.01 0.34
c path  Skin Reflectance -0.003 <0.0001 -0.002 0.001
c' path  Skin Reflectance -0.002 0.008 -0.002 0.03
Serum 25(OH)D -0.036 0.01 -0.005 0.69

Table 4.2 presents data from four separate models.

The a path model tests the relationship between skin reflectance and serum 25(OH)Ebmituiling for body fat percentage,
sunscreen use, and vitamin D supplement use.

The b path model tests the relationship between 25(OH)D and blood pressure (systolic and diastolic) while controlling for
hypertensive treatment, age, education, body fatepéage, financial hardship, UV season, and current smoking status.

The ¢ path and c6 path models tested the relationsikip |
excluding and including serum 25(OH)D. Both models coletidor hypertensive treatment, age, education, body fat percentac
sunscreen use, vitamin D supplement use, financial hardship, UV season, and current smoking status.

Serum 25(OH)D, Systolic Blood Pressure and Diastolic blood pressure were natuiahsorined.

Skin reflectance approximates melanin content in the inner upper arm. Values range from O (darkest) to 100 (lightest).




Figure 4.1. Hypothesized relationships between skin reflectance, serum 25(OH)D, blood pressure and potential confounders

Age
Age Age UV Season
UV Season Body Fat Body Fat
— Body Fat —  Financial Hardship ~ —— Smoking Status |
Sunscreen Education Financial Hardship
Vitamin D Intake Hypertensive Treatment Education
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Skin Reflectance > Blood Pressure

The c path provides the total effect of skin reflectance on blood pressure (systolic and diastolic) by estimatingatiendsstegen skin reflectance and blood pressure while excluding serum
25( OH) D. T h e he directpetiett lof skpnrreflectandecoa bldod pressure by estimating the association between skin reflectance andwmedipedssluding serum 25(OH)D. The
difference between the total effect and the direct effect provides an estimate of #et ifflact of skin reflectance on blood pressure that operates through serum 25(OH)D.




Figure 4.2. Skin reflectance distribution by selfreported race
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CHAPTER V

Conclusions

Summary of Findings

This dissertation extends the reseabbut healthrelated effects aferum
25(OH)D by examining its influence on blood pressure over time and quaniifying
mediathg effect on the relationship between skin color and blood pres3inis
research, using data froapopulatiorbased sample of miife African American and
Caucasian women in southeastern Michigan followed annually from 1996 tpa2€4.0
permittedevaluaton of the influence of skin color on serum 25(OldYelsover time in
comparison to that of seteéported race.

Researcldirected toward understandingcial disparitiesn blood pressure
between Afrcan Americans and Caucasians hasreradgenetic differences,
environmental genetic polymorphisms (e.g. salt processing) and dimeeaisions
includingdiscrimination, neighborhood compositi@nd stresq1-5) While findings
from this prior research have contributed to an understanadlinige multifactorial
mechanisrafor hypertension, this study examinedskpathway related to skin color,
anunderlying factor determining seléported race, thamay physiologicallyoperate
through serum 25(OH)D.

Serumcollectionis invasive and aaygs of serum for 25(OH)D and measures of
skin color with reflectance are expensivettlect. Thereforemost of the existing
literatureexamining skin color, 25(0OH)D and blood pressarkased omrosssectional
study designand often emplogelfrepated race oa proxy measure for skin color
which are limited approximations for the capacity of skin and its coloration to
contribution to circulating serum vitamin D levg&8) This study uniquely provides
measures of skin reflectance, serum 25(OHNA blood pressuravith the latter two

measures encompassingdyear study periodo allow for greater examination of the
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interrelationship between these variables. Investigétiese relationships using
longitudinal dataallows for greater understdimg of thelong term changes i5(OH)D
levelsandblood pressure, in addition temporal changes suboptimal 25(OH)D and
hypertensionisk with age. These findings help to infothe relevance of potential
public health interventiongsing vitamin Dto prevent the onset of conditions associated
with high morbidity and premature mortalitycluding elevated blood pressure

In Chapter Il, we examined the longitudinal trajectory of 25(OH)D and blood
pressure to determine if the tgear trajectory of wamin D differedn similarly aged
African American and Caucasian wornlang with similar social and economic
environmentsHigher baseline serum 25(OH)D was associated with lower baseline
systolic bloodoressureamong African American and Caucasian wontewever, there
wereno relationship observed for baseline diastolic blood pressure. Annual change in
serum 25(OH)D over the tegrear follow up period was not associated with systolic or
diastolic blood pressure. NotabWhile thebaseline serum 25¢@)D values were lower
in African American women compared to Caucasian wagrienchange in serum
25(0OH)D waggreaterfor African American women than for Caucasian women. These
results suggest the importance of achieving recommended levels of serum 25%OH)D
early adulthood to modulate the likelihood of blood pressure increases with age and the
need for targeted interventions to racial groups at differential risk for suboptimal
25(0OH)D.

In Chapter lll, we examined the relationship between skin reflectartte
longitudinal serum 25(OH)evels Higher skin reflectan¢®bserved with lighter skin
coloration,wasassociated withigher 25(OH)D values at baseline. Higher skin
reflectanceconsidered immutable, was associated Wwigfner overall odds of having
optimal vitamin D levels during the dykear follow up. Skin reflectance was also related
to the change in 25(OH)[@velsover time. Over the study period, lower skin reflectance
associated with darker skin coloratiavas associated with a greater anmuerease in
25(OH)D. Thiswas partlyaccounted foby the sharper increase in supplementation
observed over the course of the study among women with lower reflectance.

We furtherquantified thecontributionof degree ofkin reflectance by identifying
the skin reflectance threshold that best predioptimal serum 25(OH)D level While



this threshold level in skin reflectance was somewhat consistent with the dichotomous
selfreported racial category, tlaenount ofdiscordance between skin reflectaacel

racial category31%)suggested that skin melanin contéag approximated by skin
reflectance measures) in relatior268(OH)D status was an importaeiement to health
apart fromselfidentification ofracial category. Importantly, we also obserttesl
contributionof vitamin D supplementation on 25(OH)D status and the contribution of
supplementation to the change in 25(OH)D levels over timesélrbsults suggest that
race can be useful in identifying higisk groups; however, optimally race cldgsition
would be used in conjunction with the quantitative assessment of skinte@tfectively
identify at risk women.

In Chapter IV, we examined the potential medigeffect of serum 25(OH)D on
the relationship between skin reflectance and systwid diastolic blood pressure.
Resultsfrom data analyses characterizeddksociation between skin reflectance and
serum 25(OH)Develsand an association between serum 25(Old)2lsand systolic
blood pressureneasuresifter controlling for confounds. Serum 25(OH)Devels
partially mediated the relationship between skin reflectance and systolic blood pressure,
with 11% of the effect of skin reflectance resulting from serum 25(OH)D. Timekegs
support the conclusion that part of the relationgl@fween skin color and systolic blood
pressure acts through serum 25(OH)D. Though skin reflectance was associated with
diastolic blood pressure, no relationship was observed between serum 25(OH)D and
diastolic blood pressure, with and without adjustmenskin reflectance. The results
suggest that serum 25(OH)évels arean important modifiable component of the
relationship between skin color and blood pressure.

We haveextendedhe understanding of blood pressure in women atlii@dy
contributingrepeated measures in a biracial study populatidre observed relationships
between skin reflectaneeeasuresserum 25(0OH)Devels and blood pressure were
consistent in significance, magnitude and direction of the associatitmgiose from
earlier work that frequently failed to incorporate longitudinal measures and measures of
skin coloration(6, 822)

There are inconsistencies in thigea ofresearch, mosgtequentlyobserved in the

relationship between the c¢ompeessuredldis k nown
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appears to be a reflectiondifferences in studyneasuregyopulatiors evaluatedand
studydesign.(23-27)

In thefollowing sectiors, | will address the strengths and limitations of this
research. Following that, | discuss recommeéndafor future researctirectionin light
of the study findingsFinally, | will conclude by discussing the application of these

findings to clinical settings and public health interventions.

Strengths and Limitations

The djective measurement of skiolor is expensive and cumbersome to
acquire thus studies frequently resortapplyingproxy measuresf race/ethnicity. Most
25(0OH)D studies have used race/ethnicity as a proxy for skin color despite evidence that
individuals can be of the same rackratity and have markedly different skin colors.
(28) This study directly measured skin color and evaluated this "finer" measure against
the coarser estimate. Because skin color was measured as a continuous variable, the
assessment of risk by skin colsill not be restricted to racially defined boundaries.
Further, this measure is objective and based on the underlying biology of cutaneous
25(0OH)D synthesis and not culturally and socially defined classifications. Fuher,
data analysis includedeasues of social position and social stress (SEP) in addition to
the biological skin coloratioto allow for a more nuanced examination of factors
frequently subsumed into the gl obal measur

This study also examideskin color in a population with range of skin colors.
Many previous studies of the relationship between skin color and 25(6&tjOnly a
few participants in the darker skin color ran¢;9, 29, 30)n contrast, many of the
studies of skin color and blood pressure stratified by cadad fewer participants in the
lighter skin color rangd6, 1622) That this research could address a full range of skin
reflectance measures is an important component of ensuring external validity to other
similar populations. It may also contrileub the applicability for other ethnic groups
with similar skin reflectance value ranges.

In much ofthe previous literature linking blood pressure to 25(OH)D, data
collecton occursat one point in time. TherosssectionaNHANES study found an
inverseassociation of 25(0OH)D with blood pressaral this is important because this is

the firstreport of this associatian a large sample representative of the United States
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population.(12) In acasecontrolstudynestednt he Nur s e s Qplasthmal t h
25(0OH)D levels were inversely and independently associated with the risk of developing
hypertension in young nesbese womer(13) An important contribution of this research

to the existing literature is the analysis of populatased datacquiredover ten years

for women entering the menopausal transition at baseline., fhigistudyis unique in

thatit can address the longitudinal trajectory of these measures over time within an
individual. This dataset provided thereopportunity to investigattrends and determine
the impact of changes in 25(OH)&velson blood pressumneasureso provide further
evidence of ay temporal association between study measures.

A primary strength of this study is conducting it in a populabased cohort of
mid-age women. In so doing, this study examines the importance of 25(OH)D to blood
pressure in a nedlinical population that is representative of similarly aged women in
similar northern latitudesThe external validity of the study findingssupported ¥
consistent findings from studiesnductedn other populationg13, 15, 25, 31)

Whereas thisstudyis a closed coharthe retention and followp rates of the Michigan
SWAN are particularly good for a stughich iscompleting its fourteenth annual
assessmentith 75%follow-up overalland81%follow-up among the stiliving
women.

Irrespective of the high retention ratethiéere is differentiaparticipant loss is
related to variables of interegtiated tgpoorer health, greater financial straskin
coloration,or were disproportionately members of waeegroup therewould be
increasedatoncern that lost participantsght not be missing completely at randamd
thereby violateassumptions falongitudinal modeling.Fortunately, there has nbeen a
loss to followup related to race. We also used sensitivity analysiddoess conces
about missing at randqgrhy usingdata prior to censoringnd after censoringp account
for the impact of differential loss on study findings.

Although ths is a longitudinal study with a number of annually acquired
measures)ot all variables of interest were assessed annually. Skin reflectance
measurements (both natural and-tévined) were only measuredaasinglepoint in
time. Thisis not alimitation for theuse ofnatural skin color because it is a measure of

biological skin color at a site unexposed to the sun which does not vary over time
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However the use of UV tanned skin color beyond cressctional analysés limited.

This restricts the iformation available aboa measure dfJV exposure over time, which
is an important element of the relationship between skin color, 25(OH)D and blood
pressure.Notably, there was surprising little difference in the measures efddied
skin in these wonreat midlife. Though weancorporatedroxy measures for solar UVB
exposureincluding season of assessmaimigl amount of skin surface area exposed to
sun(along with sunscreen use&ye did not have a direct measure of UVB exposure.

Of additional intereswerethemeasures of vitamin D dietary and supplement
intake. These measures were particularly important in assessing the relationship between
skin reflectance and 25(0OH)D. While a strong association was obspotedtially,a
more precise estimatiaf thecontributionmay have beepossible with annubi
acquiredmeasures. Because supplementation and dietary intake are modifiable factors,
additional information on their efficacy in a populatioased study is an important
contribution to the scamind conflicting evidence on available on supplementation.

Additionally, the crosssectional analysis of mediation is unable to account for the
variable changes that occurred prior to study year 14 that contribute to the mediation of

serum 25(OH)D in the fationship between skin reflectance and blood pressure.

Future Directions

Because this study populatiaras recruited asne of seven sites for the Study of
Womendés Health Across the Nation (SWAN),
would beto exmnd the populationoverageand replicate theefindings at the other sites.
Among SWAN sites, study populations have similar age distributions, recruitment,
follow-up period, study measures and frequency, collection and storage of specimens,
staff trainng and study measures. However, important differences in geographic
location, race, ethnicity, and socioeconomic status can be observed by conducting inter
site comparisons. Of particular interest are the geographic and ethnic differences. All
seven SWA sitesinclude examination a€aucasian wometmowever the Boston,
Chicago and Pittsburgh sites also recruited African American particigaut)e Los
Angeles site enrolled Japanese and the Alameda and Contra Costa County sites enrolled
Chinese womenThe diversity in behavior, diet, and skin color that could be examined in

this larger cohort is important to understanding the role of immutable and modifiable
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factors related to hypertension. Because there would be overlap in skin reflectance
values fo all ethnic groups, it is particularly important to understand if the importance of
skin color, irrespective of seteported racds maintained in a population with greater
diversity. The geographic location also is important for understanding thigeela
contributions of skin color and supplementation to circulating 25(OH)D and its sequelae
in different contexts. These locations range in latitudes from the south to north: Los
Angeles 34°N, Alameda and Contra Costa 37°N , Pittsburgh 40°N, Chicagp 41°N
Boston 42°N, and Michigan 42°N. The differences observed in average sun exposure,
sunscreen use, and the fluctuation in monthly UV exposure would contribute to our
understanding of the complex relationship between these factors.

Beyond extending thewsty to women of similar ages in other racial and ethnic
groups, future studies should be powered to examine longitudinal trajectories of blood
pressure (and other vascular outcomes) among younger adult women from various racial
groups with a wettepresergd spectrum of serum 25(OH)D values at baseline. This
would allow for a greater understanding of the contribution of 25(AeNBisto the
etiology of hypertensive disease throughout the lifespan. Confirming that higher
25(0OH)D is associated with lowerdad pressure and smaller increases in blood pressure
over time willcontributeto developinga consensus that 25(OH)D is important to the
effort to maintain consistently normal blood pressure levels.

A study of UV irradiation suggests that individuals watv baseline serum
25(OH)D and high baseline cholesterol have similar increases in serum 25(OH)D with
the same UVB dosage irrespective of natural skin ¢8®y.While these findings were
based on ane weekollow up period our study findings demonsteal that darker
women had lower 25(OH)D at baseline, but experienced a greetease in 25(OH)D
over the studyeriod than their counterparts witigher skin reflectance (lighter) and
higher baseline 25(OH)D levels. This observatippears to bparty driven by the
sharper increase in supplementation observed over the course of the study among women
with lower reflectance However, the greater increase among women with lower
reflectance may support the previous finding that low baseline levelsqergdeater

increases in 25(OH)D with UVB exposufaiture research should focus on elucidating
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factors associated with cutaneous 25(OH)D production including cholesterol levels and
skin color to determine their competing influence on circulating serumH&O

Most studies have not identified an association of serum vitamin D and diastolic
blood pressure and this studigl not provide evidence of an association between serum
25(OH)D and diastolic blood pressu¢&b, 23)The literature suggests that systdliood
pressure increases with ageated increases in peripheral resistance and/or arterial
stiffness whereas these two factoray have oppositeontributonsto DBP; thusly,
similar agerelated changes have differing consequences for systolic analidiaod
pressure.(33) Interestinglya significant association was observed between skin
reflectance and diastolic blood pressure, despite the null finding for 25(OH)D. This
suggests that the effect of 25(OH)D on vasculature may result in equapposite
influences on diastolic blood pressure which negate observable differences. Future
research should examine the relationship between serum 25(OH)D and peripheral
resistance and arterial stiffnessetgand and extenaur understanding of the
meclanisns underlying the serum 25(OH)D relationship with systolic blood pressure and
to determine if competing effects explain many of the null findings for diastolic blood
pressure.

Lastly, future studies should examine plausible etiologic pathways for the
observed associations and consider implications for other conditions. Of particular
import is the emerging role of obesity. With increasing rates of obesity in the United
States, the role of inflammatonyediators such as 16 and IL-8 as well as metabial
regulators such gheadipocytokinesleptin and adiponectin, may play an increasingly
important role in the vascular pathways for 25(OH)D production and those that link
25(OH)D to blood pressuré34) The role of these factors and their relationghip
vitamin D binding protein is an important continuation of this research. Additionally,
given the association of 25(OH)D with insulin resistance, exploring the relationship
between vitamin D binding protein and hemoglobin Alc as well diabetic sequelaas

vascular reactivity and peripheral neuropathy are important areas of future investigation.

Clinical Recommendations
More research is needed on the relationship between 25(0OH)D and blood

pressure, however, there is compelling evidence which suggestigher serum
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25(OH)D associated with beneficial health outcomdsis Tesearcklemonstrated that

the prevalence of suboptimal 25(OH)Dsisbstantial and, as anticipatedyker women
have a greater likelihood of having suboptimal 25(OHJirther higher serum
25(OH)Dwasassociated with lower systolic blood pressure. Given the potential
importance of these findings preventing or reducing cardiovascular disease morbidity
and mortalitywe pose the followingecommendationwith clinical and pubt health
implications.

Increase rate of vitamin D supplementatidhe primary finding of this
dissertation research is that skin color is associated with 25(OH)D which is also
associated with systolic blood pressure, and that part of the effect ob&kiron blood
pressure is mediated through 25(OH)Dhis, @mbined withthefinding that women
who supplemented with vitamin D had higher serum 25(OH)D values, suggests the
importance of vitamin D supplementation. While skin color is an immutable faittor
important effects on health, 25(OH)D is a modifiable factor that can be increased to
improve health outcomes. Increasing knowledge of the importance of vitamin D to
health outcomes and the importance of maintaining consistently high 25(OH)D
throughouthe lifespan will helppromotethe practice of encouraging dietary and
supplement intake as part of a healthy lifestyle.

In addition to its relevance for individuals with lower (darker) skin reflectance,
this is also a public health message that candmergoonent of positive health practice
among groups who practice substantial or complete coverage of the skin, thereby
precluding the opportunity for dermal conversions of the naturally occurring 7
dehydroxycholesterol to vitamin D.

Increase supplementatiadosageDietary sources of vitamin Bre not
ubiquitous, being limited to egg yolk, oils in fish, and selected organ meats such as liver.
This suggests the need to consider vitamin D supplementation and its dose. ikgme m
readyto-eat cerealsand mitivitamins are fortified to supplement dietarjgamin D
intake and ensure adequate intakehave been demonstrated to increase serum
25(0OH)Dlevels (35-37) The2011 Institute of Medicine (IOM) report increased the
daily recommendations from 2@DO0 IU/d to a higher recommendation for all age

groups; the current recommendation is 400 U for infants up to 12 months, 600 IU for all
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